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Foreword

Welcome at the campus of University of Twente, Enschede, The Netherlands.

We are happy to be your host for this event.

Companies are in need of well-educated packaging engineers. The chair Packaging Design & Management 
at the University of Twente is helping them achieving that wish by educating industrial design engineers and 
giving them basic knowledge to become a packaging professional. The Chair Packaging Design and Manage-
ment started in 2006 and is financed by the NVC Netherlands Packaging Centre with support of the com-
panies Ardagh Group, Bosch Packaging Equipment, Brohl Wellpappe GmbH & CO KG, Container Centralen 
Benelux BV, CHEP Europe, Clondalkin Flexible Packaging, FrieslandCampina, Merck Sharp & Dohme BV, Miller 
Graphics Group, Schoeller Allibert, Siegwerk Druckfarben AG & Co. KGaA, Smurfit Kappa Development Cen-
tre, Tata Steel Packaging. This year, we will celebrate the 90st UT Graduate on Packaging. Out of our alumni, 
more than 50% is currently working in the field of packaging and FMCGs. 
Our research focusses on design methods; how decisions are taken on packaging concepts and materials, 
how the uncertain and incomplete information influences these choices, how to cooperate with the many 
stakeholders involved in decision processes, how the influence of appearance can be used during design 
stages, and how sustainability has to be taken up in design trajectories.

Society increasingly demands to take responsibility for choices that are made in respect to sustainability. 
Packaging has an important role to play, and not only to downsize the negative environmental impact. As an 
indispensable aspect of our industrialized society, packaging and its accompanying industries are responsible 
to provide a positive impact, serving society. Innovative packaging solutions potentially add to a sustainable 
society but this is unknown and unnoticed by society. A new perspective is therefore needed. The width, 
breath and depth of the submitted paper offers a promising and fertile starting point to start shaping this 
new perspective together.

More than 100 abstracts have been submitted by researchers from almost 30 countries and they have been 
evaluated by the Scientific Committee. During the Symposium there will be 4 keynote lectures, 1 research 
overview lecture, 1 student presentation, 65 oral presentations and 28 poster presentations. 

We wish to thank the people without whom this Symposium would not have been possible. Of course the 
Organizing Committee in arranging all the practical issues and answering all the emails. As well the Scientific 
Committee in evaluating the abstracts and for their flexibility when late submissions came in. The sponsors 
are of large importance and many thanks to them. Special thanks to the IAPRI Board who have provided us 
with the opportunity to organise the 29th Symposium, and with all their support throughout this adventure.

We hope you have a pleasant stay in the county of Twente and will enjoy your visit to the Netherlands.

Roland ten Klooster
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Keynote Lectures

Patrick van Baal
Director Packaging Development at FrieslandCampina

The rise of Packaging Development Discipline

The Packaging Development at Consumer Good companies in the past was about solving technical packaging 
material issues, executing procurement driven cost programs and/or managing artworks for marketing. The 
world is changing, for a big part driven by the discussion of the environment, but also more and more com-
panies see the value of designing packaging from a full business perspective.  What are the things needed 
and developing within a packaging development organisation to become key driver of success for a compa-
ny? What and who is needed from a Consumer goods company perspective!

Biography

Patrick van Baal is Global Director Packaging Development at FrieslandCampina and has over 20 years of 
experience in packaging innovation, people development and organization design for FMCG companies like 
Heineken, Danone and FrieslandCampina. 

With a personal drive for sustainability, Patrick aims to accelerate innovation in packaging development and 
waste management. Apart from his work at FrieslandCampina, he is the chairman of the board at the Nation-
al Test Centre Circular Plastics, an NGO aiming to accelerate Packaging to become circular. 
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Agnieszka van Batavia
Advisor at The LCA Centre 

Guilty free consumption? 
The role of consumer perception in the evolution of packaging legislation 

Packaging legislation and consumer perception influences packaging choices and hence the resultant impact of 
packaging on the environment. Was a purely scientific approach to be taken to the reduction of the environmental 
impact of packaging, the resultant impact on the environment may be different.  Hence it becomes necessary to 
consider packaging legislation and packaging perception in any study of packaging product and/or system eco-in-
novation. 

My presentation looks at the current EU directives and legislation regarding packaging, plus the types and dog-
gedness of consumer perception. An eco-innovator taking a purely perception led design brief could end up with a 
completely non-compliant design, while this might seem obvious there are many examples of this practice in the 
packaging market today.  What are the legislative and perception related influences to be considered? How does 
one address these legislative and perception related influences?  Do we have to give up some of our eco-inno-
vated pack’s reduced environmental impact in order to meet these legislative and perception related influences?  
What happens when perception conflicts with legislation or science?

The EU 1992 statement of “Reduce, reuse, recycle” is finally taking hold in the packaging market.  How could reuse 
be adopted? My presentation will also cover aspects of my own research into the viability of reuse systems.

Biography
In her role as an advisor at The LCA Centre, Agnieszka provides companies and institutions with guidelines for 
sustainable packaging practice. Together with a team of scientists and packaging technologists she puts packaging 
both literally and figuratively under the microscope in search for a sustainable solution with actual environmental 
benefits. Apart from her commercial activities, she is also closely engaged in regulatory work and circular pack-
aging projects in the Netherlands as well as abroad. She is on the mission to promote the fact based approach 
towards packaging sustainability. Agnieszka studied law at the Adam Mickiewicz University in Poznan (Poland) and 
Commercial Economy at the HRO in Rotterdam. 
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Martin de Olde
Head of Marketing & Business Development at Ardagh Group

The meaning for the business of education in the field of packaging
The packaging Industry is one of the world’s largest industries. Not surprising as you consider that packaging 
touches every aspect of industry in one way or another, by doing so much, in so many places, and by being com-
pletely indispensable to modern life. And there are so many facets to the packaging industry. Globalization, E-com-
merce, changing lifestyles and sustainability has fundamentally altered the way the world needs packaging.  And 
to meet the continuously increasing speed of change and complexity, the need for high education and scientific 
fundaments in the field of packaging is necessary, more than ever. 

Biography
Martin de Olde is Head of Marketing & Business Development at Ardagh Group and responsible for supporting 
the business through developing and delivering strong innovative product and market propositions in the metal 
packaging division. He actively participates in industry bodies and associations in the field of (metal) packaging. 
He also is a board member of the NVC Chair Packaging Design and Management and involved in several research 
projects. Martin de Olde has been for 15 years in the packaging industry with a track record in sales, marketing 
and innovation.
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Chris Bruijnes
General Manager at the Netherlands Institute of Sustainable Packaging (KIDV)

Sustainable Packaging in the Netherlands 
In the Netherlands the process towards sustainable packaging has accelerated since 2012 due to an agree-
ment with Industry, the Government and Municipalities. Over these years branch organizations as well as 
individual companies made big steps in planning, executing and monitoring actions to improve the reduction 
and recyclability of packaging materials. This process was guided by the Dutch Knowledge Institute of Sus-
tainable Packaging. In addition many scientific projects were executed to support industry in their searching 
to solutions like new packaging strategies and materials. Chris Bruijnes will give an overview about what 
happened and what is foreseen in the near future towards a circular economy.

Biography
Since August 2018, Chris Bruijnes (59) is General Manager of the Netherlands Institute of Sustainable Pack-
aging (KIDV). Since 2015, he was a member of the Advisory Board of this institute. Chris studied Chemistry 
at the Utrecht University (1986) and did research on materials at TNO e.g. polymers and fibers. As a Policy 
Officer, he worked at the Ministry of Environment on different subjects e.g. waste treatment, products, 
volatile organic compounds and nitrogen oxides as air pollutants. In 1999, he started ‘Milieu Centraal’ as an 
independent knowledge institute for households on environmental issues. Thereafter, he managed the na-
tional program on energy saving in existing houses and other buildings in co-operation with the construction 
sector, the installation sector and the energy sector. From 2015 until 2018, he set up an innovation platform 
for SME’s in these sectors as well as the chemistry sector.



29th  IAPRI Symposium on packaging

 

Research Lecture - Helén Williams 
 

Helén Williams, associate professor in Environmental and Energy Systems and researcher at Service Research 
Center, Karlstad University will reflect upon the role of packaging and future challenges to meet the global 
goals.

Packaging in the era of Agenda 2030
For the past ten years we have tried to increase the knowledge about the role packaging plays as a service 
provider in the food supply chain. It protects the food, it facilitates handling and it provides important infor-
mation. However, a majority of research as well as public engagement are about packaging as a product, a 
material that causes more problem than it solves. With the problems in recycling and the large amounts of 
packaging in the oceans as the biggest failure. Can packaging be a part of the transformation towards a sus-
tainable future? How must research change and what can businesses do differently?
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Active edible packaging: solution for lipid oxidation?
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Abstract: In the last few years, and to respond to consumer’s necessity of better ways to protect 
food, active packaging came to light. Its purpose is interacting with the packaged food through 
the emission and absorption of substances, compounds and/or gases. The main objective of 
this study was to verify the effectiveness of an edible whey protein concentrate (WPC) film 
with aromatic plant extract on delaying lipid oxidation of a high fat content food. Fresh salmon 
was packaged with the active film (WPC incorporated with GTE) and with the control film 
(WPC film without GTE). The oxidation level of non- packaged samples was tested during 
at different storage times (0, 3, 5, 7 and 10 days), while packaged samples were evaluated at 
(5, 7 and 10 days). Four methods were applied to assess lipid oxidation state of fresh salmon: 
peroxide value, p-anisidine value, TBARS (Thiobarbituric Acid Reactive Substances) assay 
and monitoring of hexanal. The results obtained in this study indicate that the whey protein 
active film was successfully produced and it was effective in delaying lipid oxidation of fresh 
salmon samples until the 10th day  of storage, for example, the results of TBARS to 10th day 
with salmon packaged with control film was 0.3255 ± 0.03 and with active film was 0.4808 
± 0.03.

Keywords: Active packaging; Whey protein; Aromatic plants; Green tea; Fresh salmon; Lipid 
oxidation�

1 Introduction

In recent years, consumer concerns about food’s quality have increased. These are reflected in aware-
ness in nutritional composition, bioactive components, food additives and safety issues. The search for 
healthy, nutritious, safe and more “near-natural” products has increased the interest in the research of 
new technologies for food production, food processing and preservation.
Factors such as lipid oxidation are responsible for the loss of quality and reduction of food´s shelf life, 
contributing for changes in the products [1]. The oxidation process consists in the
degradation of lipids and is responsible for changing, among others, the texture, taste and nutritional 
value of foods, especially those with high-fat content. In the last decades, there has been a joint effort 
between the packaging and food industries to reduce the amount of waste generated by both. Viable 
edible films and coatings have been successfully produced from proteins, polysaccharides, and lipids, 

*Correspondence to: Fernanda Vilarinho, Food and Nutrition Department, Nat. Inst. of Health Dr. Ricardo Jorge, I.P., 1649-016 Lisbon, Portugal. 
E-mail: fernanda.vilarinho@insa.min-saude.pt
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individually, or in combination with each other. Whey protein-based films have revealed good mechanical 
and barrier properties compared to the best synthetic polymer films available in the market [2], and, in 
addition, they can supplement the nutritional value of the packaged foods [3]. However, these films 
show some limitations concerning the moisture barrier properties and mechanical features, therefore, 
to obtain a better resistance to moisture, as well as to avoid brittleness while increasing flexibility and 
extensibility, plasticizers can be added to the whey protein (WP) (e.g., sorbitol or glycerol) [2,4,5]
The active packaging are systems in which the packaging, the food product, and the environment, in-
teract in order to extend food’s shelf-life, improving the safety or sensorial properties, maintaining or 
even improving the quality of the product. In this line, the use of edible films and coatings, as carriers 
of active compounds, is a promising application in the field of active food packaging [1]. These ad-
ditives may be natural compounds such as extracts or essential oils from aromatic plants, fruits, and 
vegetables. Green tea (Camellia sinensis L.), from the Theaceae family, is a source of bioactive ingre-
dients including several polyphenolic components with antioxidant and pro-oxidant properties [5,6]. 
These compounds can be obtained in several forms, most commonly in the form of plant extracts and 
essential oils. In green tea extract, the most abundant compounds with antioxidant activity are epigal-
locatechin-3-gallate and epicatechin-3- gallate that belong to the flavanol monomers known as cate-
chins [6]. In this research, the main goal was the development of a WP-based edible active packaging, 
incorporated with aromatic plant extracts to be applied to fresh salmon (Salmo salar L.), a high-fat 
content food with a considerable high value in the market. The study of the effectiveness of the new 
active film against the lipid oxidation of fresh salmon, was performed by evaluation of peroxide value, 
p- anisidine value and thiobarbituric acid reactive substances (TBARS) assay, during different storage 
times (0, 5, 7 and 10 days).

2 Methods

2�1 Development of the WP active film

In order to produce the active film, the GTE was acquired online in January 2018 from MyProtein 
(Batch code: W733443838) and kept at 5 ºC, protected from the light, the WP concentrate (WPC) 
(80 %) was acquired from Glanbia Nutritionals (USA) and the glycerol from Sigma-Aldrich (Germa-
ny). The films were produced using a casting technique, described by Bahram et al. (2014) [7].

2�2 Effectiveness of the WP active film

In order to evaluate the effectiveness of the WP active film in delaying or inhibiting lipid oxidation, 
salmon (Salmo salar L.) was chosen as a food model due to its high-fat content and
value on the market. For the determination of peroxide value and p-anisidine value, it was necessary 
to extract samples’ fat. The method used was described by Bligh & Dyer (1959) [8].

2�3 Determination of peroxide value, p-anisidine value and TBARS assay

The method described by the American Oil Chemists’ Society was applied to determine the peroxide 
value (PV) [9]. The determination of p-anisidine value was carried out according to the British Stan-
dard method [10]. This procedure was performed as described by D. Miller [11].
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3 Results and Discussion

3�1 3.1Active film development

The active films were composed of Whey Protein Concentrate (WPC), water, glycerol, and GTE. Glyc-
erol was chosen as a plasticizer because of its low molecular weight and its hydrophilic nature, which 
facilitates its incorporation in protein matrices. Also, glycerol increases flexibility, resistance, and ex-
tensibility in films [12]. The percentages of 1 % GTE and 8 % glycerol were chosen to produce the 
active film.

Table 1. Parameters of the active films formulation optimized.

Films GTE (%, w/w) Glycerol (%, w/w)

F1 2 5
F2 1 5
F3 2 8
F4 1 8

Legend: GTE – Green Tea Extract

3�2 Determination of Peroxide value

Peroxide compounds are the result of primary oxidation of oils and fat. The quantification of these 
compounds in a sample can be performed through the determination of the peroxide value, a method 
used to assess the oxidative state of fat [13]. For all storage times and samples, with the exception of 
the non-packaged salmon at the 5th (3.28 meq O2/kg) and 10th (1.63 meq O2/kg) days of storage, perox-
ide value was not detected. The peroxide value decrease after the 5th day  of storage time may be due 
to the higher deterioration rate of hydroperoxides over its production (as with the development of lipid 
oxidation there is decomposition of peroxides in secondary products), or may be due to its reaction 
with other compounds in food [14]. Martins et al. (2018)
[15] studied smoked salmon packaged in the active film with GTE incorporated, and the highest perox-
ide level registered was 5 meq O2/kg, observed after 30 days of storage time. Similarly, to the present 
work, there was no progression of peroxide values along storage time in salmon samples.

3�3 Determination of p-anisidine value

The p-anisidine value measures the presence of aldehydes (products of secondary oxidation) in  a sam-
ple. Aldehyde production occurs during the decomposition of peroxides, in a fat or oil. The p-anisidine 
reacts with aldehydes, leading to the formation of yellow compounds [16]. The analysis of the results 
present in Figure 1, reveals that all samples packaged with the active film presented lower levels of 
p-anisidine than the samples packaged with the control film, for all storage times. Regarding non-pack-
aged fresh salmon, it was observed the highest p-anisidine value (12.79 ± 0.73) was found after 10 
days of storage. For packaged samples, it was found that samples packaged with control film presented 
the same or higher levels of p-anisidine values comparing with samples packaged with the active film. 
However, the differences found at this storage time were not statistically different (p> 0.05). Results 
allow concluding about the effectiveness of active film at this storage period. In Martins et al. (2018) 
[15] study, it was observed that smoked salmon samples packaged with an active polylactic acid-base 
film with GTE presented lower values of p-anisidine than the ones packaged with the control film 
(without GTE), after 60 days in the dark, at 5 °C.
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Figure 1. Results of p-anisidine value determination for fresh salmon samples packaged with the control film (without GTE), packaged with the active 

film (with GTE) and non-packaged salmon (fresh salmon). Different letters are for significant differences (p < 0.05).

3�4 TBARS assay

TBARS assay is one of the most used methods in the assessment of lipid oxidation state in food. It quan-
tifies MDA, the main aldehyde produced during unsaturated fatty acids decomposition to hydroperoxides, 
in primary oxidation [17, 18]. In a study by Remya et al. (2016) [19], consumers determined that the off-
odour perception of microbial growth corresponds to 0.5 mg MDA/kg sample, in barracuda fish. Regarding 
the non-packaged fresh salmon, it was observed that at 10 days of storage time the natural lipid oxidation 
showed a value higher than 0.5 mg MDA/kg sample (Figure 2). In what concerns to packaged samples, 
those packaged with the active film presented lower levels of MDA than the samples packaged with the 
control film, for every storage time, except at 10th day. At the longest storage period studied (10 days), the 
samples packaged with the active films still presented values of MDA lower than 0.5 mg MDA/kg sample, 
indicating that this active packaging protects fresh salmon against lipid oxidation. Martins et al. (2018) 
[15] investigated the effectiveness of a polylactic acid-base film with green tea extract incorporated in the 
lipid oxidation of smoked salmon. Samples were kept in the dark at 5 °C, for up to 60 days. To evaluate 
lipid oxidation, TBARS assay was applied. The results showed that samples packaged with the active film 
presented lower values of MDA than the ones packaged with the control film. Thus, it was possible to 
conclude the active film was effective  in delaying lipid oxidation in smoked salmon. Özen & Soyer (2018) 
[20] added GTE to mackerel (Scomber scombrus) samples in a concentration of 100 mg of extract/kg sam-
ple and storage them for 6 months at -18 °C, with monthly analysis. TBARS assay showed an increase in 
MDA over time in all samples, but the comparison of samples subjected to GTE with the control samples 
demonstrated lower levels of MDA in the first ones. It was concluded that GTE in the concentration of 100 
mg extract/kg sample delays the process of lipid oxidation in mackerel.
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Figure 2. Results of TBARS assay for fresh salmon samples packaged with the control film (without GTE), 
packaged with the active film (with GTE) and non-packaged salmon (fresh salmon). The red line stands 
for the threshold of off-odour perception by consumers. MDA - Malonaldehyde. Different letters are for 

significant differences (p < 0.05).

4 Conclusions

The process of manufacture of the active film was optimized. Different concentrations of glycerol 
(plasticizer) and the active extract were tested. The percentages that obtained the best results were 8 % 
(w/w) of glycerol and 1 % (w/w) of green tea extract. The active whey protein- based film was evaluat-
ed for its efficacy in decreasing the lipid oxidation status of a high-fat food, fresh salmon. p-Anisidine 
value and the TBARS tests allowed to conclude that the active film (with green tea extract) was effec-
tive in delaying the lipid oxidation of salmon samples fresh compared to the control film (without green 
tea extract) until 10th days of storage. Further work is needed to evaluate the mechanical properties of 
the active films vs. control films and microbiological evaluation of the salmon samples. For a possible 
commercialization, a sensory analysis of a panel of tasters will be necessary to address possible chang-
es in the organoleptic characteristics of the salmon samples and its acceptability.
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Abstract: A modification of a commercial aluminized-PET microwave susceptor capable of 
yielding higher temperature than conventional material has been developed and a pilot batch 
of this packaging laminate was produced. The laminate comprises two 12µm susceptor films 
separated by a 12µm PET-film, laminated on 30µm-thick 60gsm thermostable paper, totaling 
approximately 72µm. In contrast to a conventional susceptor, the manufactured laminate 
converts up to 70% of incident microwave energy into heat resulting in only 3-5% to be 
transmitted. This increases the temperature at the interface between susceptor and product 
surface and prevents overheating of the product interior. Packaging based on this susceptor 
construction has been produced and implemented for vegetarian spring rolls, fish in puff 
pastry, French fries, and even for microwave baking of raw potatoes in their jackets.

Keywords: microwave susceptors, microwave reflection, absorption, and transmission, 
packaging for convenience food products, water activity

1 Introduction

Susceptors are materials that partially absorb microwaves and transform their energy into heat. They 
are widely used in microwave packaging for crisping and browning food surface [1-3]. In food pack-
aging practice, a susceptor is typically a laminate of aluminized Polyethylene terephthalate (PET) film 
and cardboard or paper [2]. Essentially, the thickness of this aluminum coating should be much less 
than the skin depth for alternating electrical current at 2450 MHz that is the operating frequency of 
most domestic microwave ovens. An aluminum layer demonstratespronouncedsusceptorpropertiesi-
fitisthinnerthanapproximately10nm[2].The temperature of such a susceptor laminate stabilizes at ap-
proximately 220°C in a microwave oven, where it may then heat food by conduction, or convection, 
or by infrared radiation.
However,  the practical operating temperature of such a susceptor material, especially in direct con-
tact with e.g. frozen food, may be much lower than 220°C. Moreover, this material not only absorbs 
but also reflects and transmits microwaves: Fractions of incident power absorbed, transmitted, and 
reflected by such a susceptor film with continuous aluminum coating at optimal operation condition 
sare~0.5, ~0.25, and~ 0.25, respectively [4]. The transmitted 25% of power penetrates the food interior 
and provokes a known ‘water pumping’ phenomenon [1]: Water vapor pressure increases in the prod-
uct’s interior as a result of microwave power absorption and pushes the moist air toward its surface, 
saturating it with moisture. Sometimes the moisture content of the food product can be so high that the 
heating capacity of a susceptor is insufficient

*Corresponding author, e-mail: alb@dti.dk
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to sustain the surface temperature above dew point, and then the surface gets soggy. That is why 
convenience food products with crispy surface and high water activity of the interior fail to achieve a 
proper texture and heating homogeneity when prepared in a microwave oven using conventional PET-
based susceptor constructions�
Hence these advanced food packaging applications require a susceptor material with an enhanced ab-
sorptivity and a minimal transmittivity of microwaves. It is also desirable that this susceptor comprises 
conventional packaging materials and is manufactured using existing conversion technologies such as 
film coating and lamination.

2 Double-layer PET-basedsusceptors

One of the simplest and most straightforward ways to meet the above challenges is to arrangeat least 
two spaced conventional aluminized PET susceptor films in overlying relation. Then the first film nat-
urally reflects 25% of the incident microwave power, absorbs 50%, but transmits remaining 25% of the 
power toward the second susceptor film where it again splits to three fractions. Then the power that is 
transmitted through the second film and absorbed by the food surface is only 6.25% of the total inci-
dent power, while 12.5% of it is absorbed in the second film and the last fraction of 6.25% is reflected 
toward the first film. Eventually, the first film splits this microwave power to three fractions again so 
that approximately 1.6% of the incident power is transmitted back into a cavity of a microwave oven 
while 4.7% of it remains in the susceptor construction. This process of splitting up the incident mi-
crowave power between two susceptor films eventually converges yielding maximum possible frac-
tions of incident power absorbed,reflected,andtransmittedof~0.66,~0.27,and~0.07,respectively. Thus, 
thefraction of microwave power that penetrates food interior is reduced by a factor of ~3.6 and the 
absorbed power fraction is increased by a factor of ~ 1.3 as compared with a single-layer PET-based 
susceptor. This re-distribution of absorbed and transmitted microwave power in a double-layer PET-
based susceptor results in augmented radiative heat load (i.e. infrared radiation) at the food surface and 
a slow gradual heating of its interior.
Thus, this material should theoretically be able to deliver microwaved food texture similar to what a 
consumer expects to get either from a conventional convection oven or from a grill.
Patent literature describes three similar double-layer PET susceptor constructions [4-6].Besides two 
susceptor films, they all comprise at least three supportive layers in order to be able to support and sta-
bilize PET films when working temperature of a susceptor construction exceeds melting point of PET.

Figure 1. Structure of a double- layer- susceptor laminate.
We have by functional optimization of a construction designed our own modified double-layer suscep-
tor as a four-layer laminate and pilot manufactured 500 running meters of this material as 700- mm-
wide web using a
commercial laminating machine provided by Scanstore Packaging A/S at their production facility in 
Middelfart, Denmark. The structure of the susceptor laminate is illustrated in Figure
1. The laminate comprises two 12-µm-thick PET-based susceptor films separated by a 12-µm-
thick amorphous PET-film. The whole construction is laminated on 30-µm-thick thermostable paper 
with the density of 60-g/m2. The total thickness of the laminate is approximately 72 µm.
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3 Applications for convenience foodpackaging

Despite attractive functionalities and proven performance neither of double-layer susceptor materials 
described in the patents [4-6] has so far been used in worthy of attention commercial applications. In 
our opinion, there are three main reasons for this poor market penetration.
Firstly, these modified susceptors are not as versatile as conventional PET-based susceptor materials in 
terms of their positional relationship to the microwaved food products. Indeed, the heating process is 
mostly sustained by thermal (infrared) radiation of a susceptor construction, and only atiny fraction of 
microwave power penetrates the food. But the infrared radiation abates with the distance approximate-
ly ten thousand times faster than the microwaves. This means that the food surface and the susceptor 
should have a limited but well defined and sustained product specific separation, which is difficult to 
achieve in commercial packaging.
Secondly, due to enhanced radiative heat emission, microwave reflective elements (metal patches, is-
lands, grids etc.) are frequently required to compensate for geometrical peculiarities and heterogeneity 
of dielectric properties of food in order to improve heating uniformity. Implementation of reflective el-
ements complicates packaging production and leads to a significant increase of the cost of production.
Thirdly, many applications can be successfully addressed by conventional PET-based susceptors
and the modified susceptor laminates should be used only if a conventional material does not provide 
for required organoleptic properties of food products. Essentially, a double-layer PET- based susceptor 
can be recommended for products, which combine crispy (dry) crust and succulent (juicy) interior: 
pies, nuggets, fish and chips, schnitzels, samosas etc.
We have for our study chosen a few convenience products popular among consumers and developed 
and pilot-manufactured microwave packaging solutions for these applications using a susceptor con-
struction described above aiming at generating convincing demonstration cases for the food industry. 
The developed packaging solutions have been optimized to overcome as far as possible the obstacles 
mentioned above.

3.1 Case study 1: French Fries and Baked-in-JacketPotato

These two cases are considered jointly because they do not require reflective elements to be built 
into the packaging. The solutions are as simpleas those: a sealed bag (pouch) shown in Figure2 that 
contains a certain optimal amount of frozen deep- fried potato chips, and a tight wrap around a large 
raw potato tuber. Habitual cardboard boxes have been used as a secondary packaging in both cases 

to prevent direct contact of the susceptor laminates with the glass turntable in a domestic microwave 
oven. The results of microwaving are shown in Figures 3 and 4. Sensory evaluation of both products 

revealed that their texture is similar to that after heating in a conventional convection oven
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Figure 2. Frozen deep-fried potato chips (~ 100 g of product) in a double-layer PET-based susceptor 
pouch before (top pictures) and after (bottom picture) microwaving during 4 min in a 1000-W oven.

The experiments with frozen deep-fried potato chips have also enabled indirect measurements of the 
microwave power absorbed and transmitted by a developed susceptor laminate. Both fractions were-
calculated as products of rates of temperature increase at the surface of a susceptor laminate and 
in potato chips to their specific heats and masses. The specific heat of fried potato as a function of 
temperature was derived using polynomial approximations of the temperature and composition de-
pendencies recommended by the handbook[10]for this product presented as aggregations of moisture, 
proteins, carbohydrates, fibers, fats, and ashes. The incident microwave power was measured using a 
standard characterization method described e.g. in Ref. [3]. The measurements revealed fractions of 
incident power absorbed and transmitted to be 65- 70% and 3-5% correspondingly. In consideration of 
relatively poor accuracy of the indirect measurements, these values are in good agreement with those 
estimated above in Section2.

Figure 3. Potato chips shown in Figure 2 after microwaving and their thermal image.
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Figure 4. A 300-g potato tuber after 4 minutes of cooking in a 1000W microwave oven using tight 
wrap of a double-layer PET-based susceptor laminate.

3.2 Case study 2: SalmonPie

Figure 5. 600-g frozen Salmon Pie product used formicrowave bakingexperiments.
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Salmon Pie is one of the most popular dishes of the Danish traditional cuisine that is a whole cut of 
fresh filleted salmon with cream sauce baked in puff pastry. This dish is an ideal test subject for demon-
stration of functional capabilities of modified PET- based susceptors due to extremely high water ac-
tivity of its interior.
A Frozen Salmon Pie product shown in Figure 5 was used for optimization and performance testing of 
packaging that comprised developed double-layer PET-based susceptor laminate.
The optimized packaging solution is illustrated in Figure 6. It comprises a decorated cardboard box 
with partial metallization of the inner surface and a susceptor pouch. The metal label attached to the in-
ner walls is partially transparent for microwaves and made of 10-µm-thick aluminum foil. It complete-
ly shields edges and corners of the pie from microwave and direct heat transfer and enables optimized 
dosated heat and microwave energy transfer from the top and thebottom. Thus,a pie is supposed to be 
baked in a microwave oven in full packaging. Packaging validation experiments have been carried out 
in a 1000W microwave oven, the baking process taking 20 minutes and resulting in a product texture 
indistinguishable or better than when baked according to consumer instructions in a conventional 
oven. The temperature in the salmon core reached the required 85°C after the 20 minutes preparation. 
The finished pie and the final appearance of the packaging are illustrated in Figure 7. It should be noted 
that preparation in the microwave oven in the optimized packaging reduces the baking time by more 
than a factor of two.

Figure 6. Packaging for microwave baking of 600-g frozen salmon pie comprising a cardboard box 
with an aluminum pattern partially transmitting microwaves and a pouch made of a double-layer 

PET-based susceptor laminate.
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Figure 7. The finished pie and the final appearance of the susceptor pouch.

3.3 Case study 3: SpringRolls

Frozen spring rolls are a popular fast food side dish or snack. They come in different sizes, from fin-
ger food and up to a size where two-three rolls would constitute a whole meal. Traditionally made for 
deep frying spring rolls are also prepared on the pan or in the oven. Considering their convenience  
many attempts have been made to achieve a decent solution for microwave preparation. During these 
attempts it was repeatedly concluded that conventional susceptors are inadequate for the purpose for 
the reasons discussed above and further attempts were directed towards modifying the product compo-
sition by increasing the concentration of fat in the dough, as fat acts as a natural susceptor. Aspringroll-
typicallyhas9-10%fat,which would be increased until 12-15%, where it spoiled the food quality. These 
attempts were futile as the key issue of moisture migration was not addressed: the core was overheated, 
the moisture was pushed towards the dough, where it saturated the crust, which in turn became soggy. 
Spring rolls are thus an ideal test sample for demonstration of advanced functionality of the developed 
double- layerPET-basedsusceptor.Another recurring problem in microwave cooking of spring rolls was 
the overheating of their sides andends. 
To meet these challenges and successfully demonstrate microwave cooking of spring rolls we have de-
veloped and optimized a packaging concept that comprises the following elements (Figure 8): (1) The 
spring rolls were wrapped in sleeves made of the developed susceptor laminate.(2)The wrapped rolls 
were placed in a frame made from a commercially manufactured three-layer laminate of a 5µm- thick 
aluminium film between two kraft paper liners.(3)The frame is slid into the original retail packaging, 
which is kept in the preparation process.

Figure 8. The developed primary packaging: sleeves and shielding frame.
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The function of the frame is obvious–to prevent the sides and end soft he rolls from overheating. To-
make the test results more convincing, from among available products the ones with the least fat con-
tent and highest water activity (contains only vegetables) of the interior were chosen. They are organic 
vegetarian spring rolls with a fat content of only 5.7% shown in Figure 9. Packaging for two and four 
spring rolls were designed and produced

Figure 9. The secondary retail packaging of the spring rolls (left) and designed active packaging ele-
ments for four spring rolls (right).

Packaging validation experiments have been carried out in a 1000W microwave oven, the preparation 
taking 8minutes and resulting in a product appearance indistinguishable from when prepared accord-
ing to consumer instructions. Texture and taste were improved, especially crispiness, when comparing 
to preparation in a conventional oven. Most importantly the vegetable filling remained moist and juicy 
due to the relatively short preparation time as opposed to a long exposure to heat and drying in an oven.

4 Conclusions

In this study we have developed the double-layer PET-based susceptor material and used it in con-
junction with commercially available shielding materials to successfully validate several prototype 
packaging solutions for popular convenience foods otherwise impossible to properly cook in the mi-
crowave oven.
The results form a firm basis for commercial implementation of the improved susceptor construction 
not only of the chosen test products, but any product with similar properties, like nuggets, fish and 
chips, schnitzels, samosas.
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Abstract: Fish spoilage indicator (FSI) based on curcumin  as a pH sensitive dye was developed 
by employing metabolites related to total volatile basic nitrogen (TVB-N) in packaged 
head space to monitor a deterioration of the status of sea bass fillets during chilled storage. 
An influence of storage conditions (4°C and 10°C) on microbiological (total viable count 
(TVC) and Pseudomonas count) and chemical (TVB-N) changes were investigated. A color 
transition of curcumin solution was evaluated using a UV-Vis spectrophotometer whereas a 
color transition of curcumin- incorporated methylcellulose based indicator film on pH buffer 
and ammonia vapor were assessed using a CIE L*, a*, b* chroma meter. In this work, TVC 
and Pseudomonas count of sea bass fillets stored at 4oC gradually increased while at 10oC 
substantially rose and reached a minimum spoilage level (6 log cfu.g-1) after 5.4 - 6.0 and 2.3-
2.8 days, respectively. In addition, TVB-N at minimum spoilage level was approximately 19.9
- 21.6 mg/100g sample. This indicator film was turned from yellow to orange in a pH buffer 
range of 7.0-9.0 and from orange to red brown in a pH buffer range of 9.0-13.0. After exposure 
to ammonia vapor (0.01-0.10 M ammonia solution), this indicator film was highly sensitive 
to ammonia concentration in which turned from yellow to orange and orange-brown within 
a few minutes. Consequently, this fish spoilage curcumin-incorporated methylcellulose based 
indicator film can be possibly applied as an intelligent device for monitoring a status of 
packaged fresh fish fillets in chilled conditions.

Keywords: curcumin; fish spoilage indicator; intelligent packaging; methylcellulose; sea 
bass; total volatile basic nitrogen
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1 Introduction

Aquatic products such as fish are perishable food that generally spoils faster than other kinds offoods 
and their quality are major concern for industry and customers because of microbial activity[1]� In ap-
propriate storage conditions, the microbial activity is main cause of quality deterioration. At high pop-
ulations, several chemical spoilage indices (CSIs) are released and responsible for off-flavors/odors 
resulting in the organoleptic rejection[2-4]�
Fish spoilage indicator (FSI) is a member of diagnostic packaging (DP) as a subclass of intelligent 
packaging (IP)[5,6]. It can be defined as “a packaging system (or material) which uses metabolites as 
“information” to monitor the status of fish freshness and spoilage”[7]. Total volatile basic nitrogen 
(TVB-N) is responsible for a smell of spoiled fish and can be employed as metabolite for monitoring 
fish spoilage status. Recently, researchers have developed the intelligent packaging to monitor the 
target metabolites either volatile amines orbiogenic amines from food spoilage. For example, pH dye- 
based indicator[8-10], Natural dye- based indicator[11-15], polymer based indicator[16-18] and bio-based 
indicator[19,20]�
Curcumin is derived from curcuma, the rhizome of Curcuma longa L.  Zingiberaceae.  The  pH
transition is between pH 7.8 (yellow) and 9.2 (brown)[21]. Curcumin contains two ferulic acid mol-
ecules connected by a methylene bridge at the carbon atoms of the carboxyl groups. Curcumin can 
persist in tautomeric diketo and keto-enol forms which showed a peak at 360and
427 nm, respectively[22]. Methylcellulose (MC) is one of the most important commercial cellulose 
which has been used in many industrial application. Many researchs used methylcellulose, cellulose 
derivertive and cellulose material incorporated with curcumin for food spoilage indicator. Kuswandi 
et al[11] developed a curcumin-immobilized bacterial cellulose membrane as TVB-N sensing during 
shrimp spoilage and also offered for fish industries and retailers. Pávai et al[23] developed a curcum-
in-immobilized cellophane test strip sensing the pH and carbondioxide change from breast chicken 
meat. However, there is still limited information on the utilization of curcumin as a visual material to 
be incorporated into cellolose-based indicator. Hense, it is very crucial to investigate the posibility of 
developing intelligent colorimetric indicator by the impregnation of curcumin.
The present study was aimed at investigating an effect of temperature on microbiological and chemical 
qualities of fresh sea bass fillets and assessing a color transition of curcumin- incorporated methyl-
cellulose based indicator film on pH buffer and simulated target metabolite represented fish spoilage.

2 Materials andMethods

Materials. Potassium dihydrogen phosphate (KH2PO4), bromocresol green (BCG), potassium carbon-
ate (K2CO3) and potassium hydroxide (Ajax Finechem, Newzeland); ethyl alcohol, boric acid, trichlo-
roacetic acid (TCA), hydrochloric acid and plate count agar (PCA) (Merck, Germany); Pseudomonas 
agar base (Oxoid CM559) with Pseudomonas selective agar supplement (Oxoid SR0103) (Oxoid, 
UK); Methyl red (MR) (Panreac Química, Spain) were used for microbiological and total volatile 
basic nitrogen (TVB-N) analysis. Curcumin (Ccm) (Sigma Aldrish, USA) was used as pH dye. So-
dium tetraborate (Na2B4O7.10H2O) (Ajax Finechem, Newzeland) was used as a pH buffer solution. 
Food-grade methylcellulose (MC)(Methocel™; Dow Chemical, USA) was used as the biopolymer 
film. Polyethylene glycol 400 (Mersk,Germany)was used as the plasticizer. Linearlow- density poly-
ethylene (LLDPE60μm, Amcor Flexibles Bangkok Public Co. Ltd., Thailand) film was used as a based 
film. Descaled sea bass (averageweight0.9-1.0kg) were purchased from Faculty of Fisheries’ market 
(Kasetsart University, Thailand) to monitor total aerobic plate count (TVC) and Pseudomonas count[24]� 
The colony counting range of 25-250 was counted after 48 ±2 h and reported as log colony-forming 
units (CFU).g-1. Total volatile basic nitrogen (TVB-N) content was determined using the Conway’s 
method[25] and expressed as mg N/100 g sample.
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ThecolortransitionsofCcmsolutionunderpHrangeof7.0-13.0werestudied.ApHbufferwere prepared us-
ing sodium tetraborate modified from Bányai[21]. Color of Ccm in different pH was investigated

byUV-visspectrophotometeratalambdarangeof300-700nm.TheCIEL*,a*,b* chroma system (Chroma 
meter CR-400, KONICA MINOLTA) which uses the corresponding value of total color difference 
(TCD, ∆E) as dynamic change in Ccm. TCD was expressed as Equation1.

∆E = [(∆L*)2  + (Da*)2+ (Db*)2]1/2 (1)

Where ∆L* is the brightness difference between initiation and each time interval, Da* is the red-
ness-greenness difference between initiation and each time interval, and Db* is the yellowness-blue-
ness difference between initiation and each time interval[26]�
Curcumin-methylcellulose (Ccm-MC) based film was prepared by dissolving 3 % w/v of MC powder 
and 1% w/v of PEG-400 in mixed solvent of ethanol and deionized water at 65oC. The solution was 
stirred until homogeneous and cooled down at room temperature. Ccm was added to MCsolution,de-
gassed (VCX130,Sonics&MaterialsInc. U.S.A ) for 10 min and poured into a flat 18 × 20 cm glass 
plate wrapped with LLDPE film. The indicator films were dried at room temperature for 24 h.
The dynamic change of Ccm-MC film in pH buffer range of 7.0-13.0 was monitored using photog-
raphy and the CIE L*, a*, b* chroma system and expressed as TCD. The sensitivity of Ccm-MC-
filmundersimulatedtargetmetaboliterepresentedfishspoilagewasstudiedat4oCfor 30 min. The dynamic 
change of Ccm-MC film was monitored using photography and the CIE L*, a*, b* expressed as TCD.

3 Results andDiscussion

3�1 Chemical and microbiological changes in sea bass fillets

The total number of microorganisms was an important quality index of fish fillets. Sea bass fillets were 
kept at 4oC to maintain freshness. However, this temperature could not completely inhibit the growth 
of microorganism. The maximum limit of 6 log cfu.g-1 was considered as acceptable limit for fresh 
fish[27]� Pseudomonas spp. represents as one type of specific fish spoilage organisms. It could produce 
typical volatile compounds with unacceptable odor and flavor during chilled storage[9,28]�
It was found that both an initial TVC and a Pseudomonas count of fresh sea bass fillets were
4�38 and 3�16 log cfu�g-1, respectively. At 4oC, TVC and Pseudomonas count gradually increased and 
reached a minimum spoilage level ( 6logcfu.g-1 )after 6.0 and 5.4 days with TVB- N content of 22.0 
and 21.6 mg/100g sample, respectively. At 10oC, TVC and Pseudomonas count substantially rose and 
reached 6 log cfu.g-1 after 2.3 and 2.8 days with TVB-N content 19.9and
mg/100g sample, respectively (Figure1).

Figure 1. Changes in microbial count of seabass fillets stored at 4oC and 10oC:

TVC and Pseudomonas count and (b) TVB-N of sea bassfillets
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3�2 Color transitions of Ccm solution under pH range of7.0-13.0

A stock solution of 0.1% w/v Ccm was transferred into pH buffer solution 7.0-13.0. A color transition 
in different pH was investigated by UV- vis spectrophotometer with absorption spectra range of 300-
700 nm. An initial pH of Ccm solution was 6.0±0.1 with a bright yellow color. Color transitions in pH 
buffer ranges of 7.0-9.0 and 10.0-13.0 were yellow-orange and dark brown- bright orange,respectively. 
A color transition of 0.0010% w/v Cc min primary salt based borax was shifted from yellow (pH 6.0) 
to orange (basic form, pH 9.0), leading to maximum lambda shifting from 429 to 424 nm and 520 to 
550 nm. Moreover, a new brown shifted (pH 10.0) to bright orange (pH 13.0) resulting in maximum 
lambda appeared at 429 to 465 nm and 550 to 520 nm (Figure 2a). Pourreza and Golmohammadi[29] 

reported that at pH 3.0-7.0, Ccm acts as a potent H-atom donor because of its keto form and above pH 
8.0 (the enol form predominates), it acts mainly as an electron donor. At pH 13.0, Ccm is completely 
deprotonated to form the highly negatively charged speciesCur3-�
TCDvaluesof0.0010%w/vCcminpHbufferrangesof7.0-9.0and10.0-13.0were2.59-29.77 and 23.58-
31.10, consecutively (Figure 2b). It is generally known that TCD values greater than 5 can be easily 
detected by the unaided eye, and TCD greater than 12 indicates a completely different color space[26]�

Figure 2. Absorbance spectra and TCD of 0.0010% w/v Ccm in pH buffer 6.0-13.0

3�3 Sensitivity of Ccm-MC film to pH buffer and target metabolites represented fishspoilage

A color transition of 0.02% w/v Ccm-MC film in pH buffer solution 7.0 -13.0 showed in Figure
3.AninitialcolorofCcm-MCfilmwasbrightyellow.AfterimmersionintoapHbuffersolution, Ccm-MC film 
turned to yellow-orange in pH 7.0-9.0 and turned to brown-reddish brown in pH 10.0-13.0. A color 
transition of Ccm-MC film after exposed to ammonia vapor prepared from 0.01-0.10M ammonia solu-
tion stored at 4oC for 30 mins showed in Figure 3b. Ccm-MC film was able to sense ammonia vapor 
and turned from bright yellow to orange within 1 min and a color intensity of Ccm-MC film increased 
with time and reached equilibrium within 30mins.

Figure 3. TCD and transitions of Ccm-MC film in pH buffer range of 7.0-13.0 and after exposure to head space of 
0.01-0.10M ammonia solution stored at 4oC
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4 Conclusions

These findings indicate that sea bass fillets spoiled after storage at chilled condition (4oC) for 5.4-6.0 
days and TVB-N content was around 21.6-22.0 mg N/100g sample. Ccm in pH buffer based borax 
turned from bright yellow to orange in pH 7.0-9.0 and dark brown to bright orange in pH 10.0-13.0. 
TCD values of Ccm-MC film in pH buffer range of 8.0-10.0 easily detected color changes from yellow 
to orange-brown. After exposure to ammonia vapor in the closed package stored at 4oC, Ccm-MC 
films immediately changed color within a few minutes and
turned from bright yellow to orange-brown. Hence, Curcumin- incorporated methylcellulose based 
indicator film is potentially applied for monitoring packed fish during chilled storage.
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Consumer value for time-temperature indicators in sushi 
packaging
Virpi Korhonen1

Package Testing & Research Ltd, Vantaa, Finland

Abstract: At the time of the current public discussion of food and packaging waste, a growing 
market is emerging for optimised packaging solutions seeking to remedy these problems.
Intelligent packaging, such as time-temperature indicators (TTIs), can help cut down food 
waste and achieve higher food safety and trust in the food chain. The main targets of use have 
been fish, meat and poultry products which are sensitive to temperature changes.

This paper presents a study on consumer value perceptions and willingness-to-pay for Tempix® 
time-temperature indicators in retail packaged sushi. Data was collected in two focus group 
discussions with 12 consumers. All participants consumed sushi and had purchased take-out 
sushi during the past six months. Both a carton and a plastic tray with 12 pieces (450 g) of 
sushi were evaluated, first without and later with the indicator.

The packages with the TTI were perceived as safer and more hygienic, as well as delivering 
expertise and innovation. The majority of the participants stated that the TTI increased both 
the perceived safety and trust in the sushi product. It was also perceived to decrease product 
mistreatment. The TTI created a significant increase in the perceived value of the carton tray 
both in terms of perceived benefits and willingness-to-pay. For the plastic tray, the value 
increase was lower, as the overall safety of the tray was not perceived very high because of 
its fragile lid�

The consumers also expressed concerns about the technology, i.e. whether the indicators 
generate needless food waste or who should pay for them. These challenges in communication 
must be solved to gain the most value from the technology. From a retailer perspective, TTIs 
offer considerable potential for gaining higher levels of customer trust and loyalty.

Keywords: intelligent packaging, time-temperature indicator, consumer, value

1 Introduction

Active and intelligent packaging (AIP) technologies [1,2] have been under development in the past 20 
years, yet only a few commercial applications have entered the market. The current debate about food 
loss and wastage has increased the demand for AIP, emphasising the benefits of packaging instead of 
focusing on environmental problems.

InActInPak[3],alargenetworkrepresentingscientistsandindustrymembersfrom40countries, the chal-
lenges of active and intelligent packaging were categorised into socio-economic, technological and 
sustainability challenges. The socio-economic challenges are described as awareness, communication, 
acceptance, trust, reliability, and perceived costs versus revenue. The technological challenges are re-
lated to availability, activation and deactivation, quality control, safety,interaction with food, and influ-
ence on processing technologies. The sustainability challenges are related to long term healthiness and 
safety, environmental impact of AIP, possibilities of re-use, and availability of impact assessmentdata.

1 Correspondence to: Virpi Korhonen, Package Testing & Research Ltd, Iskoskuja 3 A 19, 01600 Vantaa, Finland. E-mail: virpi.korhonen@ptr.fi
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The aim of this study is to measure consumer value perception and willingness-to-pay for time- tem-
perature indicators in retail packaged sushi, as well as to validate the barriers to entry from consumers’ 
viewpoint.
2 Materials and methods

2�1 Data

Data was collected in two focus group discussions with 12 consumers. The interviews were conducted 
in November 2018 in Finland. Of the participants, seven were female and five male. The average age 
of the participants was 39 years, ranging from 28 to 54 years. All participants consumed sushi and had 
purchased take-out sushi during the past six months.

The participants were informed that a typical price for retail packed sushi is 20 euro/kg, i.e. 10 euro 
for 12 pieces (450 g). Each group discussion lasted about one hour, and the participants were rewarded 
with a 30-euro gift card.

2�2 Researchprocedure

First, the participants evaluated a cartonanda plastic traywith 12pieces (450g) of sushi (Figure1). The-
task was to “pickup two twelve- piece packs of sushi from a local retail store and to take it to a friend’s 
house”. During evaluation, the participants were presented with attribute pairs and asked to match 
one or neither attribute with each packaging, applying the PTR Value Toolkit® research tool [4]. Af-
ter the evaluation, the participants were asked to state their maximum willingness-to-pay and likeli-
hood-of-purchase for each product.

Next,the participants were introduced the same packages with Tempix® [5] indicator label sand pro-
vided the following information on the functions of the temperature indicator technology:

Sushi packages feature Tempix® technology which monitors the temperature of the product through-
out the transportation chain, up to checkout. The Tempix sticker contains indicator fluid that reacts to 
excessive temperatures. If the cold chain is broken during sales time,the indicator fluid in the label 
expands and destroys the bar code. In that case, selling the product is no longer possible.

After this, the packaging samples were re-evaluated with the attribute pairs and the participants were 
asked again to state their maximum willingness-to-pay and likelihood-of-purchase. This was done to 
investigate the influence of the indicator technology on the perceived value of the product.

Figure 1. The evaluated packaging samples: A carton tray by Metsä Board and a PS plastic tray.
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2�3 Tempixindicator

The Swedish Tempix® system is based on thermo-print labels for quality assurance of frozen and 
refrigerated products. Temperature abuse causes the activator on the label to propagate,and when the 
temperature is low, the propagation stops. The activator liquid will influence the thermo-ink printing, 
i.e. the barcode or any other printed text or figures (Figure2).

The time is set by the distance of the activator liquid to the bar or barcode (Figure3). The distance   in 
mm sets the time and scale/degree of the temperature abuse. The longer the distance, the bigger the 
temperature abuse.

          
         3a Labelbeforeprinting.        3b Product information, barcode and indicatorline.

           

        3c Activator appliedonlabel.         3d Tempix label applied – a completeindicator.

Figure 2. Components of Tempix indicator [5].

Figure 3. The time is set by the distance of the activator liquid to the bar or barcode [5].
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3 Results andDiscussion

3�1 General perceptions of sushi packages

The carton packaging was perceived as steady, valuable, and easy-to-recycle (Table 1). All the compo-
nents of the sushi meal (i.e., soy sauce, ginger and chopsticks) could be placed inside the packaging, 
which made the packaging easier to carry along.

This was a really positive surprise. When you get take away sushi for lunch, this package is so much 
cooler, you know the sushi will stay inside even if you make a sudden stop. You can put the ginger and 
all the other stuff inside. This material feels nice, and with sushi, appearance is half the experience. 
-woman, 35

The package does not create a fast-food image when it’s for a friend, and it creates a more hygienic feel 
because it is more whole as a package. You don’t have to carry chopsticks and other stuff in a separate 
plastic bag. What I really like is that it is ecological, and I would like to favour this. - man,45

Compared to the carton packaging, the plastic tray was perceived as common, conservative and un-
ecological. Transportation of the packaging was experienced as difficult because of the fragile lid and 
the fact that it could not be carried in a grocery bag. The plastic material was also evaluated as uneco-
logical�

The problem is how to take it home. If you put the min grocery bags, the sushi pieces will move around 
in the box and I’m afraid they’ll spill into the bag. That’s why I often carry the sushi package in my 
hand. That package is tricky. And inside there are cups and other stuff, they also tend to spread around, 
and have to be stuffed into pockets, it’s no tpractical, though I of ten buy this. I also always have prob-
lems with this lid, this is awkward. -woman, 41

If the bar code is on top of this and it is read at the checkout, then you’d need to turn it around and the 
content may suddenly look different. One thing I want to avoid is disposable plastic, you should be 
able to reuse it later. -man, 45

Table 1. Highest rated attributes associated with carton and plastic trays (% of participants).

Carton tray Plastic tray
Durable 100 % Comprehensible 100 

%

Strong 100 % Informative 92 %

Protective 92 % Tidy 92 %

Safe 83 % Nature-burdening 92 %

Disposable 83 % Common 92 %

Easy-to-recycle 83 % Standard 92 %

Functional 83 % Conservative 92 %

Tidy 83 % Convenient 83 %

Valuable 83 % Functional 83 %

Forerunner 83 % Environmentally haz-
ardous

83 %
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3�2 Value of indicators in sushi packaging
After the indicator was introduced, both sushi packages were perceived as more innovative, insightful, 
imaginative, and appealing than without the indicator (Table 2).

Table 2. Highest increases in attribute ratings associated with carton and plastic sushi trays after 
introducing the indicator (% of participants).

Carton tray No indica-
tor

With indica-
tor

Diff. Plastic 
tray

No indica-
tor

With indica-
tor

Diff.

Insightful 58 % 100 % 42 % Innovative 0 % 58 % 58 %

Aesthetic 50 % 83 % 33 % Forerunner 0 % 42 % 42 %

Esteemed 50 % 83 % 33 % Imaginative 8 % 50 % 42 %

Informative 42 % 75 % 33 % Insightful 17 % 50 % 33 %

Skilful 58 % 92 % 33 % Esteemed 33 % 58 % 25 %

Appealing 33 % 58 % 25 % Durable 25 % 50 % 25 %

Efficient 17 % 42 % 25 % Responsible 25 % 50 % 25 %

Expert 75 % 100 % 25 % Strong 17 % 42 % 25 %

Hygienic 75 % 100 % 25 % Safe 42 % 58 % 17 %

Innovative 58 % 83 % 25 % Appealing 58 % 75 % 17 %

Economical 42 % 67 % 25 % Disposable 75 % 92 % 17 %

The indicators were stated to increase trust in the product, as well as the sense of safety. They were 
also mentioned to reduce product mistreatment. The value of the indicator was perceived higher in the 
carton tray because of the unsafe lid of the plastic tray.

It certainly doesn’t hurt; it probably was a great invention when it was invented. Of course, the uncertainty that I 
feel towards the weaker (plastic) package is still there, because the lid can come off. But still there’s a greater chance 
that the sushi is edible than without an indicator. I don’t see any weakness; it brings additional value.
– male, 52

Somehow it feels more useful for this (carton) package. It is because this package can’t accidentally open and the 
sushi wasn’t exposed to anything. The problem with this (plastic) package is that it can pop open somewhere else, 
and even if it were in the cold, some warehouse worker could have been breathing into it. It doesn’t bring as much 
additional value for the plastic package, but it is an interesting addition for these products. I don’t know if they are 
in use, I haven’t seen them myself. – female, 37

I haven’t seen anything like this, but I think it is great that damaged products wouldn’t pass the cash register. It 
brings you a sense of safety, because you won’t be buying a product where the temperature has fluctuated.
-female, 54

You could put this onto all cold products as it is, because in big stores you often see that people take something but 
then leave them all over the place. At that point no one knows if those products can be sold anymore. - female, 34

I have worked in a grocery store,and I think this sticker would have made me put products to the cold shelves  
faster. –male,29

3�3 Preference, and likelihood-of-purchase, and willingness-to-pay

Without an indicator, the carton tray packaging was preferred by 50% of the participants, and the 
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plastic tray equally by 50% of the participants. After presenting the indicators, 58% of the participants 
preferred the carton tray, and 42% the plastic tray. The average likelihood-of- purchase for the carton-
tray with the indicator was 6.8 (6.3with out indicator ),and,respectively,
6.9 for the plastic tray (6.8 without indicator) on a 10-point scale (0=would not buy; 10=would most 
likely buy). Thus, the indicator increased both preference and likelihood-of-purchase for the carton 
tray.
As presented below in Figure 4, without indicators the participants offered 10.69 euro for the carton-
tray and 10.23 euro for the plastic tray. After the introduction of the indicator, the average offer for the 
carton tray with the indicator was 11.11 euro (+0.42 euro/+4%), while the average offer for the plastic 
tray increased to 10.31 euro (+0.08euro/+1%).

Figure 4. Willingness-to-pay for 450 g of sushi in carton and plastic packages with and without 
indicator (n=12).

Based on the findings, both the carton material and indicator increased the value of the sushi meal. In 
carton packaging, the added value created by the indicator was higher, as the safety of the plastic tray 
was still questioned because of the easy-opening lid that might fail during transportation or in the store.

3�4 Doubts about the indicator
Most of the participants felt positive about the indicators. However, some doubts were expressed con-
cerning the need for indicators or who should cover the costs.

I think that as an invention the sticker is good, it’s informative and in the store it shows that the cold chain hasn’t 
been broken, but it doesn’t add to my willingness-to-pay. My assumption is that even without a sticker I should 
be able to trust that the product was kept cold, so the sticker isn’t there just for money. I don’t like the idea that 
for proving that the cold chain wasn’t broken, you must pay 50 cents more. –male, 29

Some participants felt uncertain about the sensitivity of the indicator and whether it would generate 
cherry picking (i.e. choosing products that have less changed indicators) or unnecessary product loss. 
The recyclability of the indicator also raised a question.

I am wondering about the fact that even if the product had a good cold chain in the store, when you take it to 
your friend’s house, you would rarely have a cooler with you. How long would it take for the indicator to go off 
and the cold chain to break? I don’t know how nice it would be to give it to a friend, if that friend also knew 
about this Tempix sticker and couldn’t see the bar code anymore. In a way it is fine if it is in the store, but when 
you take it to your friend, I don’t know how sensitive it is. – woman, 49
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I also have some conflicting opinions. I would kind of like to have this universally in all stores and products, 
because otherwise I would wonder why some places have them and some don’t, that would be weird. I am ready-
topay10centsmoreforit,but not more. It wouldn’t bring me much extra value. It does make me wonder that if the 
indicator went off, the products would go to trash. As with fruits,
it makes me feel that people pick the best and the rest are thrown away, and that makes me feel gross, because it 
causes more food waste. –male, 28

I do think of the recyclability; in principle you could put this plastic package to recycling. The other has plastic and 
cardboard, so it makes me think that it just goes to the mixed waste bin. –male,34

4 Conclusion

This study of an indicator indicating whether the cold chain of retail packaged sushi has failed before 
time of sales was conducted with Finnish consumers. The Tempix time-temperature indicator does not 
report the microbiological quality of the product, nor does it expire when the product reaches the origi-
nal expiry date. The main benefit of the indicator is that it identifies whether the cold chain was broken 
before the time of sales. In this case, buying the product is not possible, as the product barcode will be 
destroyed. In previous consumer studies on TTIs, Finnish consumers seemed to associate least benefits 
related to TTIs, compared to other EU citizens [6]. A colder climate compared with other countries and 
thus easier cold chain management was mentioned as one explanation for this research result.

In this study the retail packaged sushi products furnished with the indicator were perceived more ap-
pealing, delivering higher expertise and innovation, and resulting in higher willingness- to-pay. Sev-
eral participants stated that the indicator increased both the perceived safety and trust in the retailed 
packaged sushi. It was also perceived to reduce product mistreatment either by retail staff or other 
customers. The indicators created a significant increase in the perceived value of the carton tray both 
in terms of perceived benefits and willingness-to-pay. For the plastic tray, the value increase was lower, 
as the overall safety of the tray was not perceived very high because of its fragile and easy-opening lid.

The consumers also expressed concerns about the technology, i.e. whether the indicators generate 
needless food waste or who should be responsible for the costs. These challenges in communication 
must be solved to gain the most value from the technology. From a retailer perspective,time-tempera-
ture indicators offer considerable potential for gaining higher levels of customer trust and loyalty, if the 
communication of the benefits is reached and understood by the end-users.
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Abstract: Fungi are responsible for significant spoilage and economic losses in the food 
chain, especially in bakery products. Another concern about the presence of fungi is the 
potential risk of off- flavor formation and mycotoxins production. Consumers have increased 
awareness of the potential risk of the consumption of synthetic antimicrobial agents and the 
direct exposure to the agents. Hence, there has been a growing interest in the development of 
antifungal packaging containing natural antifungal agent. Poly(lactide) (PLA) has received 
considerable attention as alternatives to synthetic polymers due to its biodegradability and 
existing commercial process. This preliminary study determined the antifungal efficacy, in vitro 
using the vapor diffusion assay of poly (lactide) /poly (butylene succinate-co-adipate) (PLA/
PBSA) blends film entrapped with thymol. The remaining contents of thymol were evaluated 
by thermogravimetric analysis (TGA).The thermal properties of films were characterized by 
differentials canning calorimetry (DSC). Static headspace and solid phase microextraction 
(SPME) coupled with gas chromatograph–flame ionization detector (GC–FID) were used to 
determine the release kinetic of thymol during storage time at 25 °C. The results showed that 
the percentage loss of thymol after the converting process of the films was approximately 
21 %, of which 2.1 % thymol was lost during the masterbatch preparation. The antifungal 
films demonstrated high antifungal activities against major foodborne (e.g. Aspergillus spp., 
Penicillium spp.) pathogens in bakery products. The antifungal packaging developed delayed 
microbial growth and had potential for commercialization and applications in bakery products.

Keywords: biopolymer; volatile compound; antifungal efficacy; thermal properties; release 
kinetic
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1 Introduction

Typically, the activity of antimicrobial agent directly added into food may be lost due to the diffusion 
of antimicrobial agent into the food system[11] and the excessive quantities of the antimicrobial agent 
may have a negative impact on organoleptic and degradation of the food properties. Furthermore, con-
sumers have increased awareness of the potential risk of the direct exposure and the consumption of 
synthetic food preservative. Hence, the incorporation of antimicrobial agents into packaging materials 
has gained specific interest since it can reduce the level of added antimicrobial agent and control the 
release of antimicrobial agents to the food surface[9]. Antimicrobial packaging is an emerging technol-
ogy that can inhibit or retard the growth of targeted microorganisms[3] by indirect contact using the 
release of volatile antimicrobial agent to the packaging headspace or by direct contact on food surface 
using a nonvolatile antimicrobial agent[5,18]. The mode of action of antimicrobial agents incorporat-
ed in a packaging material is influenced by the controlled and slow release of the agent onto the food 
surfaces. This is required in order to maintain an adequate concentration of the agent on the food and 
effectively inhibit microbial growth throughout the product shelf-life. Consequently, the mass transfer 
rate of an antimicrobial agent should not be faster than the growth rate of target organism, otherwise 
the antimicrobial agent might be diluted on the surface of the packaged food product, thus limiting 
the antimicrobial activity[7]. Thymol (2-isopropyl-5-methylphenol) is the main monoterpene phenol 
(50 – 86%) found in oregano (Origanum sp.) and thyme (Thymus sp.) essential oils[6]. Thymol had 
strong antifungal activity against a wide range of fungal microorganisms[15] and could be use as alter-
native for chemical antimicrobial agents due to their volatile nature and Generally Recognized As Safe 
(GRAS) issued by the U.S. Food and Drug Administration (FDA)[16]. Poly(lactide) (PLA), a linear al-
iphatic polyester polymer derived from renewable agricultural resources[4], has received considerable 
attention as alternatives to synthetic polymers due to its biodegradability and environmental friendly 
advantage[12]. PLA is commercially available for food packaging that is suitable for short shelf life and 
ready-to-eat food products[12,18]. There has been an increasing interest in recent years for develop-
ing antimicrobial packaging based on PLA with essential oils and their constituents as antimicrobial 
agents. However, the brittleness, low melt strength and low barrier properties can be major drawbacks 
for some applications particularly for flexible food packaging. Poly(butylene succinate‐co‐butylene adi-
pate) (PBSA), a copolymers of poly(butylene succinate) (PBS), has a lower glass transition and melting 
temperature and being more readily biodegraded than PLA[8]. Hence, blending of PLA with poly(b 
tylene succinate‐co‐butylene adipate) (PBSA) have been interested to improve PLA properties for food 
packaging applications. The objectives of this study were to develop the PLA/PBSA blends film incorporat-
ed with thymol and to investigate the antifungal film efficacy, of the films.
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2 Materials and methods

Figure 1. Chemical structures for PLA (A) and PBSA (B) repeating units

Figure 2. Thymol
The preparation of PLA/PBSA blends film containing thymol was performed by adding PBSA master-
batch containing thymol into the PLA resins to achieve the target concentration of thymol in the active 
films. Chemical structures for PLA (A) and PBSA (B) repeating units are presented in Figure 1 and the 
chemical structure of thymol is presented in Figure 2. The antifungal activities of the films containing 
thymol on the mycelial growth of Aspergillus spp. and Penicillium spp. were determined by the vapor 
contact assay[17]. The neat PLA films were used as control. The Petri dishes were incubated at 25 ± 2 
°C for 7 days. The diameter (mm) of mycelial growth was plotted against the incubation time (days) 
to obtain the growth rate (mm/day). The remaining contents of thymol in the masterbatch and the anti-
fungal film converting process were evaluated by thermogravimetric analysis (TGA) (Mettler Toledo, 
TGA/SDTA 851e, Columbus, USA). The data were calculated from the percentage of the additives 
remaining in the films after processing to mg/g.

3 Results anddiscussions

3.1 Thymol remainingcontent

The remaining content of thymol in PLA/PBSA blend films and masterbatch is shown in  Table 1.Due 
to volatility (53.33 Pa at 25 °C) and low thermal stability of thymol[13], the initial thymol content was 
lost by evaporation or degradation due to the high temperature used during the converting process[14]� 
The percentage weight loss of thymol after the production of the PLA/PBSA blend films was approxi-
mately 21 wt.% which lower than that in the previous studied[2]. Only 2.1 wt.% of thymol content were 
lost during masterbatch preparation.

A

B
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Table 1. Remaining content (%) of thymol in PLA/PBSA blend films and thymol in PBSA 
masterbatch

Materials Initial content 
(wt.%)

Remaining content 
(%)

%wt. loss

Thymol-PB-
SA

20�0 19.5 ± 0.1 2.1 ± 0.1

Neat PLA 0�0 0.0 ± 0.0 0.0 ± 0.0

LT-PLA/
PBSA

3�0 2.3 ± 0.0 21.5 ± 0.9

HT-PLA/
PBSA

6�0 4.8 ± 0.3 20.1 ± 4.1

3.2 Antifungal films activity

Invitro antifungal activity of thePLA/PBSA blends film against Aspergillusspp.and Penicillium spp.
wasdetermined.Thecolony diameter of the tested fungi over 7days of storageat25±2°C is shown in 
Figure3�

Figure 3. Antifungal activities of PLA/PBSA blends film against the mycelial growth of Aspergillus 
spp. (A) and Penicillium spp. (B)
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The markedly inhibited growth of Aspergillus spp. and Penicillium spp. was observed for HT- PLA/
PBSA blends films compared to LT-PLA/PBSA blends films and control film (neat PLA).
The antifungal activities of thymol in the vapor phase against bread spoilage fungi were reported by 
López et al[10]. The antifungal activities of thymol were related to the hydroxyl groups of the volatile 
compounds and the presence of a delocalized system allowing the hydroxyl group to release its proton. 
The reduction of proton gradient across the cell membrane and the ATP depletion from microbial cell 
lead to celldeath[1]�

3.3 Thermalproperties

The DSC results of the second heating scans of the films indicated that the addition of PBSA and
 thymol to PLA significantly (p ≤ 0.05) influenced the glass transition temperature (Tg), melting tem-
perature (Tm) and percent crystallinity (Xcc)�

4 Conclusion

Thymol demonstrated antifungal efficacy against major spoilage fungi in bakery product, Aspergillus 
spp. and Penicillium spp. Although the amounts of thymol present in the active films decreased after 
the converting process, the films still exerted efficient antifungal activities.
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Abstract

The pan-European multidisciplinary network ActInPak recently identified the key social, 
technological, economic, ecologic, and legislative factors that hinder the market introduction 
of Active and Intelligent Packaging (AIP) technologies for fibre-based packaging. As a result, 
this Position Paper specifically reflects on potential implementation of AIP from a socio-
economic point of view, addressing aspects related to the interaction between component 
producers, packaging producers, packers, brand owners, retailers and consumers. This paper 
presents the main overarching findings that are to be most influential in successful market 
implementation on socio-economic level: i) gap between science and industry, ii) cooperation 
between the producing stakeholders within the value chain, iii) gap between industry and 
consumer, and iv) market drivers that affect developments. These main findings are all on a 
higher level, linking the detailed challenges in the socio-economic roadmap, and supporting 
the overall Final Roadmap produced by ActInPak to direct future activities in the field.

Keywords

active packaging, bioeconomy, fibre-based packaging, intelligent packaging, market 
implementation, roadmap, socio-economic

1 Introduction

A packaged product maintains its quality longer – without packaging, the product would lose its value 
or nutritional components. Packaging also informs the consumer how long they can keep using it. To 
even better protect or inform, active and intelligent packaging are developed�
Active packaging prevents spoilage by influencing the environment within the packaging. By using 
natural fungi repellents in the cardboard, for example, there is no need for chemical treatment of your 
food1-2. Intelligent packaging continuously checks the condition of your product and the environment 
around it. In this way you can, for example be sure it was at the right temperature from the packing 
moment all the way to your fridge3-4. Active and Intelligent Packaging (AIP) are not only for food5-6, 
they can keep flowers fresh, ensure that high value products such as electronics or cosmetics are what 
they claim to be and inform us that our medicines are genuine. Thinking about the whole package, AIP 
can prevent a lot of waste throughout the value chain7.

1Correspondence to: Johanna Lahti, Tampere University, Tampere, Finland, johanna.lahti@tuni.fi
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Bioeconomy is based on the shift from fossil to renewable raw materials to respond to the challenges 
of climate change, ecological scarcity and depletion of natural resources. Packaging plays an import-
ant role in the bioeconomy. The demand for high quality active and intelligent packaging concepts is 
constantly increasing. Most of the current AIP solutions are plastic-based, so there is a clear demand 
for renewable and sustainable solutions to create new packaging materials and concepts. The use 
of bio-based materials in packaging decreases the dependence on fossil fuels. Wood based biomass 
that is available in a large scale offers attractive “green” polymers. Also biopolymers that are based 
on agricultural or other waste streams offer interesting alternatives for traditional petroleum-based 
polymers.

2 Goal of the research

Developments of new fibre-based packaging materials with active and intelligent features offer huge 
potential, as AIP can help to optimise the supply chain, increase (food) shelf life and consumer con-
sciousness of (food) utilisation, as well as introduce interaction between producer and consumer8-9. 
However, very few of the potential and existing solutions currently have been able to reach the market. 
To identify the key social, technical and technological, economic, ecologic, and legislative factors that 
hinder this market introduction, COST Action FP1405 Active and intelligent fibre-based packaging 
- innovation and market introduction (ActInPak) was established in 201510-11. Within this multidis-
ciplinary platform, both science and industry gathered to gain insights in the barriers towards market 
introduction of AIP in fibre-based industries.

3 Execution of the Research

During its lifetime, ActInPak provided a platform for open communication, linking i) research organ-
isations in the areas of papermaking, packaging, printing, bio-based materials/ chemicals, ii) industry 
(large and SMEs), and iii) branch organisations and policy/ standardisation groups. This platform was 
created by organising various meetings, workshops and conferences on topics that mattered during that 
period of the Action. Both Invited Experts (from science as well as industry) and ActInPak participants 
presented their views to direct the network’s activities.

4 Results andconclusions

Results and insights are bundled in several publications12 with varying goals, but all ActInPak insights 
and results are consolidated in the Final Roadmap13 (figure 1) to direct future activities. This Final 
Roadmap has several layers; sustainability, technological, and socio-economic with different interests 
and prospects for different stakeholders. Additionally, a separate roadmap only focusses on socio-eco-
nomic aspects, meaning it only addresses aspects relating to the interaction of social and economic 
factors – in the case of AIP, industry (that needs to implement AIP) and consumers (that use AIP). This 
socio-economic roadmap14 is pictured in figure 2.



54

29th  IAPRI Symposium on packaging

Active and intelligent packaging 

Figure 1. The final overall ActInPak roadmap.

This Position Paper does not reflect on AIP technologies, but on potential implementation of AIP in 
general from socio-economic point of view. It presents the following main overarching findings that 
are to be most influential in successful market implementation on socio-economic level: i) gap be-
tween science and industry, ii) cooperation between the producing stakeholders within the value chain, 
iii) gap between industry and consumer, and iv) market drivers that affect developments. These main 
findings are all on a higher level, linking the detailed challenges as mentioned in the socio-economic 
roadmap.
Finally, this paper will discuss approaches towards the future that could be the start of new working 
groups actively addressing implementation in industry.
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Figure 2 – Socio-economic roadmap (a bigger and more detailed version can be downloaded on http://
www.actinpak.eu/roadmap-wg2/)
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i. Gap between science and industry

The first finding that hinders successful market implementation, is the gap between science and indus-
try. Where science works for at least 20 years on active and intelligent packaging considering the num-
ber of scientific publications in those fields15 , the term is relatively new to industry in general. There 
is a lack of awareness and knowledge on AIP, its benefits, added value, function, and impact16-17. Sci-
entific publications will not help in this regard, so communication targeted towards industry including 
the information they want to have is needed. This implies that information that is shared provides the 
big picture; what is it, how can it be used in the company, how much will it cost, what are the benefits. 
Not focused on partial solutions, but focused on fleshed out situations that also show the different sce-
narios and targeted applications (e.g. bulk versus unit, or high value specialty products).

Related to this, it is important to discuss opportunities for AIP technologies with different people in-
side companies, so not only engineers but also marketing and design departments for example. When 
presenting a new AIP solution, it would be good to have a “proven” demonstrator to show the potential 
of the solution18�

ii. Cooperation between the producing stakeholders within the valuechain

The identified value chain runs from A&I components producer, via packaging producer to packer/
brand owner and retailer towards the consumer/end user. It is very important (and challenging) to 
identify the whole value chain of the product in concern, and try to identify who are the key deci-
sion-makers19�

Almost all challenges that were identified to be affecting successful market implementation of AIP, can 
be found to be an issue for one or more stakeholders throughout the value chain. So there is basically 
an interconnectivity between the stakeholders in form of mutual challenges, even though the details of 
the challenges differ. Furthermore, almost all of these recurring challenges trace back to cooperation 
and communication on different levels within the value chain, as well as inter sectoral.

Looking at a challenge such as costs versus revenues, it is clear to realise that for some stakeholders 
this means they have to get something in return for investing money in novel, more expensive, mate-
rials20-21. A value chain approach argues that the benefit of active packaging can be found in reduced 
food loss and waste, and for intelligent packaging this benefit lies in more proved safety or interaction 
between different parts of the value chain. This reduction implies that less products have to be packed 
(equalling lower production). However, since the actual costs of food loss and waste occur elsewhere 
in the value chain, the packaging producer and the brand owner are affected by lower production as 
this equals lower sales and thus profits for them. With the right marketing or additionals22-23, this could 
be overcome.

Another example that shows the need for a good cooperation within the value chain is the challenge 
of availability, where production size does not match demand or where materials cannot be further 
developed or adjusted to unknown needs as behaviour and interaction are not yet known. Currently 
this challenge runs like a vicious circle between different stakeholders; A&I components producers at 
first instance are not able to produce tons of their components as they wish to validate it first. In turn, 
packaging producers are often not capable of running validation trials with small amounts or are not 
willing to try without clear proof that there is a market for it. However, to proof the market potential 
a trial is needed24�
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Conflicting interests can create boundaries, however to move forward it is important to find common 
ground to work on.

iii. Gap between industry andconsumer

Once there is a successful incorporation of active or intelligent features in packaging, one could think 
it is an automatic success in the market. However, ActInPak has also clearly identified that there is 
currently a gap between industry and consumers hindering a successful market introduction25-26-27-28-29.

Again, there is a lack of awareness, so informing and educating consumers might prove to be bene-
ficial. In basis, it is important that the AIP features are not too complicated for a consumer to under-
stand. There should not be room for misunderstanding30. However, the way in which the information 
is presented, will also affect consumer trust31. For example, unknown and invisible extra features in 
a packaging (e.g. an active barrier coating that releases substances to the packed food), are perceived 
as suspicious and benefits might be unknown and unclear. People will doubt the safety and healthiness 
of the packaging, and turn to alternatives. Also, extended shelf life often is perceived as less fresh. 
However, if the communication would clearly stress the fact that through such a packaging, which is 
totally food safe the food is more natural, because chemical preservatives can be omitted, consumers 
might be inclined to pay the extracents32.
 
One could also argue to which extent a consumer will have blind faith in technology and thus turns 
to companies in cases that went wrong33, or whether the consumer will still use its own senses and 
common sense.

More research is needed in this area to explore the perception of different consumer groups, such as 
elderly34.

iv. Market drivers that affect developments
 
Global trends like urbanisation and changes in population structure are considered more and more 
in packaging development35-36. Goods are increasingly transported, which requires durable packages 
maintaining at the same time the shelf-life of the product. According to UN, people aged over 60 will 
constitute more than 21% of the world’s population in 205037�

Nowadays, the main trend in material development is sustainability (including circular and bioeco-
nomy). Many brand owners and food manufacturers position sustainability as a key factor in their 
strategy, which “forces” them to look for sustainable alternatives for traditional packaging materials 
and solutions. On the other hand, consumer’s awareness is all the time increasing and consumers “de-
mand” more sustainable solutions (as witnessed by current events such as Doha and climate marches, 
and no-waste approaches by consumers).

In the paper and board industry, producers are trying to develop materials that have similar or im-
proved characteristics compared to plastics to act as a replacement for non-renewable materials38-39� 
The resulting packaging materials are in such a shape that they actually maintain the quality of the food 
and prevent food losses and waste better than current paper-based packaging materials. As this is one 
of the aims of active packaging, viewing this solely from a ‘improving shelf life’ point of view, this 
means the need for active packaging materials disappears.
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Furthermore, as barrier materials are created anyhow to increase the competitiveness of the fibre-based 
sector compared to plastic packaging industry, those barrier materials are cheaper or at least easier to 
finance than incorporating additional active features. In most cases, infrastructure and processes of 
packaging production need to be adapted to be able to work with active materials.

However, market drivers such as the internet of things (IoT), are easy to address with intelligent pack-
aging features. This way, it is possible to create a full shopping experience where the fridge is informed 
by the packaging when it needs to be reordered so the consumer does not even have to think about it 
(just open the door when the delivery is made). Intelligent packaging features also offer brand owners 
interesting opportunities through consumer engagement and data collection40�

5 Summarizing recommendations for futureresearch

Although it is tempting to try and make recommendations for AIP in general, viewed from a socio-eco-
nomic market implementation perspective it is more logical to separate active and intelligent packag-
ing into two categories as they have different purposes that have different implications.

In generic terms, intelligent packaging can be used for either i) communication to establish any 
brand-consumer connection, or ii) to inform about the product quality. Intelligent packaging offers 
many opportunities with the growing digitalisation relating to e.g. product safety, product location and 
product loss�

Mainly the first example is already widely used on the market, and therefore the challenges are rel-
atively low. Reason for this is that the most commonly used intelligent features are labels and thus 
add-ons to a packaging, so there is less need to change current infrastructure or processes. Further-
more, extra costs for these features are often paid by marketing budgets and they pay off via consumer 
engagement and repeated buys. Consumers buy these type of packaging because they like it. However, 
in cases of printed electronics, implementation in roll- to-roll processes will need more changes.

The second example, where the focus is more related to product quality and less to consumer engage-
ment, is more difficult to implement. Main reason for this is the fact that these features try to make the 
value chain transparent for the consumers by informing them if the quality of the product was compro-
mised. These products might lead to profit losses at retailers, causing fear to actually use it. It might 
also result in fear at consumer level, instead of grown confidence.

Active Packaging is proven to be more difficult to implement in business to consumer environments 
for multiple reasons, such as incorporation in current infrastructures, the costs of investment, the dif-
ferent stakeholders with different benefits, and the consumer acceptance. More importantly, it is a 
question whether active packaging developments are still spot on when looking at current market 
drivers and global megatrends.

This does not exclude the fact that active features are beneficial to add to a packaging forextra features 
on top of the need for improved quality (which can be reached by novel barrier materials). For example 
in cases where preservatives are added to the packaging material, so the packed food can be as natural 
as possible�

Overall, it is recommended that for a successful market implementation of AIP, a holistic perspective 
is beneficial, including technological, sustainability and socio-economic aspects, as well as a value 
chain approach.
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Methodology for packaging design with a social approach
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Abstract: According to the World Health Organization (WHO), about one third of the world´s 
population does not have access to medicines, especially in underdeveloped countries. Due to 

this, the same organization has declared of urgent measures are required to end this problem. 
[1] 
The main objective for this project is to commercialize high quality products at affordable 
prices, making them available to the population of low socio-economic level. 
The methodology presented in this document was designed to match the objectives of a cost 
reduction project in packaging with the objectives of a social project. The Design for Social 
Approach methodology consists in 10 stages:
Immersion: the aim is to introduce the designers in the context of the project. 
Discover: second-hand information (interviews) and previous studies will be researched and 
analyzed.
Empathize: obtain first-hand information on the field with tools such as dialogue and 
observation�
Interpret: analyzing the information collected on the subject, insights and conclusions are 
obtained that will support the solution of the project.
Ideate: begins the creative stage in which the brainstorm and sketches are obtained and 
evaluated until the final idea is developed.
Mock up: the ideas previously designed will be built to get a better analysis about them.
Evaluate: prototypes should be valued by the user to ensure its effectiveness, its compliance 
with the premises, and obtain feedback to make improvements.
Evolve: the improvements obtained in the evaluation are made to regenerate the proposal and 
obtain the most suitable final product.
Conceptualize: the design language is defined based on the concept and environment in which 
the final product will be used.
Prototyping: the first copy of the final product is generated (3D).
The result was a methodology designed to develop a packaging product with a social approach 
for the pharmaceutical Pfizer, Design for Social Approach (DxSA)
Keywords: pharmaceutical packaging, logistic packaging, distribution packaging, sale 
system, individual doses, novel packaging, sustainable packaging.

1 Introduction

On a daily basis, most of us are not conscious that medicines constitute one of the health technologies 
that have marked the path for human progress. Every day we see more elderly people, and we know 
that the life expectancy has increased, thanks to the world development and the medicine.
On the other hand, the United Nations (UN) launched in June 2018 the Sustainable Development 
Goals Report (SDGs). The report scopes particular challenges for the world´s marginalized and disad-
vantaged groups� [2] And we need to keep attention that the 3rd SDGs, is “Good health & Well-being” 
for the world development.
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Background 
Currently, medicines are one of the essential health technologies that have set the standard for human 
progress. However, according to the World Health Organization (WHO), about one third of the world’s 
population does not have access to medicines, especially in underdeveloped countries. Due to this, the 
WHO considers that urgent measures are required to end this problem. [3] As stated by the dimensions 
described by Penchansky and Thomas in 1981 and adopted by the WHO in 2012, it is considered that 
an individual has access to essential drugs [4] when such drugs can be obtained within a reasonable 
travel distance (geographic accessibility), can be available in the health centers (physical availability), 
have a reasonable cost (financially possible), and its prescription is the product of a rational use of the 
medicine. [1] 

Figure 1� Penchansky & Thomas (1981) The concept of access:
Definition and relationships to consumer satisfaction (OSCANOA, 2012)

In addition, the WHO agency mentions that globally 50% of the medicines are prescribed or sold in 
an inappropriate manner, causing inappropriate use by the population and risking their health, as they 
can cause therapeutic failures, adverse reactions, and development of antimicrobial resistance. [5]Also 
according to the research carried out by the pharmaceutical chemistry Torres in 2014, the two most 
important obstacles for the access of medicines are price and availability. This is because there was 
a lot of difference in the price and availability of the same medicine, not only in different parts of the 
world, but also in different parts of the same country and in the same region or city. [6]

Currently in Mexico, according to the National Council for the Evaluation of Social Development 
Policy (CONEVAL), 43.6% of the population lives in poverty. Also, the same study showed that in the 
last eight years the poverty rate decreased, giving a total of 53.4 million for the year of 2016. [7] Further-
more, in September 2015, the United Nations (UN) officially proposed its Sustainable Development 
Goals (SDGs), which seek to eradicate poverty, protect the planet, and ensure prosperity for all. These 
goals have been adopted by the leaders of 193 UN members [8] and companies of the private sector, 
had added some of the SDGs on the company goals and objectives. Pfizer supports the UN-SDGs 
and works to align its scientific approach corporate objectives to improve the impact of global public 
health and sustainable development by specifically addressing Goal 3, which states that everyone de-
serves access to quality health care. [9] 
For more than 30 years, Pfizer has empowered patients in need with assistance and information so 
they can access brand-name medications prescribed by their doctor. In the last 5 years (2013-2017) 
the company has helped more than 1.2 million patients to receive more than 13.8 million drugs almost 
free of charge. [10] 

In addition, Pfizer has programs such as Pfizer Rx Pathways and Emergency Relief in which they offer 
assistance to Pfizer patients, providing free medications and discounts on prescription medications. 
This has the purpose of supporting their patients to reduce or eliminate some of their expenses. [11] 

Since 2005, Pfizer Mexico has provided support to different Civil Society Organizations (CSOs) with 



63

29th  IAPRI Symposium on packaging

Active and intelligent packaging 

the aim of improving the health of the inhabitant in vulnerable areas. They have invested close to 80 
million pesos to carry out 311 projects from CSOs that have meant health benefits to a half million 
people throughout the Mexican Republic. [12] 

This research was developed by UDEM and Pfizer in order to generate a solution for the company to 
explore the sale of non-prescription medicines to people of low income class in developing countries. 
The Pfizer Industrial Design department collaborated with the Industrial Department at UDEM, to 
develop this project, because it will be easier for UDEM  to understand the culture and look for new 
ways to commercialize medicine in undeveloped countries.

Innovation and Consumers Approach

There are different studies which focus on market innovation, as example Verganti (2002) [13] sustains 
that innovation strategies needs to raise the attention to customer needs and requirements, emerging 
the design-driven innovation. New methodologies for innovation change the perception of the tech-
nologic innovation which can be focus on people need to meet new market requirements or from the 
integration of new technology into an existing product [14] [15]. Cohen & Levinthal (1990) reinforce that 
innovation as ‘the ability of a firm to recognize the value of new, external information, assimilate it, 
and apply it to a commercial ends’. [16] Furthermore, De la Fuente [17] sustain, “optimal package designs 
inspire an immediate understanding of use, opening (where and how) proper and accurate dispensing, 
re-closure and disposal”. An aspect particularly important for novel or unfamiliar packaging, [18] to 
be accepted on the market. By definition, semantic issues, for how users understand the meanings of 
a package, precede ergonomic issues and how users operate it. [19] To really understand the consum-
er needs, we performed different activities on the field to construct a strong design case. During the 
research, we not only understood more the consumer and the company, but also, the expectations on 
both sides, the scope and limitations of the project so we could evaluate the information to develop the 
product brief� [20] 

Framework
On this section, the way on which second-hand information was retrieved is presented. The informa-
tion was gathered in order to develop the framework theory that supported the project based on the 
approach of case studies and field research. The main topics are represented in the diagram below, 
Figure 2�
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Figure 2. Theoretical Framework Diagram. Source: Authors (2018) Pfizer Sale System Design Thesis

Pfizer is a pharmaceutical company that plays an important role in the medicine world; since in addi-
tion to having a wide variety of brands that help in the treatment of different ailments and discomforts, 
it has a humanitarian and social purpose. Some of the social programs that currently the pharmaceu-
tical is involved on are: The International Trachoma initiative, Diflucan Partnership Program, Emer-
gency Relief and Pfizer RxPathways. [21] [22] For more than 30 years Pfizer has achieved a high impact, 
both in communities in need, and improving people quality of life. Our investigation shows that one 
of the characteristic for Pfizer is to joins or makes an alliance with governments or NGOs to carry out 
their campaigns.

2 Methodology 

The design methodologies provide a series of procedures to structure the process to obtain, analyze and 
evaluate the information in order to solve the problem. There are social methodologies which provides 
strategies to empathize with the user and others to achieve a complete immersion in their environment. 
The methodology of the project (DxSA) was born after having study and analyzed different design 
methodologies. We selected six methodologies that involve user perception to define the needs of the 
project: Design Thinking, Language Design, Human Centered Design, Design for Everyone, Goal 
Directed Design and Experience Design. During the analysis, the stages of each methodology were 
classified together with the client’s requirements, resulting the following diagram, Figure 3. We decid-
ed to take the best of each one to create our own methodology; it is a combination through the steps of 
creative methodologies and User-Centered Design Process (UCD) was be combined. 

With the aim of being able to accomplish the project objectives and the client requirements, it was 
decided to tie the requirements and/or the stages of the methodologies and combine them to obtain our 
own methodology, Design for Social Approach (DxSA), which consists of 10 stages explained below:
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Figure 3. Design Methodology – Design for Social Approach (DxSA) Source: Authors

Pfizer Sale System Design Thesis

Immersion: In this stage, the aim is to introduce the designers in the context of the project. The prob-
lem will be analyzed on situs, as way to get familiar with the context and the consumers. 
Discover: Here, second-hand information and previous studies on the subject will be investigated, 
collected and analyzed, to have external information. 
Empathize: In this part of the methodology, we seek to obtain first-hand information with tools such  
as dialogue with persons in the area and observation of their behavior. 
Interpret: Analyzing the information collected on the different channels. 
Ideate: Here begins the creative stage, in which the brainstorm and sketches are made, to obtain a final 
idea to carry out�
Mock up: The ideas previously presented were evaluated to select the best proposals and were built to 
get a better analysis of them. 
Evaluate: On this stage, the prototypes are valued with a Pugh Matrix reviewed with the client and 
evaluate the functionality to ensure its effectiveness and compliance with the premises and obtain 
feedback to make improvements. 
Evolve: In this stage of the methodology, the improvements obtained in previous stages are made to 
regenerate the design and obtain the most suitable final product. 
Conceptualize: The design language is defined and the concept and the environment in which the final 
product will be developed. 
Prototyping: Finally, the first copy of the final product design is manufactured. 

Figure 4. Project methodology diagram. Design for Social Approach (DxSA) Source: Authors (2018) 
Pfizer Sale System Design Thesis   
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3 Results and Discussions   

This project started on spring 2016. During the first phase, 4 project proposals were made, which 
sought through design to generate a business proposal that would achieve the sale of Pfizer products to 
people of limited resources. For the realization of these proposals, four different neighborhoods of the 
metropolitan area of Monterrey were studied to get more information and depth. Each team developed 
a project proposal.  
 1) The Realito (Guadalupe) – A climb to the health proposal 
2) Fame II and III (Santa Catarina) – Ruta Salud - Health route proposal 
3) Tampiquito (San Pedro Garza Garcia) – Economical proposal
4) Fame I (Santa Catarina) – Pfizer Dispenser proposal

These proposals were presented to Pfizer to the design department and to the commercial department. 
Some of the findings on the field research were: must people take medicine without patent, medical 
dispensaries can give medicines on 0.50 to 0.75 dollar cents per blister or box, people pass the medi-
cines to the neighbors; people on those areas do not take vitamins, in all areas was a Health 
Center close� We also found a clandestine medicine market. The details are not presented in this paper, 
but we present de SWOT matrix of each one of the proposals: 

Figure 5. –SWOT Matrix of the first phase of research. Source: Authors (2018) 
Pfizer Sale System Design Thesis

During this study, we find out more about the potential interests of Pfizer for this project, such as:  
Commercial Alliance to get affordable consumer products to low income people; a new dispenser; a 
new economical brand but this new brand needs to be reinforced with an advertising campaign strate-
gy, and a reward program to generate brand loyalty. Therefore, to begin the second phase of the project, 
all SWOT were analyzed and reviewed with Pfizer in order to compare the advantages and disadvan-
tages and evaluate which aspects could be considered for the second phase of the Pfizer project. The 
following relevant points were reinforced. 
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Figure 6. Relevant result points for the project were reinforced. Source: Authors (2018)
Pfizer Sale System, Design Thesis

Because it is a confidential project (NDA) we just present below the process followed on the DxSA 
methodology. 
Immersion: At this stage we visited the neighborhoods, the pharmacies of the zones, dispensaries, clinics 
(if existed), corner stores, supermarkets and all the places where the people could buy or get medicine.  
Discover: Case studies in Mexico and other countries were analyzed to see ways to evaluate and pres-
ent a social project.
Empathize: To achieve this goal, we looked for strategic places, such as corner stores or parks, to open 
conversation with people that lives in the area. With open questions, going from general questions to 
specific questions about health issues of them and their families. Most of the people were open to talk 
with us. Interpret: Qualitative analysis was made about overall health, principal sickness in the family, 
how they take care of those problems and which medicines or remedies they use. All the insights and 
conclusions were registered to take in consideration to develop the proposal. The result will be the 
part of the brief of the project and design premises. In accordance with the client’s requirements, the 
needs of the user and the insights found in the research, the premises that will govern the design of the 
packaging and / or delivery system were made, they are presented below: 

The system must protect the product from theft.  
The system must inform the user through the language of design, semantics, graphics and written information about the conditions 
of the medication.
The system must transmit through the design language the philosophy of the project.
The system must generate an experience in the consumer that encourages loyalty to the brand.
For hygiene: the system should be a closed system that protects the product from being contaminated by an external agent.
The system must avoid direct physical contact with the distributor and / or consumer
The system must be suitable for distribution in chains of convenience stores.
The system must be able to contain a large volume of medicines but also must be able to dose these medicines to be able to sell 
them in individual doses.
It must contain five compartments for the five different medications that treat the five most common conditions in Mexico.
The system should capture the customer’s attention.
The system must provide all the required medication information.
The system or product should be used by the end customer. 

 
Ideate: Ideation phase was based on Guzman-Siller et al. (2018) [20] innovative methodology were pat-
ents were search and analyzed under the Triz process.
Mock up: We started with 8 proposals, on the first cut 2 were out and 3 were combined, leaving 4 for 
the next step, all with scale modifications. On the second cut the function was the key element, we 
discarded 2, and on last cut feasibility was the key element.
Evaluate: Design is a spiral process; therefore, at these stages mock up & evaluations can be repeated, 
on this stage, four rounds were completed to make improvements of the ideas. 

Evolve: Design details, on this step each phase was analyzed to optimize efficiency of production and 
user interaction� Conceptualize: After having the 80% of the design, we went back to the field to see 
how we were going to place the product and how it was going to interact with the clients. 
Prototyping: All the blue prints were developed to print on 3D, each one of the pieces, the commercial 
pieces such as electronics were installed. The functional prototype was arm and tested. The design of 
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the product has a non-disclosure agreement (NDA); therefore, part of the information is presented to 
validate the Design for Social Approach methodology. 

Sale system design: 
The research covers the Mexican population of low socioeconomic status; however, the packaging 
must be suitable for replication in other underdeveloped countries. Design a system for the sale of 
medicines, by means of which we attempt for the company, to reduce the cost of high quality medi-
cines by marketing them in large quantities and selling them in small doses. The system, must transmit 
the philosophy of the project, which seeks the accessibility of Pfizer medicines to all audiences. It must 
generate an experience in the consumer that encourages brand loyalty.  Also, it must provide informa-
tion and necessary assistance to users about the medicines. 

4 Conclusions

In conclusion, we can see that the access to medicines is a latent problem, not only in Mexico, but 
throughout the world. That is why it is of vital importance that companies like Pfizer address projects 
that not only benefit the company, but also seek to counteract this problem. It can also be concluded 
that, the analysis of the external as internal cases was critical. For this paper, the design premises are 
the end point of reportable information, because the NDA with Pfizer but we can share that the project 
was completed in December 2018, and is under evaluation for possible next steps.

We found in previous studies, which sustain that the visual appearance of packaging design influences 
the behavior of consumers. [23] On this project the consideration of the image and the graphics was very 
important because the Sale System needs to be comprehensible for people that do not read or have a 
different language or dialect.

- Contribution of the scopes in the Mexican community. 
·	  This project could create a socially responsible, technically viable and economically sustainable 

project.
·	 If a product were to be developed, it could provide the opportunity to acquire high quality med-

icines from a recognized laboratory. The population could benefit from medicines being afford-
able, accessible and efficiently provided to the community.
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Abstract: In the last two decades, various porous materials have been researched by the 
scientific community for diverse applications. Metal-organic frameworks (MOFs) belong to 
the class of microporous, high surface area crystalline materials synthesized by coordinating 
metal ions with organic linkers. MOFs can host various molecules in their pores, depending 
on their interaction. This host-guest chemistry can be utilized to sorb established active 
organic compounds such as ethanol, acetaldehyde, formaldehyde, cinnamaldehyde, thymol, 
etc. Extended release of such active species can be used to optimize the shelf life of food 
products. In addition, porous compounds have the potential to be used for sensing applications 
in Intelligent Packaging. In this study, encapsulation of ethanol was studied in γ-cyclodextrin 
(γ- CD) and γ-cyclodextrin metal-organic framework (γ-CDMOF). Benign γ-CDMOF was 
synthesized using edible, bio-based compounds. Ethanol, an antifungal, antimicrobial and 
antiseptic compound, was encapsulated in the γ-CD and γ-CDMOF crystals using a vapor 
diffusion process. The materials were characterized using various thermal, spectroscopy and 
microscopy tools. It was observed that γ-CD and γ-CDMOF can encapsulate ~8 and 20% w/w 
of ethanolrespectively.

Keywords: Active Packaging; Metal-Organic Framework; Ethanol; Encapsulation, Gamma- 
cyclodextrin.

1 Introduction

Various strategies have been utilized to attain sustainable packaging goals including packaging materi-
al source reduction, use of bio-based resources, bio-degradable and compostable materials among others. 
However, the packaging and products should not be treated in silos and evaluated as a product-package 
system, especially product-packaging systems with perishables. Roughly one third of the world’s fresh pro-
duce is discarded [1]. Reduction in fresh produce waste during the various stages of supply chain can help 
to reduce the environmental footprint. Active and Intelligent Packaging can be deployed to reduce product 
waste and environmental footprint. These technologies have made significant inroads in the last decade. It 
is estimated that Active and Intelligent packaging production would represent $21 billion in annual 
value by 2019 [2]�
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Porous materials have been researched by the scientific community for diverse applications including 
packaging. Cyclodextrin (CD), a porous truncated cyclic cone formed by linked glucopyranose units, 
has been widely studied to encapsulate and release active molecule to reduce post-harvest decay[3]�
Volatile organic compounds including acetaldehyde, formaldehyde, ethanol (EtOH), thymol, 1-methyl 
cyclopropene (1-MCP), and others have been researched in antimicrobial and other active packaging ap-
plications for the extended shelf life of fresh produce and perishables[4-6]. Therefore, various mediums 
such as polymeric films, emitting sachets and pads have been explored to deliver these molecules in 
the product package system. However, the volatile nature of such compounds raises various challenges 
including their stability and controlled delivery among others.

Ethanol (EtOH) is a well-established antifungal and antibacterial agent. It can operate at temperatures 
below 0oC. EtOH encapsulated in pads has been commercially available under the brand name Ethi-
cap® or Antimold 102 in different applications to extend the shelf life of processed food and bakery 
items. However, direct addition of these antimicrobials to food and packaging systems can be prob-
lematic due to their rapid release and volatility. Therefore, extended or sustained release of EtOH is 
desirable. Silicon dioxide (SiO2), silica gel, fine silica-based compounds and activated carbon have 
been used for the encapsulation and release of active compounds. Silica gel, a low density, amorphous 
form of SiO2, is widely used as a desiccant due to its porous structure and high surface area ranging 
from 300-750m2·g-1[7]�

Metal-organic frameworks (MOFs) belong to the class of microporous, high surface area crystalline 
materials synthesized by coordinating metal ions with organic linkers[8]. MOFs can host various mol-
ecules in their pores, depending on their interaction. This host-guest chemistry can be utilized to sorb 
established active organic compounds[6,8]. Chopra et al.[6] studied commerciallyavailableMOFsBaso-
liteC300andBasoliteA520.TheyreportedthatMOFshave strong potential for selective adsorption and 
desorption of active molecular species. Al-Ghamdi et al.[4] synthesized cyclodextrin metal organic 
framework (CDMOF), encapsulated acetaldehyde and studied its releasekinetics.

In this study, we synthesized crystalline, high surface area CDMOF using cyclodextrin, a bio-based 
and biocompatible resource. The structure and encapsulation capacity of commercial CD and γ-CD-
MOF were analyzed.

2 Materials andMethods

2.1 Materials
γ-Cyclodextrin, Potassium Hydroxide pellets (≥85%) and Methanol (≥99.9%) were purchased from 
Sigma Aldrich, USA. Anhydrous denaturated Ethanol (>90.4% purity), Isopropanol (5%), and Metha-
nol (4.5%) were purchased from Carolina Biological Supply Company, USA.

2.2 Methods

2.2.1 Synthesis of γ-CDMOF
γ-CDMOFwas synthesized using the vapor diffusion method.1.30gofγ-CDand0.45gofKOH weredis-
solvedin20mlofdeionizedwaterusingmagneticstirrerfor6hoursat600rpmatroom temperatureina50ml-
beaker.Aftermixing,the50mlbeakerwasplacedinsidea500mlbeaker containing 50 ml of methanol. The 
500 ml beaker was sealed with paraffin film to allow the diffusion of methanol into the γ-CD-KOH 
solution. The diffusion of methanol into the solution resulted in the formation of γ-CDMOF crystals 
which were allowed to grow for seven days. The resulting crystals were filtered and soaked in metha-
nol for three days to remove any unlinked potassium ions from the γ-CDMOF structure. The crystals 
were activated for 10 hours at 25°C, followed by 12 hours at of 65°C under vacuum. Activated crystals 
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were stored in a closed container underdesiccant.

2.2.2 X-Ray Diffraction(XRD)
Powder X-ray diffraction data of γ-CD and γ-CDMOF were collected using Cu Kαradiation withaSie-
mensDiffractometerD5000(MUC,Germany)at40kV,30mA.The data was obtained in triplicate with 2θ 
ranging from 2 to 40o at 0�02interval�

2.2.3 Scanning Electron Microscopy(SEM)
Microscopicimagesofγ-CDandγ-CDMOFwerecollectedat5mmworkingdistanceusinglow vacuum 
mode (130 Pa) at 15 kV accelerating voltage using a Philips FEI Quanta 200 environmental scanning 
electron microscope mounted with a tungsten filament.

2.2.4 Encapsulation ofEthanol
Encapsulation of EtOH in γ-CD and γ-CDMOF was carried out using the vapor diffusion process. CD 
and CDMOF were placed in 50 mL beaker and enclosed in a 475 mL (16 oz.) glass jar with 5mLofE-
tOH.Thejarwastightlycappedwithastainless-steellid.EtOHwasallowedtodiffuse into the crystals for 48 
h at room temperature.

2.2.5 Thermogravimetric Analysis(TGA)
Thermal stability and EtOH encapsulation of γ-CD and γ-CDMOF were estimated using a Q50 TGA 
from TA Instruments, USA. Approximately 5 mg sample was tested at a ramp rate of 10°C·min-1 

under nitrogen purge gas with a balance purge flow of 40.00 mL·min-1 and asample purge flow of 
60.00mL·min-1�

3 Results and Discussion

3.1 X-Ray Diffraction(XRD)

The measured diffraction patterns of γ-CD, γ-CDMOF, γ-CD-ethanol inclusion complex (γ-CD- EtOH 
IC) and γ-CDMOF ethanol inclusion complex (γ-CDMOF-EtOH IC) are presented in Figure 1� It 
can be concluded that γ-CDMOF has a highly crystalline structure. The measured diffraction pattern 
matches previously reported patterns[4,9]. A body center cubic (BCC) crystal strcture of CDMOF was 
obtained with space group I432, lattice parameter a = 31.006 Å and inter-axial angles α =90°.

Figure 1: X-ray diffraction pattern of cyclodextrin (CD), CD-EtOH IC, CDMOF and CDMOF EtOH 
IC
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For the ethanol inclusion complexes the intensity ratio of certain peaks, such as peak (200) around 2θ 
5�75o was reduced due to the presence of EtOH molecules. However, the crystal maintained its crystal 
structure which is important to the sorption capacity and delivery of active species.

The extended structure of γ-CDMOF showing a BCC arrangement is presented in Figure 2�
γ-CDMOF crystal has primarily two types of pores: a) pores which are inherently present in porous 
γ-CD structure with hydrophobic interior and b) pores formed in the three-dimensional structure due 
to the coordination of K+ ions with γ-CD. As a result of the coordination, the Brunauer–Emmett–Tell-
er(BET)surface area of γ-CDMOF is reported to increase from~1m2·g-

1 (for γ-CD) to 1229 m2·g-1 [4, 8]�

Figure 2: Extended body-centered cubic crystal (BCC) structure of CDMOF (C gray, O red,
 K purple).

3.2 Scanning Electron Microscopy(SEM)

Figure 3a-d show the SEM images of γ-CD, γ-CDMOF, γ-CD-EtOH IC and γ-CDMOF-EtOH IC at 
100x magnification. As supported by XRD data the γ-CD and γ-CDMOF structures maintained their 
crystal structure after inclusion complex formation. The retention of crystal structure is important for-
achieving high sorption and extended release of the ethanol molecules.
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Figure 3: SEM images of a). γ-CD b). γ-CDMOF c). γ-CD-EtOH IC and d). γ-CDMOF-EtOH IC at a 
magnification of 100x in low vacuum mode

3.3 Thermogravimetric Analysis(TGA)

The thermal behavior of γ-CD,γ-CDMOF,γ-CD-EtOHIC,γ-CD-EtOHIC and ethanol was investigated 
by TGA. Figure 4a and 4b show the weight change and derivative weight change profiles of these 
molecules. In the case of ethanol, a complete weight loss was observed around 72oC, which relates to 
the boiling point of ethanol molecules. For γ-CD molecules, the weight loss at 120°C can be ascribed 
to the weight loss of volatile compounds, including moisture. Further weight loss can be ascribed to 
the decomposition. The difference in the volatile content betweenγ-CDandγ-CD-EtOHICisaround 8% 
which can be ascribed to ethanol. CDMOF was thermally stable up to 200°C. The sharp weight loss 
around 250oC can be related to the degradation of hydroxyl groups presentin the γ-CDunits[4]. Further 
weight loss can be ascribed to the decomposition of glucopyranose units. As observed in Figure 4a and 
4b the γ-CDMOF molecules encapsulated around 20% ethanol w/w.

c

a

c d

b
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Figure 4a: TGA thermograms of Ethanol, CD, CD-EtOH IC, CDMOF, CDMOF EtOH IC

Figure 4b: TGA derivative profiles of Ethanol, CD, CD-EtOH IC, CDMOF, CDMOF EtOH IC
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4 Conclusion

Highly crystalline, porous γ-CDMOF structure was synthesized using γ-CD and KOH. The crystal was 
studied using XRD, and body-centered cubic crystal structure was obtained. γ-CD and γ-CDMOF were 
encapsulated with ethanol. We observed that γ-CD and γ-CDMOF can encapsulate~8 and 20% w/w of 
ethanol respectively. The higher sorption capacity of γ-CDMOF can be linked to the higher specific 
surface area of γ-CDMOF.
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Abstract:
The snacks industry demands a recyclable solution to change from the traditional susceptors 
(aluminized PET foil) to a more affordable and environmentally -friendly solution because of 
the legislation developments which aims all packaging solutions must be recyclable, re-used 
or compostable in 2030. In that sense, ITENE has developed an ink based printed susceptor 
applied over Kraft paper substrates�
Likewise, to evaluate the effectiveness of the development, ITENE has developed an evaluation 
protocol too. These test protocols were aimed at the evaluation of the ink behaviour, including 
cooking tests, deposition and adhesion measures, viscosity parameters, biodegradability and 
migration tests, among others. In comparison with current commercial susceptor, the ink-
based printed susceptor shows similar cooking index, being in the range of 80-90% of cooked 
popcorn. Besides that, the ITENE’s ink-based printed susceptor is able to reduce costs of the 
susceptor up to 30% during manufacturing. Therefore, the ITENE’s ink-based printed solution 
is able to meet market requirements. Migration and compostability tests showed also positives 
results making this solution even more attractive to the food industry sector. Furthermore, 
ITENE has scaled-up and validated the development with the printing industry, specifically, 
flexography and gravure printers to verify the appropriate deposition and adhesion of the ink 
with common printing techniques while reaching good cooking percentages as well. It is worth 
to note that during the scale-up of the process it was not necessary the change of the current 
parameters of industrial processes of packaging printing. Moreover, it will be presented the 
latest developments aimed at work in the adaptation of the ink in polymeric matrices to develop 
a new generation of printed susceptors. This new approach will enable print susceptor inks in 
processed foods to achieve roasted or gratin effects. The new approach will generate a novel 
generation of packaging with a new market niche.

Keywords: susceptor ink, aluminum ink, conductive ink, cooking parameters, popcorn paper 
bags, etc.

1 Introduction
Nowadays, V range food products (ready to cook) can go from refrigerated conditions till oven or microwave condi-
tions in a short time. One of the main problems of this type of food packaging solutions is the presence of cold points 
and food can become too humid or dry, etc. The incorporation of susceptors in the microvawe packaging solutions 
have to become crispy and browned food in certain parts, desirable properties in certain products, etc. The function 
of this element is to absorb electromagnetic energy, radiofrequency or microwave radiation and convert it into heat. 
This concept for microwave is not novel, it has been using from 80s and during its evolution, it has been incorporat-
ing different components such as metals, metalized films and ceramic to improve its functionality. In the latest years, 
novel development of susceptors have included ink printed systems and modified ceramic susceptors and more even 
novel systems are studying about sterilization and pasteurization food products. Formulation and printing models 
can be adjusted to provide the amount of heat that each product needs. The temperature which can be raised in the 
interior of a packaging solution with susceptor is around 200°C.
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It is very important that susceptor microwave technology market applied in the food industry is a huge market, so 
for this reason many studies, research activities and patents are emerging in order to improve the heating focusing in 
more homogeneous or quicker systems, so susceptor inks are a trend topic to focuson.

Some research projects such as Babywarm1 or Childbiopack2 has been focusing to adapt the use of these microvawe 
susceptors to heat baby food products.

Moreover, in 2030 all packaging solutions has to be recyclable, re-use or compostable. There is a new directive 
on-going. Nowadays microwave susceptors are based on aluminized PET foil, which are not recyclable at all. Cur-
rent microwave susceptors are out of circular economy approach. The way of manufacturing increases the price 
of the final packaging which nowadays turns into high cost. So novel developments considering simplifying the 
production of popcorn bags, reducing prices and considering circular economy in this kind of packaging solutions 
will be the nearfuture.

Following with this solution, the main objective of this research project was to develop a susceptor ink based on 
different metallic salts and other components for cooking. The best formulations of the susceptor ink has scaled- up 
and validated it with the printing industry, specifically, flexography and gravure printers to verify the appropriate 
deposition and adhesion of the ink with common printing techniques while reaching good cooking percentages as 
well. Migration and compostability tests showed also positives results making this solution even more attractive to 
the food industry sector.

2 Materials andmethods

2.1 Materials, components andreagents
Aluminium and carbon black inks was purchased from Kao Chimigraf (Barcelona, Spain), kraft paper and anti- 
grease kraft paper was supplied by Incovel and Gascogne papiers, Paniker adhesives were also purchased. Different 
kind of salts such as NaCl or CaCO3, ceramic materials such as SiC, ZnO or TiO2 were also selected by local sup-
pliers’ manufacturers and they were used in different proportions or percentages.

2.2 Susceptor inkdevelopment

2�2�1� Susceptor inkmanufacturing

The different materials described in the previous point 2.1 were used to obtain a total of different 22 formulations. 
Although more combinations in different components were possible; the mixtures were based on solubility of the 
different ink compounds, printability and cost adjustments. In order to obtain a homogeneous dispersion, the mixture 
was dispersed by dispersion tools such as ultraturrax, ULTRA-TURRAX®. Different formulations were prepared to 
obtain different kind of susceptor inks.

Some of the main factors, which determine ink performance are formulation, dosification, viscosity, temperature,
stacionality, pH, superficial tension, foamed, drying, resistance to the light or colour tolerance. That´s the reason
for ink composition adjustment in the susceptor ink composition using different percentages in the components
or dilution with water to find the best performance formulation of the susceptor ink for semi industrial and 

Figure 2: Examples of susceptor in different 
packaging solutions

Figure 1: Conventional film susceptor of 
aluminium PET foil

1 www.itene.com/proyectos-de-difusion-abierta/i/5367/56/babywarm
2 www.itene.com/proyectos-de-difusion-abierta/i/9816/56/childbiopack
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industrial scale with the suitable susceptor properties. In Table 1 the main theorical requirements to consider in differ-
ent printing systems are shown:

Table 1. Requirements in printing inks depending on printing technology 3.

Pringting 
method

Viscosity (s) Layer thick-
ness 
(µm)

Characteristic 
(µm)

Register 
(µm)

Printing 
velocity (m²/s)

Gravure 7-56 ˂0,5-8 75 ˃20 3-60

Flexographic 17-174 0,04-25 80 ˂200 3-30

Offset 1-25 0,5-2 10-50 ˃10 3-30

Screen Print-
ing

174-13 0,015-100 20-100 ˃25 2-3

Inkjet 5-15 0,05-20 20-50 5-20 0,01-0,5

2�2�2� Susceptor ink application

4/10 µm drawdowns of susceptor ink were applied on Kraft paper substrates using an automatic film applicator 
(Wire bar coater, TQC). Different replicates (at least 3 for every kind of formulation) were prepared to test the final 
susceptor ink formulation.

All the different formulations were printed in Kraft paper (grammage 36g/m2), with the aim of developing ink sus-
ceptors to be applied in popcorn bags to cook popcorn in microvawe as standard solutions. All the susceptor inks 
were printed by using:

✓	 Printing by hand with a spiral applicator of 250 mm of 4 and 10 µm, depending on final desired grammage 
(Elcometer). In the process of manual drawdowns susceptor inks onto Kraft paper, different meter bars have 
been used (Figure1).

✓	 Printing using RK printing proofer machine (RK Print Coat Instruments Ltd (Figure2).

Figure 1 Manual drawdowns
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3 Nomikos, S., Politis, A., Renieri, D., Tsigonias, M. K., & Kakizis, N. K. Printed Technologies for Intelligent Packaging 
Applications and their impact on printed electronics market. Screen printing, 10(50),3-30.

Figure 2. Flexographic printing machine using RK Printing Proofer equipment.

Using these types of printing methodologies, the different formulations were screening in order to find those ones 
with more difficulties in their ability of printing, such as high viscosity or abrasive due to the use of  ceramic materi-
als with high hardness (it is not recommended particle size more than 2,5 µm in this printing type) Figure 4. In order 
to reduce viscosity; water or acrylic resins were used. The formulations with better printability parameter and best 
performance were used in the cooking trials with popcorn printed bags to validate the effectivity.

2.3 Susceptor ink validation
2.3.1 Inkcharacterization

2.3.1.1 Viscosity

Different susceptor ink formulations were the following viscosity data measured by Copa Ford number 4. The first 
parameter used to discard the different formulations was the viscosity, because the industrial machines accept a 
range of between 20-50 s. Those ones below 50 seconds were selected as suitable to continue testing them.

Table 2. Viscosity measurements

Formula-
tion

Vis-
co(s)

Formula-
tion

Visco(s) Formula-
tion

Vis-
co(s)

Formula-
tion

Vis-
co(s)

F1 NM F7 264 F13 151 F19 26

F2 NM F8 - F14 14 F20 25

F3 NM F9 - F15 13 F21 25

F4 - F10 - F16 50 F22 18

F5 NM- F11 NM F17 38 - -

F6 - F12 NM F18 42 - -

4 Nomikos, S., Politis, A., Renieri, D., Tsigonias, M. K., & Kakizis, N. K. Printed Technologies for Intelligent Packag-
ing Applications and their impact on printed electronics market. Screen printing, 10(50), 3-30.
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2.3.2 Susceptor characterization

2.3.2.1 Validation trials

Different formulations have been validated using flexographic and gravure printing systems in semi-industrial roll 
to roll machine at Itene (Figure 5) and also in industrial printing trials with the industrial sector.

Figure 5. Semi-industrial trials

2.3.2.2. Grammage (dry weight), adhesion test

The grammage measurement was made by difference of the sample weight of the printed susceptor minus the weight 
of unprinted Kraft paper samples. Rectangles were cut by means of a 25cm² template and ten replicas of each sample 
were made. The adhesion of the ink to the Kraft support was checked by weighing difference between the printed 
susceptor before and after the adhesive tape was stripped and torn. The less the weight of the susceptor varied before 
and after applying the adhesive tape, the less ink came off, indicating, therefore, a better adhesion of the ink.

2.3.2.3. Calorific capability and thermographicanalysis

Thermal capacity of the susceptor was measured by thermographic tests, using a microvawe Candy CMC 2395 DS 
modified with a superior cavity with thermographic camera (FLIR Research IR), it is shown in Figure .

Figure 6. Modified microwave with thermographic camera.

2.3.2.4. Cooking trials

The cooking tests were carried out in a conventional Candy CMC 2395 DS microwave for 2 minutes 20 seconds 
at maximum power. Five replicates were made per sample and the results were expressed with the mean and the 
standard deviation�
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3. Results anddiscussion
3.1 Grammage (dry weight), adhesion test

The dry weights showed in Table 2, are from gravure printing, since it gets better depositions of the dry material to get 
better calorific properties. The adhesion test was suitable for all the samples as the paper Kraft has high wettability for 
its elevated porosity.

Table 2. Grammage and adhesion test

Formulation Dry weight (g/
m²)

Adhe-
sion

F17 9 Suit-
able

F18 8 Suit-
able

F19 13 Suit-
able

F20 9 Suit-
able

F21 9 Suit-
able

F22 7 Suit-
able

3.2 Thermography tests

As the table 3 shows not all the formulations worked with calorific capacity. Formulation F21 
showed better properties in that sense with a medium temperature of 63.8(6.9) 10°C hotter than 
the other candidates and its maximum temperature was in the same way with 81.4°C almost 15°C 
hotter.

Table 3. Thermography test

Formulation Medium temperature Maximum tempera-
ture

Minimum tempera-
ture

F17 45,1 (4) 66,3 39,1
F18 50,8 (2,8) 60,9 44,4
F19 44,2 (2,8) 54,2 39,9
F20 48,6 (7,7) 66 32,4
F21 63,8 (6,9) 81,4 42,1
F22 44,4 (2,7) 51,3 36,8

3.3 Cooking trials

As shown in Figure 12, it has been validated the best suitable ink formulation comparing with 
the dry weight of the susceptor ink and exploded popcorns and there are no significant differenc-
es in the popcorn exploited of the different formulations studied, but formulation F21 seems a 
best performance based in dry weight measurement and thermographic tests. A cooking protocol 
was performed studying different parameters such as: Visual inspection (bag expanded proper-
ly), Popcorn weight (cooked popcorn), Grain weight (uncooked popcorn), Exploded popcorn 
volume. The control sample without the susceptors showed less exploited popcorns. Analysing 
all the results of the different formulations, F21 was the formulation with the best performance 
compare to commercial one, in a range among 80-90% of exploited popcorns. Figure 13 shows 
results comparing with exploited volumes and it had the same tendency. After all the trials per-
formed, F21 has been postulated as the best candidate formulation as ink susceptor for popcorn 
packaging�
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Figure 7: Results of the different cooking trials (relation between popcorn exploded and dry 
weight)

Figure 8: Results of the different cooking trials (exploded volume of popcorn expressed in volume 
(L))
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4 Conclusions

A susceptor ink based on quaternary combination of different components has been validated as 
an alternative of microwave packaging solution tested specifically in popcorn. Ink components 
are capable to transform microwave radiation into heat for cooking the popcorn in the micro-
wave. Formulation and printing models can be adjusted to provide the amount of heat that each 
product needs on microwave. Moreover, application in products ready to heat at the microwave 
in polymeric substrates is also possible which open a very huge niche of market. Furthermore, 
the industrial trials performed in real flexible packaging printers makes reality the performance 
of ink formulations in industrial environments.
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Abstract:
The effectiveness of most antimicrobial packaging is based on migration of active
agent from packaging materials through food or through headspace surrounding 
the food to inhibit the target microorganisms. There are many kinds of active com-
pounds such as antimicrobials and antioxidants. Vanillin is the natural active com-
pound presenting the antimicrobial activity and it has been used to incorporating 
to the petroleum-based plastic film. This study developed active paper coated with 
vanillin as antimicrobial agent. The agar diffusion and agar dilution methods used to 
determine minimal inhibitory concentrations (MICs) of vanillin for bacteria (Esch-
erichia coli, Bacillus cereus and Staphylococcus aureus) and fungal (Aspergillus 
niger and Penicillium sp.). The active paper was developed based on the MIC of 
vanillin and placed in the package of banana cupcake comparing to the commercial 
packaging. Then aerobic plate counts and yeast and mold were determined during 
storage at 25 °C for 18 days. The vanillin release from the developed active paper 
was also determined by using the fatty food simulant. The results suggested that 
0.224 g of vanillin completely inhibited the growth all bacterial and fungal in this 
study. The release of vanillin concentration increased with the increasing the vanil-
lin concentration coated on the active paper. The active paper coated with vanillin 
showed the inhibition of microbial growth for the banana cupcake. Bacterial, yeasts
and molds counts were smaller colony for the packaging with vanillin coated paper 
than the commercial packaging for banana cupcake.

Keywords: vanillin, active packaging, paper packaging, shelf life, bakery product

1 Introduction

Microbiology spoilage is one of the major factors which limit the shelf life of various food including 
bakery products. Besides desirability and acceptance from consumers, problem of microbial growth 
also related to food quality, economic loss and food safety. It has been estimated that UK households’ 
losses due to fungi spoilage of bread to be about 20% and this waste represents 65,000 tones of bread 
slices and equates to £ 72 million per year. In 2011, It has been surveyed from over 4,000 Europe con-
sumers by Novozymes that consumers threw out the bread because the mold was observed[1]. Nielsen 
and Rios[2] reported that Aspergillus spp., Penicillium spp. and Eurotium spp. are the common fungi 
strains which occur in bread. In addition, the bacterial spoilage was also found. Bacillus spp. is the 
major cause of ropy in bread[3]. Among food preservation techniques, the addition of chemical preser-
vatives such as potassium, sodium or calcium salts of propionic and sorbic acid are widely use but the 
amount is limited by regulations and health concern due to their toxicity[1]. Modified atmosphere pack-
aging (MAP) is the non-toxic technique that has been used to extend the shelf life in food product for 
long time. It can delay microbial growth in bakery products by replacement oxygen (O2) with gases 
including carbon dioxide (CO2) and nitrogen (N2). The common level with suggestion was 50%:50% 
or 60%:40% of CO2:N22

[4]� Antimicrobial packaging is one of alternative technology that has been 
attended by consumer. It is designed to maintain food quality by incorporated the active compounds 
which has antimicrobial activity into packaging materials such as petroleum plastic film and paper, 

*Correspondenceto:PattarinLeelaphiwat,DepartmentofPackagingandMaterialsTechnology,KasetsartUniversity,Bangkok-
10900Thailand. Email:pattarin.le@ku.ac.th
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instead directly added to food. The effectiveness of antimicrobial packaging are based on migration 
of an active agent from packaging materials to food or headspace surrounding the food to inhibit the 
target microorganisms [5-7]. There are many kinds of the active agents such as synthetic and natural 
compounds. Nowadays, the natural active compounds are growing interested from consumer. Numer-
ous of them are extracted from plant such as cinnamaldehyde (cinnamon), eugenol (clove) and vanillin 
(vanilla). Vanillin (4-hydroxy-3-methoxybenzaldehyde) is a phenolic aldehyde compound which has 
been considered to food preservative because of its antimicrobial and antioxidant properties. It was 
extracted from the pod of the orchid namely Vanilla planifola, Vanilla tahitensis and Vanillus pompon. 
As vanillin has specific odors, it was used as a flavoring agent in various foods such as ice cream, 
chocolate and bakery products for long time. Therefore, vanillin is in the list of Generally Recognized 
as Safe (GRAS) by FDA[8]. The antimicrobial properties of vanillin are from their functional groups: 
aldehyde and phenol and the delocalized electron[9].It has an effect to the integrity of the bacterial cell 
membrane resulting in the loss of ion gradients of cell [10] and aldehyde group could form covalent 
bonds with DNA and proteins of microorganisms as well [9]. The applications of vanillin in food pack-
aging materials were found and used as an antimicrobial agent in packaging films to control spoilage 
and pathogen microbial such as Saccharomyces cerevisiae and Escherichia coli in the fresh-cut canta-
loupe and pineapple by incorporated to chitosan/methyl cellulose film [11],Aspergillus spp., Penicillum 
spp., including gram positive and negative pathogen bacteria by incorporated to polyhydroxybutylate 
film [12]. In addition, vanillin was also used in coating solution of paper and paperboard. Rakchoy et al 
[13]  sstudied the effectiveness of vanillin coating solution on paperboard for bakery product to control 
foodborne spoilage and pathogen (E. coli, Bacillus cereus, and Staphylococcus aureus) While Jaimun 
et al[14] developed active based paper which incorporated vanillin for against Colletotrichum spp., 
the fungal which cause the anthracnose disease in mango. Therefore, this study aimed to develop the 
active paper coated with vanillin as antimicrobial agent and applied the active paper combined with 
modified atmosphere (MAP) for extending shelf life of bakery product.

2 Materials andMethods

2.1 Reagents

1.958 mm Vanillin (purity >99%, Sigma-Aldrich, United State), Absolute ethanol (purity >99%, 
Qrëc, New Zealand), Isooctane (2,2,4 pentane purity >99%, Fisher, United kingdom

2.2 Microorganism culture

Three bacterial strains: Bacillus cereus (TISTR 2372) Staphylococcus aureus (TISTR 2329) and 
Escherichia coli (TISTR 2373) and two fungal strains Aspergillus niger (TISTR 3013) and Penicil-
lium sp. (TISTR 3046) were obtained from Thailand Institute of Scientific and Technological Re-
search, Thailand.

2.3 Active paper preparation

Three treatments of active paper were developed based on MIC: 0.65 mL of vanillin at concentrations 
12%, 24% or 36% (w/v). Vanillin solution was added to the filter paper (Whatman no.1), diameter 7 
cm (achieved paper code: VAN 12%, VAN 24% and VAN 36% respectively). The paper was dried for 
12 hours at room temperature and then, kept at 25 °C, 65%RH for 2 days before tested. The coating 
weight of vanillin was evaluated in g/m2�
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2.4 Determination of Minimal inhibitory concentrations(MICs)
A two-fold serial dilution method was used to prepare the vanillin solution by dissolving vanillin in 
absolute ethanol at concentration 1.5% to 24% (w/v). For agar well diffusion method was modified 
from Chung et al[15]. Petri dishes were inoculated with 1 mL of 106 CFU/mL for bacterial suspension 
or 106 spores/mL for fungal suspension. Then, added 20 mL of nutrient agar (NA) or potato dextrose 
agar (PDA), respectively and mixed together by pour plate technique. When agar medium was solid-
ified, the wells diameter 5 mm were performed by sterile cork borer. After that 40 μL of each vanillin 
concentration or absolute ethanol (control) was added. Petri dishes were incubated at 37± 2 °C for 24 
hours for bacteria and 25 ± 2 °C for 48 hours for fungi, respectively. Zone of inhibition were mea-
sured by Vernier caliper in millimeter. All tests were performed for 5 replicated. MIC was the lowest 
concentration of vanillin that occur clear zone around the well more than 7 mm of diameter.
For agar dilution method was described by Balouiri et al[16] with modified, 0.8 mL of vanillin at each 
concentration or absolute ethanol (control) was added to 15 mL agar medium and finally, adjusted 
total volume to 20 mL. After solidification, 10 µL of 106 CFU/mL for bacterial suspension or 5 µL of 
106 CFU/mL for fungal suspension was dropped at the center of each plated. Petri dishes were incu-
bated at 37± 2 °C, 24 hours for bacteria and 25± 2 °C, 7 day for fungi, respectively. MIC was defined 
as the lowest concentration of active compound which the inhibited visible growth of the microbial.

2.5 Antimicrobial activity evaluation of vanillin active paper

The petri dishes were inoculated with 1 mL of microbial suspension 106 CFU/mL or 106 spores/mL 
and then added 20 mL of agar medium and mixed together by pour plate technique. When agar me-
dium was solidified, the active papers were cut into the discs of diameter 1.27 cm and sterilized with 
UV light for 2 minutes and then placed on the inoculated plates. The plates were incubated at 37 ± 
2 °C, 24 hours for bacterial and 25±2 °C, 48 hours for fungal, respectively. Zone of inhibition were 
measured by Vernier caliper in millimeter. Experiments were performed five replicates

2.6 Vanillin release study from the activepaper

For simulation the release of vanillin from the active paper in bakery package, isooctane– the food 
stimulant recommended for fatty food stimulant was selected. The method was modified from Kuor-
wel et al[17]. The active paper samples were cut into pieces with area 15 cm2 and immersedin30mLof-
foodsimulantat25°C.Toevaluatethereleaseindifferenttimeintervals, 1 µL of solution was analyzed by 
Gas Chromatography with Flame Ionized detector (Agilent, UnitedState),the fused silica DB-WAX-
capillary column(30m×0.25mminnerdiameter,film thickness 0.25 μm). The quantification of vanillin 
was calculated from predetermined standard curves. Experiments were performed intriplicate.

2.7 Study the influence of vanillin active paper on shelf life of banana cupcake

Banana cupcake were packed in the laminated film pouch (thickness 62 µm and oxygen transmission 
rate, OTR 59 cc/m2/day) with three condition: (I) packed in air (Control) (II) and
(III)packedinMAPconsistingof50%CO2and50%N2withandwithoutvanillinactivepaper,respectively. 
All samples were stored at 25 °C, 65%RH. Four pouches of each treatment were sampling to eval-
uate total aerobic count and total yeast and molds in day 3, 6, 8, 10, 13, 15 and 18 of storage. The 
experimental was stopped when the visible mold growth was found.
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3 Results and Discussion

3.1 Minimal inhibitory concentrations(MICs)
In this study, MIC of vanillin was determined by two methods including agar well diffusion and agar dilu-
tion method. Agar well diffusion showed that vanillin solution could against Penicillium sp. and A. niger 
grow that concentration 3% (w/v) while E. coli, B. cereas and S. aureus required the higher concentration 
at 6% (w/v) for inhibition. These results were similar to the agar dilution method, vanillin was more ef-
fective over fungi than bacteria although MIC was not equivalent
(Table 1). For agar dilution, the gram-positive bacteria, B. cereus and S. aureus required the highest van-
illin concentration at 12% (w/v) for inhibition. These results indicated that the inhibition dose of
vanillin depends on the type of microorganism and method. According to Balouiri et al[16], reported that 
agar diffusion is qualitative method because it is impossible to quantify amount of active agent diffused 
into the agar medium. While dilution method is the method which can estimate the concentration of tested 
antimicrobial agent in the agar dilution. Therefore, the concentration of vanillin at 12% (w/v) was selected 
as initial concentration to prepare the active paper and increased one-fold to 24% and 36% (w/v) in this
study.

Table 1 Minimal inhibitory concentrations of vanillin against bacteria and fungi

Method Microorganisms Final inoculum 
size

MIC(%w/v) Amount of van-
illin

Agar well Bacteria B.cereus 106 cfu/mL 6 2.4 mg
diffusion S. aureus 6 2.4 mg

E.coli 6 2.4 mg

Fungi A.niger 106 spores/mL 1�5 0.6 mg

Penicillium sp� 1�5 0.6 mg

Agar Bacteria B.cereus 104 CFU/spot 12 4.8 mg/mL NA
dilution S. aureus 12 4.8 mg/mL NA

E.coli 6 2.4 mg/mL NA

Fungi A.niger 4x104 spores/spot 3 1.2 mg/mL PDA

Penicillium sp� 1�5 0.6 mg/mL PDA

3.2 Antimicrobial activity of vanillin active paper
The results showed that the vanillin coating weight of active papers and the inhibition zone
diameters significant increased (P<0.05) with the increasing of vanillin concentrations. The final
coating weights were 18.36 ±0.29, 36.90 ±0.72 and 58.24 ±1.04 g/m2, respectively (Table 2,
Figure 1).

Table 2 Zone of Inhibition of vanillin-based paper against various bacterial and fungal

- No in inhibition

a-d Mean values followed by different letters in the same column differ significantly by DMRT test (P<0.05) 

A-D Mean values followed by different letters in the same row differ significantly by DMRT test (P<0�0    
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 According to these results, all coated papers showed the significant inhibition over Penicillium sp., 
A. niger and E. coli. The active paper, VAN 24% and VAN36% could against B. cereus and S. aureus 
whereas VAN 36% presented the highest antimicrobial activity over all selected microorganisms. 
Similar MIC, vanillin was more effective against Penicillium sp. than A. niger. The result was agreed 
with the study vanillin’s MIC of Ngarmsuk et al[18] which Aspergillus sp. required the higher con-
centration to inhibit than Penicillium sp. Moreover, these results indicated that gram negative bacte-
ria; E. coli was more sensitive to vanillin than the gram positive; B.cereus and S. aureus. The similar 
results were found in the study of Rakchoy et al[13] and Fitzgerald et al[10] who reported that the 
higher concentration of vanillin was used to inhibit the growth of gram positive bacteria than that of 
gram negative.

  
(A) (B) (C)

(D)

(E)

Figure 1 Zone of inhibition of active paper against various microorganisms: B. cereus (A),
S. aureus (B),E. coli (C),A. niger (D) and Penicillium sp. (E)

3.3 Release of vanillin from the active paper

The release of vanillin from active paper into isooctane occurred very fast. The lower coating
weight of vanillin was reached equilibrium before the higher coating (Figure 2). VAN 12% paper
showed an initial rapid released and reached equilibrium in 60 minutes with concentration about
0.6 mg/cc of isooctane, accounted to 74% of total vanillin in paper. While the release curve of
VAN 24% and VAN 36% paper were similar. They also showed the initial rapid release before
reached equilibrium at 240 minutes with concentration ca. 1.2 and 1.3 mg/cc of isooctane,
accounted to 70% and 47% of total vanillin in paper, respectively.
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Figure 2 The release profile of vanillin from active paper at 25 °C into isooctane

3.4 Influence of vanillin active paper on shelf life of banana cup cake

According to above results, VAN 36% paper was selected to apply for banana cupcake packaging-
combinedwithmodifiedatmospherepackaging.Theactivepaperwithdiameter7cm had vanillin ca.0.224 
±0.004 g used in this experiment. The resulted showed that the treatment which combination of van-
illin active paper and MAP could inhibit the microbial growth in banana cupcake. The total aerobic 
counts were smaller than control and individual MAP as shown in Figure3.

Figure 3 Total variable count of banana cupcake

For MAP with and without active paper, total yeast and molds were found less than 10 colonies in 
plate count. Because the visible fungi were observed on the banana cupcake in the control treatment, 
the test was finished in 13 days after storage. Normally, the individual MAP is the potential technique 
to slow down the microbial growth. However, in several study the combination MAP with other ac-
tive packaging such as oxygen scavenger, ethanol emitter and antimicrobial packaging provided the 
significant improvement over MAP[1]. Moreover, in previous study, Sangsuwan et al[19] found that the 
chitosan wrapped film incorporating vanillin could extend shelf life of butter cake as same as incorpo-
rating potassium sorbate. These results suggest that vanillin has the potential to use as antimicrobial 
agent for extending shelf life of bakery products.
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4 Conclusion

The active paper coated vanillin was developed based on MICs of vanillin concentration that
against E. coli, B. cereus, S. aureus, A. niger and Penicillium sp. The release of vanillin from the
active paper into fatty food stimulant - isooctane was occurred very fast and the concentration of
vanillin in the release study increased with the increasing vanillin concentration coated on the
active paper. Furthermore, the combination of active paper coated with vanillin and MAP showed
an effectiveness to extending shelf life of banana cupcake over control and MAP treatment.

5 Acknowledgements
The authors would like to thanks Department of Packaging and Materials Technology, Kasetsart
University and acknowledge the financial support provided by The Graduate School, Kasetsart
University

6 References

[1] Axel C, Zannini E, Arendt EK. Mold spoilage of bread and its biopreservation: A review of current strategies for 
bread shelf life extension. Critical Reviews in Food Science and Nutrition. 2017; 57(16), pp.3528–3542.

[2] Nielsen PV, Rios R. Inhibition of fungal growth on bread by volatile components from spices and herbs, and the 
possible application in active packaging, which special emphasis on mustard essential oil. International Journal of 
Food Microbiology. 2000; 60, pp.219-229.

[3] Vaičiulytė-Funk L, Žvirdauskienė R, Šalomskienė J, Šarkinas A. The effectof wheat bread contamination by theBa-
cillusgenusbacteriaonthequalityandsafetyofbread.Zemdirbyste-Agriculture2015;102(3),pp.351– 358.

[4] Galic K, Curic D, Gavric D. Shelf Life of Packaged Bakery Goods – A Review. Critical Reviews in Food Science 
and Nutrition 2009; 49(5),pp.405-406.

[5] Han JH. Antimicrobial Food Packaging. Food Technology 2000; 54, pp.56-65.
[6] Suppakul P, Miltz J, Sonneveld K, Bigger SW. Active packaging technologies with an emphasis on antimicrobial 

packaging and its applications. Journal of Food Science 2003; 68, pp.408-420�
[7] AppendiniP,HotchkissJH.Reviewofantimicrobialfoodpackaging.InnovationFoodScienceandEmerging Technolo-

gies 2002; 3,pp.113–126.
[8] Sinha AK, Shama UK, Sharma N. A comprehensive review on vanilla flavor: extraction, isolation and quantification 

of vanillin and others constituents. International Journal of Food Sciences and Nutrition 2008; 59(4), pp.299-326�
[9] FitzgeraldDJ,StratfordM,GassonMJ,NarbadA.Structure-functionanalysisofthevanillinmoleculeandits antifungal 

properties. Journal of Agriculture and Food Chemistry 2005; 53, pp.1769−1775.
[10] Fitzgerald DJ, Stratford M, Gasson MJ, Ueckert J, Bos A, Narbad A. Mode of antimicrobial action of vanillin again-

stEscherichiacoli,LactobacillusplantarumandListeriainnocua.JournalofAppliedMicrobiology2004; 97, pp.104-113�
[11] Sangsuwan J, Rattanapanone N, Rachtanapun P. Effect of chitosan/ methylcellulose film on microbial and quality 

characteristics of fresh-cut cantaloupe and pineapple. Postharvest Biology and Technology 2008; 49, pp.403-410�
[12] Xavie JR, Babusha ST, George J, Ramana KV. Material properties and antimicrobial activity of polyhydroxybu-

turate(PHB)filmsincorporatedwithvanillin.AppliedBiochemistry2015;176,pp.1498-1510.
[13] Rakchoy S, Suppakul P, Jinkarn T. Antimicrobial effects of vanillin coated solution for coating paperboard intented 

for packaging bakery products. Asia Journal Food Agro-Industry 2009; 2, pp.138-147.
[14] Jaimun R, Sangsuwan J, Intipunya P, Chantrasri, P. Active wrapping paper against mango anthracnosefungi and its 

releasing profiles. Packaging Technology and Science 2018; 31, pp. 421-431.
[15] Chung,KT,ThomassonWR,Wu-YuanCD.Growthinhibitionofselectedfood-bornebacteria,particularly

Listeria monocytogenes, by plant extracts. Journal of Applied Bacteriology 1990; 69, pp. 498 - 503.
[16] Balouiri M, Sadiki M, Ibnsouda SK. Methods for in vitro evaluating antimicrobial activity: A review. Journal of 

Phamaceutical Analysi.s 2016; 6,pp.71-79.
[17] KuorwelKK,CranMJ,SonneveldK,MiltzJ,BiggerSW.Migrationofantimicrobialagentsfromstarch-based films into a 

food stimulant. LWT – Food Science and Technology 2013;50, pp.432-438.
[18] NgarmsukM,DelaquisP,ToivonenP,NgarmsakT,OoraikulB,MazzaG.AntimicrobialActivityofvanillin against spoil-

age microorganisms in stored fresh-cut mangoes. Journal of Food Protection 2006; 69(7), pp. 1724-1727.
[19] Sangsuwan J, Tattanapanone N, Pongsirikul I. Development of active chitosan films incorporating potassium sorba-

teorvanillintoextendshelflifeofbuttercake.InternationalofFoodScienceandTechnology2015;50, 323-330.



92

29th  IAPRI Symposium on packaging

Active and intelligent packaging posters

Active and intelligent 
packaging posters



93

29th  IAPRI Symposium on packaging

Active and intelligent packaging posters

Active packaging to preserve the quality of fresh fruits

RaúlDíaz1*,JoseLuisVázquez1,MaríaMonedero1,AdriánGarcía1EstelaRosa1andPilarHernández- Muñoz2
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Tecnología de Envases y Embalajes, ITENE, Unidad Asociada alCSIC

Instituto de Agroquímica y Tecnología de los Alimentos (IATA-CSIC), Paterna (Valencia), Spain

Abstract: Antimicrobial materials and packages were produced by common industrial 
techniques, specifically by coating. The inclusion of the active compounds provided 
antimicrobial activity against Botrytis cinerea maintaining the quality and freshness of berries 
for longer in comparison with traditional fruit packaging.

Keywords: Active packaging, antimicrobial effect, berries, shelf life, preservation

1 Introduction

Fresh fruits and vegetables are highly perishable products, especially during the postharvest stage, 
when considerable losses occur. Microbial decay is the main factor that reduces the overall quality 
of fresh produce. Traditional packaging has some problems to avoid these processes that affect both 
shelf life and microbiological security of this kind of perishable products. Thus, there is an interest 
in the development of new packaging solutions that limit or retard the potential growth of pathogen 
and spoiling bacteria, yeast and moulds. Strawberries are great dietary sources of bioactive com-
pounds (phenolic compounds such as phenolic acids, flavonoids-flavonols, anthocyanins, tannins, 
and ascorbic acid) [1]. Also, strawberries are highly susceptible to mechanical damages and fungal 
decay, and softening of fruit may lead further quality losses as well. Therefore, extending the shelf 
life of strawberries will increase economic value and minimize postharvest wastes of this product. 
[2]

2 Goal of the research

In this study, an active packaging incorporating different antimicrobial natural substances against 
common microorganisms, specifically Botrytis cinerea, was developed, with the objective of pro-
longing the shelf life and quality of fresh strawberries and other kinds of berries.
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3 Execution of the Research

The active material consisted of cellulosic pads containing an active substance. To produce this 
active device, first of all, a polymeric solution was evenly spread onto the surface of one side of the 
pad. Once dry, increasing volumes of the active compound, from 0, were injected into the cellulosic 
pad through the other surface and immediately covered with the same polymeric solution. Samples 
were identified as C, A1 and A2, where, C represents the control without active compound and the 
other two represent increasing volumes of the active substance, respectively. After that, the antimi-
crobial effectivity of the active devices was measured through in vivo tests. In this test, 250 g of 
strawberries were packed into plastic trays with the bottom covered by the previously prepared pads. 
Each tray was then covered with a microperforated film (15 perforations with 0.5 mm of diameter) 
and stored at 4 ºC for 14 days. Samples were taken periodically, and the growth of moulds were 
monitored, as well as the evolution of colour and texture.

Mould growth was quantified through visual inspection and count of the number of strawberriesaf-
fected by mould infection. Then, the percentage of mould growth was calculated related to the total 
number of strawberries. Optical parameters of strawberries were measured with a CR-300 MINOL-
TA colorimeter (Minolta Chroma meter (Minolta Camera Co. Ltd., Osaka, Japan). A standard light 
source of D65 and standard observer of 10º were considered and CIE-Lab colour parameters L*, 
a*, b*, C*ab and h*ab were obtained. The texture of strawberries was evaluated through a puncture 
test by using a texturometer TA.XT.plus Texture Analyzer (Stable Micro Systems, Godalming, UK). 
Test parameters were the following: rate 1 mm∙s-1 and 10 mm of maximum penetration.

4 Results and conclusions 

Microbial growth

Table 1 shows the results obtained for the microbial growth observed in the strawberries during 
the storage time. They are expressed as percentage of strawberries infected by moulds. As can  be 
observed in the cited table, mould growth on the strawberries packaged inside the control, without 
active pad, started after one week of storage. From that point, gradually increased, reaching a level 
of contamination of 76 % at the end of the storage. This result confirms the highly perishable char-
acter of strawberries, as reported elsewhere[3].
Regarding the samples packed in the active systems, no growth of moulds was observed throughout 
the 14-day storage period, without differences with respect to the incorporated volume of active 
compound. In this sense, both active devices showed antimicrobial activity against moulds. Hence, 
it has been confirmed that the developed active systems are capable of reducing decay in strawber-
ries, at least up to 14 days of storage at refrigeration temperature.
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Table 1. Percentage of infected strawberries for each sample of packaging during the in vivo test.

Refer-
ence

Day 1 Day 
5

Day 
7

Day 
12

Day 
13

Day 
14

C 0 0 3 17 38 76
A1 0 0 0 0 0 0
A2 0 0 0 0 0 0

Colour and visual appearance

Table 2 shows the values of the colour parameters obtained for the strawberries at the beginning of 
the experiment (day 0) and at the end of the storage (day 14). As can be observed, all samples be-
came darker with time (L* decreased) and the redness decreased, as indicated by the reduction of the 
parameters a* and Cab*. Regarding the change of colour related to the initial time, strawberries kept 
in the active systems presented total colour differences (∆E) higher than the control (only few fruits 
could be analysed because of mould infection). In all cases, these differences could be perceived by 
human eye [4].

Table 2. Colour parameters of the strawberries initially and at day 14 (end of the study), L*, a*, b*, 
Cab*, hab* and ΔE for each reference compared to the initial time.

Day Refer-
ence

L* a* b* Cab* hab* ∆E

Initially --- 32.2 ± 0.2 34 ± 2 20 ± 5 39 ± 4 31 
± 5

---

14

C 30 ± 2 33 ± 4 18 ± 4 37 ± 6 28 
± 4

4

A1 28 ± 3 30 ± 2 14 ± 2 33 ± 3 25 
± 2

9

A2 28 ± 2 29 ± 3 14 ± 3 32 ± 4 25 
± 3

9

Figure 1 represents some pictures of the samples taken on day 1 and day 14 of the storage. As can be 
observed, all samples became darker with time, especially strawberries in contact with active pads. 
These results agree with that obtained by measuring the colour parameters. Apart from that, visible 
signs of infection by moulds in control samples were observed.
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Figure 1. Images of the strawberries packaged with control and active pads, at the beginning and 
the end of the storage period. From top to bottom: C, A1 and A2. Left side: day 0. Right side: day 

14�

Texture
Table 3 shows the values obtained in the puncture test for the strawberries comparing initial val-
ueswithvaluesonday14.Theslopeandthemaximumforcecanberelatedtothedeformation of the fruit. In 
this sense, strawberries in contact with the active pads, mainly in the higher concentration, showed 
lower values for both parameters, indicating higher deformability or less firmness.

Table 3. Texture parameters maximum force (N) and slope of the curve force vs. time.

Day Refer-
ence

Fmx 
(N)

Slope 
(N∙s-1)

Ini-
tially

--- 5 ± 2 1.2 ± 0.3

14

C 5 ± 2 1.0 ± 0.4
A1 3 ± 1 0.6 ± 0.1
A2 3 ± 1 0.5 ± 0.2
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5 Recommendations

Materials and packaging materials were produced by coating. The use of natural antimicrobial sub-
stances in the packaging material provided an antibacterial activity against Botrytis cinerea, keeping 
the quality and freshness of fruit during longer time in comparison with those packaged with con-
ventional packaging material. The use of the active compound slightly affected the firmness and the 
colour of the fruits. In this sense, strawberries in the active packagings were softer and darker than 
the control ones, but without mould infection.

This project has received funding from IVACE (IMEDEEA/2018/107)
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Development of Capacitive-Based Sensors for Packaging 
Applications
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Abstract: Stretchable electronics have been making progress in, for example, photodetectors, 
temperature sensors and pressure sensors. To prepare these sensors, drop-on-demand (DoD) inkjet 
printing can be applied. DoD inkjet printing can fabricate circuits with high resolution (20 μm line 
width), is easy to use and very cost-effective. However, ink formulation is complicated and the 
property window for jettability is small. Therefore all parameters (viscosity, surface tension, densi-
ty, …) need to be optimized when formulating a functional ink.
The aim of this study is to develop a highly conductive inkjet printable polymer-based ink by 
mixing poly(3,4-ethylenedioxy-thiophene):polystyrene sulfonate (PEDOT:PSS) in different pro-
portions with selected solvents. Jettable inks were printed on plasma-treated thermoplastic polyure-
thane (TPU) stretchable foils in different configurations using a Dimatix DMP-2800 inkjet printer 
and sintered in an oven. Sheet resistances as low as 25,5 Ω/sq were measured by Van der Pauw 
when only one layer was printed. By printing 5 layers, the sheet resistance could be reduced to 4,9 
Ω/sq. In addition, surface roughness and transparency were measured by atomic force microscopy 
and spectrophotometry respectively.
To show its applicability towards 3D integration for packaging applications, capacitive-based sen-
sors with three layers printed on top of each other for better conductivity were printed on a TPU 
foil. This was subsequently integrated on a 3D printed geometry by a vacuum forming device. After 
integration, the 1x1 cm2 square was converted into 1.3x1.3 cm2, resulting in a total stretch of 30%. 
The resistance change upon stretching was investigated and shows promising results.
The developed inkjet printable and stretchable conductor shows the capability to be formed around 
3D parts, which can be useful for innovative 3D-packaging applications or other markets. Sensors 
(e.g. humidity, temperature, touch) with capacitive reading can be designed and printed on stretch-
able foils for packaging applications�

Keywords: stretchable conductor, ink jet printing, PEDOT:PSS
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1 Introduction

Highly conductive, transparent and stretchable materials are essential for the development of 
stretchable electronics that can be integrated in different devices such as textile, automotive, 
wearable devices, etc. Printed stretchable electronics on lightweight plastic based substrates have 
a great potential for unconventional electronics [1]. Many impressive devices, such as paper like 
display [2,3], sensor skins [4], sheet scanners [5], etc., achieved notable success in state of the art 
literature. Stretchable electronics obtain a special attention for applications where the circuits could 
be wrapped around complex geometries. In this work we inkjet print stretchable conductive pat-
terns that can wrapped around complex 3D geometry.

2 Goal of the research

The aim of the research is to formulate the metal free, biocompatible and stretchable conductive 
polymer PEDOT:PSS (Clevios™ PH1000) for the Dimatix 2800 inkjet printer to directly print 
conductive patterns with a high resolution on a flexible and stretchable thermoplastic polyurethane 
(TPU) substrate. To show its applicability towards 3D integration for capacitive-basedsensors for 
packaging applications, the conductive pattern will be subsequently integrated on a 3D printed ge-
ometry by a vacuum formingdevice.

3 Execution of the Research

To print a reliable conductive PEDOT:PSS-based pattern orderly during inkjet printing, it is import-
ant to generate stable drops without long tails and satellites. The behavior of the ink depends on the 
dimensionless Ohnesorge number (Oh) [6].

with We, Weber number, Re, Reynolds number, η, viscosity, γ, surface tension, ρ, density and a, noz-
zle diameter respectively. Usually, the printability is defined by the Z parameter (Z = 1/Oh). A stable 
drop can be generated when the Z parameter value is between 1 and 10. Additionally, the impact 
of stable droplets on the substrate depends on the surface free energy of the substrate that can be 
optimized by corona or plasma treatment. After printing, the uniform pattern is sintered in a thermal 
oven. In the next step, the sheet resistance of the printed conductive pattern is optimized by tuning 
the ink formulation and the amount of printed layers, and finally the structure is integrated on 3D 
parts, comparable to packaging materials, for capacitive-based touch sensor applications.

4 Results and conclusions

In this study the Oh number of the PEDOT:PSS ink formulation was optimized by adapting the con-
centration of PEDOT:PSS in the solvent. The viscosity of the ink was adjusted by dimethyl sulfox-
ide (DMSO) as a co-solvent. An ink with Oh number of 0.4 was selected. After an ultra-sonic bath 
treatment of 10 minutes, the ink formulation was inkjet printed on corona treated TPU substrates 
and the sheet resistance was measured by Van Der Pauw. The results show that the sheet resistance 
can be decreased by printing more than one layer. The sheet resistance of one layer was 25.5 Ω/sq 
and 4.5 Ω/sq for five layers. However, the printed layer was not uniform and the quality was poor. 
The printing quality could be improved by increasing the ultra-sonic bathing time from 10 minutes 
to 100 minutes. Then, the sheet resistance of one layer was 490 Ω/sq and 45 Ω/sq for five layers.
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To show its applicability towards 3D integration for packaging applications, capacitive-based sen-
sors with three layers printed on top of each other for better conductivity were printed on a TPU 
foil. This was subsequently integrated on a 3D printed geometry by a vacuum forming device. After 
integration, the 1x1 cm2 square was converted into 1.3x1.3 cm2, resulting in a total stretch of 30%. 
The resistance change upon stretching was investigated and shows promising results (Fig.1).

Figure 1: Inkjet printed capacitive touch sensor without touch (a) and with touch (b).

In conclusion, the developed inkjet printable and stretchable conductor showed the capability to 
be formed around 3D parts, which can be useful for innovative 3D-packaging applications or other 
markets. Sensors (e.g. humidity, temperature, touch) with capacitive reading can be designed and 
printed on stretchable foils for packaging applications.

5 Recommendations

Experimental results showed that the printed conductive layer can be stretched up to a certain limit, 
almost 30% without breaking the conductive pattern. Once the stretch was released, the length of 
the stretched substrate could recover its initial state, but the sheet resistance of the conductive part 
could not. It is only applicable for a one time stretching application. Highly conductive stretchable 
silver nanowire (AgNW) based material could unfold this issue, however AgNW ink formulations 
for the Dimatix 2800 printer is a further challenge.
The authors would like to thank VLAIO for the financial contribution in TETRA project 3D-ElektroPrinT; Grafytip 
(Houthalen-Helchteren, Belgium) for providing the TPU foils and Fremach (Diepenbeek, Belgium) for providing the 
cone for stretching and integration tests.
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Bio diffusion model for bio-polymeric food packaging
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Abstract: Brandsch diffusion model was one of the most effective and commonly used models 
for evaluating and predicting diffusion coefficient (D) of diffusate diffusing from polymer 
packaging. However, different from polymer packaging, most bio-polymeric packaging were 
hydrophilic and would swell dramatically contacting water which was the primary ingredient 
of food. Therefore, the classic Brandsch diffusion model was not suitable for bio- polymeric 
packaging which were having a booming increase share in food packaging investigations. In 
this study, a Brandsch-Bio diffusion model was proposed for evaluating the diffusing behavior 
in bio-polymeric food packaging. In this model, a novel biopolymer-specific coefficient (Bp) 
was defined as the product of biopolymer- contact solvant decided-weight (w) of biopolymer 
specific and polymer-specific coefficient (Ap). Variable w could take value 0 or 1. Different 
weights indicated different significant influence of biopolymer-contact solution on biopolymer 
specific. w variable of 0 represented that the biopolymer specific was significantly influenced 
by biopolymer-contact solvant (such as water), while w variable of 1 represented that the 
biopolymer specific was not significantly influenced by biopolymer-contact solution (such as 
absolute ethanol). Besides, the expression of Ap connected the technological parameters with 
D. The results indicate that the presented model shows a good agreement with experimental 
data, and the proposed coefficients (Bp and w) could be applied for production practices of 
bio-polymeric food packaging.

Key words: Brandsch-Bio diffusion model, biopolymer-specific coefficient, biopolymer-
contact solution decided- weight, bio-polymeric food packaging

1 Introduction
Bio-based controlled-release food packaging has become a research hotspot in the field of food 
packaging because of its safety, environmental friendliness, better food preservation effect and lon-
ger shelf life [1-4]. Brandsch diffusion model [5] was one of the most effective and commonly used 
models for evaluating and predicting diffusion coefficient (D) of diffusate diffusing from polymer 
packaging. However, different from polymer packaging, most bio- polymeric packaging were hy-
drophilic and would swell dramatically contacting water which was the primary ingredient of food. 
Therefore, the classic Brandsch diffusion model was not suitable for bio-polymeric packaging. It is 
necessary to establish a new diffusion coefficient prediction model for bio-based controlled release 
food packaging�

2 Goal of the research
The objective of this study is to establish a diffusion coefficient prediction model for bio-
based controlled release food packaging, which can provide guidance for further research and pro-
duction practice of bio-based controlled release food packaging.

*Correspondence to:Li-Xin Lu, Department of Packaging Engineering, Jiangnan University, No.1800 Lihu Avenue, Wuxi 214122, China. E- mail: 
lulx@jiangnan.edu.cn.
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3 Execution of the Research
In this model, a novel biopolymer-specific coefficient (Bp) was defined as the product of biopoly-
mer-contact solvant decided-weight (w) of biopolymer specific and polymer-specific coefficient (Ap). 
Variable w could take value 0 or 1. Different weights indicated different significant influence of bio-
polymer-contact solution on biopolymer specific. w variable of 0 represented that the biopolymer 
specific was significantly influenced by biopolymer-contact solvant (such as water), while w variable 
of 1 represented that the biopolymer specific was not significantly influenced by biopolymer-contact 
solution (such as absolute ethanol).
Besides, the expression of Apconnected the technological parameters or controlled release factors with 
D. Order AP=d[c(bx+b’)+c’]+d’, then, Brandsch-Bio model can be obtained as equation 1.

In the equation, b, b´, c, c´, d, d´ are respectively dimensionless model coefficients of three controlled 
release factors. By selecting the control film, the Brandsch-Bio model coefficients arecalculated accord-
ing to the diffusion coefficients. With increasing controlled release factors, similar predictive model 
can be obtained with same modeling methods. With changing the values of controlled release factors, 
the predictive effect of the model was evaluated comparing the experimental values with the predictive 
values.

4 Results and conclusions

The relative error between the experimental diffusion coefficients and predicted diffusion coefficients 
of the model is small (4.7%, 6.5% and 10%, respectively), which indicates that Brandsch-Bio model 
has a good prediction effect.

5 Recommendations

In this study, the influence of simulation solution is presented as two extreme values 0 and
1. However, more cases are between 0 and 1 in practical application. Therefore, later, the intermedi-
ate situation need to be studied and the corresponding model need to be established.
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Functional Coatings, Inks and Adhesives to Improve Packaging 
Properties
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Herranz 1
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Abstract: Sustainability, food waste reduction and interaction with consumer are must drivers 
for the development of new packaging solutions. Coatings, inks and adhesives, as auxiliary 
materials of packaging systems, give an opportunity to enhance packaging properties and 
to address them to circular economy guidelines. Bio-based inks, grease and/or water barrier 
coatings for paper-based materials and oxygen barrier adhesives formulations for flexible 
packaging solutions are some of current developments to achieve this aim.
In addition, inks and adhesives include the improvement of the packaging communication 
through the supply chain via printed electronics approach. Anti-counterfeiting, consumer 
engagement and traceability are pursued with this type of developments. Specifically, 
conductive inks, printed antennas and conductive adhesives are being considered to simplify 
existing RFID tag labels to be used in packaging materials.
Details of all these developments for coatings, inks and adhesives related to their formulation 
and characterization tests for each functionality (Cobb index, Oxygen Transmission Rate and 
electrical resistivity) will be explained with this work as an example of huge possibilities that 
auxiliary materials can offer to the packaging industry developed in BIOCONDUCTIVE and 
ADHINK research projects.
Keywords: INKS, COATINGS, ADHESIVES, BARRIER, BIO-BASED, CONDUCTIVE,

1 Introduction

Nowadays, packaging is essential in almost every aspect of our life. Among the main challenges of this 
industry, sustainability and consumer information emerge as principal features to implement and/or 
improve in current packages. Auxiliary materials such as coatings, inks and adhesives may play a key 
role for developing novel products able to accomplish these requirements.
Sustainability requires both the use of renewable raw materials and generation of the minimum amount of 
waste possible. Bio-based coatings and adhesives with improved water/oxygen barrier properties stand out as a 
promising strategy to face this problem,1 reducing the amount of food waste produced  and substituting current 
packaging materials (which often are produced from non-renewable and non-recyclable). In the other hand, im-
proving the information during the supply chain and providing consumers of more product information is also 
important. Use of conductive inks and adhesives are useful for the implementation of communication devices 
directly on thepackaging.2
Herein, an accurate selection of the work being developed during BIOCONDUCTIVE and ADHINK research 
projects is described, highlighting the main results obtained. Authors would like to thank Instituto Valenciano de 
Competitividad Empresarial (IVACE) for the financial support.

2 Goal of the research

•	 Development of barrier coatings and adhesives for paper and flexible packaging solutions.
•	 Use of conductive inks and adhesives to implement RFID antennas in packaging materials.
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3 Execution of the Research
Different formulations of barrier coatings were applied on substrates (Kraft paper with grammage 85 g/m2) in 
order to replace plastic film lamination when gas barrier (oxygen and water vapour) and grease resistance are 
required. For this purpose, chitosan and caseinate (as film forming components) and microfibrilated cellulose 
(as additive) were tested. For barrier adhesive a series of inorganic fillers (a selection of different clays) and 
microfibrillated cellulose were added to the formulation of a common solventless adhesive (polyurethane based) 
used in plastic film lamination. Different concentrations of clays and microfibrillated cellulose were tested.
A selection of conductive particles was added to the formulation of a water-based adhesive commonly used for 
paper substrates and applied to Kraft paper (grammage: 36 and 60 g/m2). These particles presented a size in the 
micrometric range and composed by graphite, graphene, silver, silver-aluminum alloy, silver-copper alloy or 
mica flake coated with antimony doped tin dioxide. RFID antennas were printed on common paper packaging 
substrates using a lab scale inkjet printed. RFID chips were connected to the printed antenna using the best ad-
hesive formulation and the resulting RFID tag was validated using a reading/writing device.

4 Results and conclusions
Improvements in air flow resistance and grease resistance (raw Kraft paper is KIT 1) obtained with bio-based 
coatings are summarized in table 1A. Using barrier adhesive in flexible film an OTR reduction3 was observed, 
as can be seen in table 1B�

Table 1. Barrier properties obtained using coatings (A) and adhesives (B)

Best formulations of conductive adhesive were obtained using silver-copper and silver aluminum alloys micro-
particles. Conductive properties are summarized in table 2; also detailed images of silver ink printing and final 
RFID antennas are shown�

Table 2. Conductive properties of adhesive and images of printing detail(A) and RFID antennas(B)

                                                                                        A                      B
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Fabrication of Novel Bioactive Cellulose-based Films Derived 
from Quercetin-Loaded Nanoparticles 
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Abstract: Quercetin (QC) nanoparticles (NPs) with an average size of ~60 nm investigated 
by transmission electron microscopy (TEM) and average sizes of ~500 nm investigated by 
dynamic light scattering (DLS) were successfully produced by rapid expansion of a subcritical 
solution into liquid solvents (RESOLV). The antioxidant activities of QC-NPs were compared 
with QC and commercial antioxidant (i.e. BHA and BHT) by 2,2-diphenyl-1-picrylhydrazyl 
assay (DPPH) and ferric reducing antioxidant power assay (FRAP). The results demonstrated 
that a half maximal effective concentration (EC50) of QC-NPs, BHA and BHT by the DPPH 
assay were 4.92, 10.35 and 16.53 μg/mL, respectively, whereas the FRAP assay revealed that 
antioxidant activities of QC-NPs, BHA and BHT were 289.78, 127.87 and 37.24 TE μM/mL. 
The antioxidant activities of QC-NPs-incorporated cellulosed-based films against the DPPH 
and FRAP assays significantly increased (p<0.01) with increasing of antioxidant activity 
concentrations. With concentrations of 0.1-0.5 wt %, QC-NPs impregnated methylcellulose 
films unveiled DPPH and FRAP values in ranges of 37.04-75.22% and 42.42-292.99 TE μM/
mL, respectively. Additionally, it was found that correlation coefficients (r) between TPC and 
DPPH and between TPC and FRAP were 0.8421 and 0.9985, respectively, whereas its between 
DPPH and FRAP were 0.8338. 
Keywords: Active Packaging, Antioxidant Activity, Nanoparticles, Quercetin, RESOLV

1 Introduction

As a flavonoid compound, Quercetin (3,3´,4´,5,7-pentahydroxy flavone) is an interest-
ing antioxidant. It can not only scavenge reactive oxygen species (ROS) and reactive nitrogen species 
(RNS), but also prevent oxidative stress. Moreover, QC enables to enhance the body’s antioxidant ca-
pacity by controlling levels of glutathione (GSH) as a hydrogen donor for decomposing H2O2, in which 
transformed by superoxide dismultase (SOD) when rapidly capturing O2˙.1 Other properties of QC are 
antimicrobial, anti-inflammatory, cardiovascular protection. Although QC possesses many beneficial 
properties, it has poor solubility and low bioavailability. This hindrance limits the application and po-
tential of the substance.2 An alternative to solve this problem is nano technology. 

RESOLV has been proposed as a nano technological technique that produces uniform and well-dis-
persed nanoparticles from a variety of compounds. Moreover, this technique uses low temperature 
which appropriate for heat sensitive organic compound. Also, this technique uses less solvent which is 
good for environment sustainability. 3
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2 Goal of the research

This research aimed at fabricating QC nanoparticles using RESOLV technique and at investigating total 
phenolic contents and antioxidant activities of QC-NPs-incorporated MC films.

3 Execution of the Research

QC nanoparticles were prepared by dissolving QC in supercritical CO2 and ethanol as a co-solvent 
until homogeneous mixture exists. Then the solution was rapidly expanded across a nozzle at pre-ex-
pansion temperature 80 °C and pre-expansion pressure 173 bar into pluronic F127 as a 
receiving solution which helped to stabilize nanoparticles.

For testing, the particle size was measured by TEM and DLS. Total phenolic content and antioxidant 
activities were investigated by DPPH, ABTS and FRAP assay. The correlation coefficient of these 4 as-
says were analyzed by SPSS 19.0 for Windows. 

4 Results and conclusions

QC-NPs were successfully fabricated by RESOLV technique. The nanoparticles were spherical and 
well-dispersed. The particle size of QC-NPs by DLS was 295-955 nm and by TEM was 17-129 nm. The 
particle size by DLS is larger than TEM due to some agglomeration of QC-NPs which was confirmed 
by TEM image. TPC and antioxidant capacities of QC-NPs were improved and exhibited the highest 
among all samples, i.e. BHA BHT and QC-H2O. A reduction in particle size creates higher surface area 
between QC and free radical, resulting in higher interaction of the substances.4

After incorporation of QC-NPs into MC film, QC-NPs-MC films showed the highest TPC and antioxi-
dant activity among other samples at the same concentration. In addition, TPC and antioxidant activity 
increased with increasing concentrations. As a powerful antioxidant, QC-NPs revealed an interesting 
potential application in controlled and released active food packaging.5

5 Recommendations 

Further research on other properties of QC-NPs-MC film will be observed.
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A Numerical Model for Predicting the Vibratory Behaviour 
Road Transport Vehicles
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Abstract:

The many challenges associated with experimentally establishing the influence of various 
parameters (such as vehicle geometry, dynamic characteristics and vehicle/payload inertial 
properties) on the angular vibration response of road vehicles have been the impetus for the 
creation of a vehicle numerical model. The main purpose of the model is to enable  independent 
variations of each parameter which is something that cannot be done with a real vehicle. 
A numerical model of a four-wheeled vehicle was created and validated using a prototype 
vehicle, the dynamic parameters of which were evaluated  experimentally. Validation was 
carried out firstly by comparing the resonant frequencies form the frequency response function 
(FRF) generated by the numerical model with computed natural frequencies from the system’s 
transfer functions. The heave and pitch response predicted by the model were then compared 
with data from on-the-road measurements with the prototype  vehicle.  The results, presented 
as bivariate histograms of the moving rms time histories, were found to be in good agreement 
thus establishing the accuracy and usefulness of the numerical model as a tool for predicting 
the multi-axial vibration response of transport vehicles.

Keywords: Heave, pitch and roll vibrations, transport simulation, lateral vibrations, vibration 
simulation, numerical model.

1.1. Introduction

With increasing demand for reducing packaging waste, there is an impetus to use light weight systems 
and materials, such as stretch and shrink wrap, for containing unitized loads. As well as their ability to 
withstand vertical vibrations during road transport, such containments systems are expected to over-
come the dynamic lateral forces generated by transport vehicles.  In addition to the (transient) lateral 
forces created by vehicle manoeuvres (braking, cornering), vibratory lateral forces arise from the pitch 
and roll vibratory motion of the vehicle caused by road surface unevenness. Although less severe in 
amplitude than manoeuvering-related forces, these are likely to occur throughout the journey. This 
multi-axial motion needs to be taken into account if laboratory or numerical simulation is to be realistic 
and accurate�
Rouillard et al[1, 2] use results from the analysis of a reasonably broad set of heave, pitch and roll vibra-
tion data that were undertaken to better understand their interrelating statistical relationships. From a 
practical viewpoint, the data was used to recommend ways for configuring multi-axial vibration sim-
ulation tests. Data were collected from a range of typical delivery vehicles travelling on various urban 
and suburban delivery circuits covering nearly 2,000 kms and 40 hours. The results show that Power 
Density Spectra (PDS) from various small delivery vehicles can be combined to create an approximate 
target function for simulation. This does indicate that there are  some  similarities in the spectral shape 
and  overall rms levels of particular vehicle types when travelling along urban and suburban routes. It 
was also shown that there is not a clear relationship between the heave, pitch and roll PDS that can be   
used to predict pitch and roll motion solely from heave motion.  Finally, analysis  of the moving rms 



109

29th  IAPRI Symposium on packaging

Distribution Packaging

and their joint statistical distributions reveal that the relationship between pitch and roll with respect to 
heave can be approximated by a linear function that can be used to set the nominal rms level of pitch 
and roll for laboratory vibration tests.
 

Figure 1. Typical joint distribution between pitch and roll (velocity) response as a function of heave 
acceleration. (Rouillard et. al [2])

Further analysis of the joint statistical distributions revealed that the relationship between the pitch and 
roll (moving) rms with respect to heave (moving) rms, were better characterised by the superimposi-
tion of a random fluctuation in pitch and roll rms using a Normal approximation in order to avoid the 
artificial scenario whereby the pitch and roll rms levels are exactly correlated to the heave rms. The 
relationship was modelled using a simple linear function that uses both the overall slope, M and the 
standard deviation, σ, of the joint rms distributions with respect to heave acceleration;
  

for pitch and roll respectively where Mph and Mrh are the slopes of the joint distributions or pitch and 
roll with respect to heave (see Figure 1. 1) and Sph and Srhrepresentthe corresponding gradients be-
tween o p and h and σ r and h�

p=M phh+À( Sphh)   &  r=M rhh+À( Srhh)    (1a,1b )
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These are used to generate normally-distributed random values (denoted by ℵ) that provide the neces-
sary fluctuation in rms levels. This approach provides a practical and achievable method for exploiting 
the capabilities of multi-axis vibration tests systems for reproducing realistic vehicle vibrations under 
controlled conditions. Overall, the results from[2] confirm that the relationship between the three modes 
of vibration is firmly linked to vehicle characteristics such as moments of inertia, wheel track and base 
and heave sensor location. The authors found that the influence of these parameters is near impossible 
to establish experimentally as individual variables cannot be altered independently and varying vehicle 
geometry at will is, in practice, impossible. Furthermore, the heave measurements were nearly always 
contaminated (influenced) with pitch (mostly) and roll vibrations as it was not always possible to locate 
the sensor at the Centre of Gravity (CoG) of the vehicle. The authors[1, 2] suggested that these practical 
limitations can only be overcome by the creation of a vehicle numerical model to allow independent 
variations of each parameter hence enabling the establishment of the influence of these parameters on 
the multi-axial vibratory behaviour of ground transport vehicles.
This paper describes the development and validation of a numerical model of a generic four-wheeled 
vehicle that can be used to predict its vibratory responses due to vertical pavement elevation at each 
wheel. The numerical model allows independent variations of each parameter thus enabling the es-
tablishment of the influence of these parameters on the multi-axial vibratory behaviour of ground 
transport vehicles.

2� Numerical Model Development
A full car, seven degree-of-freedom, numerical model was developed and validated using a test ve-
hicle. The salient parameters of the test vehicle were estimated and used on the numerical model to 
compare results.

2.1. Numerical Model
The numerical modelling was created by representing the vehicle as a series of rigid masses, linear 
springs and viscous dashpots as illustrated in Figure 2 along with parameter definitions inTable1.Ade-
taileddescriptionandvalidationofthenumericalmodelisgivenbyLong[3]�

Figure 2. Schematic of four-wheeled vehicle with anti-roll bar.
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Table 1. List of parameters used in the numerical model.

Symbol Unit Comment
m kg Vehicle body mass including occupants and payload
Iy kg.m2 Pitch moment of inertia
Ix kg.m2 Roll moment of inertia

mf, mr kg Unsprung mass at each wheel
a1, 
a2

m Longitudinal centre of mass position

a3 m Response measurement location.
b1, b2 m Lateral centre of gravity location
kt N/m Tyre stiffness
ct Ns/m Tyre damping
kf, 
kr

N/m Effective suspension stiffness

cf, 
cr

kg/s Effective suspension damping

ARBf,ARBr N.m/rad Anti-roll bar stiffness (front andrear) 

The dynamic interaction between the masses, springs and dampers are described through a series of 
coupled differential equations which are then solved numerically using a suitable differential equation 
solver (in this case Simulink®). Once the model had been constructed, measured or synthetic road el-
evation profiles were applied to each of the four wheels simultaneously as excitations to the numerical 
model. The solutions produced relevant responses as a function of time in this case, heave acceleration, 
h, and pitch and roll angular velocity, p and r respectively, to enable direct comparison with measured 
data�

2.2. Road profile synthesis
Synthesis of both left and right wheel tracks need to be reasonably accurate in order to produce re-
liable results. Generating synthetic single-track longitudinal elevations (profiles) is reasonably well 
established. Stationary random signals (representing roads of generally constant roughness) are eas-
ily synthesized[4] from a given elevation PDS such as those described in ISO 8608[5]. Creating dual 
wheel-track elevation signals requires some knowledge on the statistical relationship between the two 
tracks. This is usually achieved through the coherence spectrum. Despite a comprehensive review of 
most proposed coherence models presented by Mucka[6], there does not, at this stage, exist a single 
coherence model that is broadly accepted. Because of this, the work in this paper will be restricted to 
the heave and pitch vibration alone. Once a suitable coherence model is developed, the work will  be 
extended to rollmotion.

3� Numerical Model Validation
Before the model can be used to predict vibration response, it is essential that it be validated. It is 
important to stress that the purpose of the numerical model is not to predict the actual responses of a 
particular vehicle but instead to predict the response of vehicle types and, more importantly, to enable 
the study of any influence the various system parameters may have on the response vibrations. The 
only practical way to undertake validation in the first instance this is to use a test vehicle and make es-
timates of its various salient parameters to be entered into the numerical model and compare the results 
of well-designed experiments. Several methods for confirming that the numerical model is error-free 
were employed, including frequency response function(FRF)comparison and natural frequency cal-
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culations for various configurations. During the model validation process, various system excitation 

strategies were used. The excitation was introduced to the system in carefully chosen ways in order to 
isolate certain motions of the vehicle. Exciting the vehicle with the same vertical displacement signal 
through all wheels simultaneously and setting the vehicle parameters to be exactly symmetrical re-
moves the forced excitation of the pitch and roll modes of vibration. Similarly, different signals were 
directed to the left and right wheel paths to excite the roll and vertical vibration modes without exciting 
the pitch mode. The pitch mode was excited by introducing a time delay between the front and rear 
wheels. An in-depth description of the processes used to validate the numerical model can is described 
by Long[3]. Finally, vibrations responses for a typical road and vehicle configuration were predicted 
from the numerical model and compared with those measured from the test vehicle.

3.1. Test Vehicle Parameter Estimation
The test vehicle used to perform the validation was a Toyota Hilux with a tare/payload of 1,460/1240 
kg. The body (sprung) and wheel (unsprung) masses were  estimated  using a partial disassembly meth-
od. Wheel scales are used to measure vertical force at each wheel and unsprung masses were measured 
by disconnecting the spring and damper assemblies from the vehicle. Wheel scales were also used to 
measure the suspension stiffness and tyre stiffness at each wheel while suspension damping for the 
front and rear dampers was estimated using the random decrement technique as detailed byAinalis[7]�
Centre of mass location and mass moments of inertia (MoI) of the sprung mass are notoriously dif-
ficult to estimate without completely disassembling the vehicle. Fortunately,  extensive  work on this 
topic has been undertaken[8] and the resulting significant data set (496 vehicles) for a broad range of 
vehicle types was published by the National Highway Traffic Safety administration (NHTSA). This 
extensive data set was analysed to extract a relationship for the centre of gravity location of the sprung 
mass (body) as a function of wheelbase, and overall (entire vehicle) centre of gravity which is easy to 
measure as shown in Figure3.

Figure 3: Vehicle Center of Gravity location.

The NHTSA data set was also used to estimate the MoI of the entire vehicle and used, in conjunction 
with unsprung mass data, to extract estimates of the body MoI for the test vehicle. A summary of the 
parameters established for the test vehicle is given in table 2. A detailed explanation on how the param-
eters were determined is given in Long[3,9]�
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Table 2. Table of parameter base values used for the numerical model validation.

Parameter Value Estimation Method
Sprung mass 1,256 kg Physical measurement
Sprung mass (two occupants) 1,428 kg Physical measurement
Front unsprung mass 35 kg Physical measurement
Rear unsprung mass 101 kg Physical measurement
Front suspension stiffness 43.5 kN/m Physical measurement
Rear suspension stiffness 54.6 kN/m Physical measurement
Front damping coeff. 2264 N.s/m Experimental estimate
Rear dampers coeff. 2925 N.s/m Experimental estimate
Front tyre (240 kPa) 174 kN/m Physical measurement
Rear tyre (420 kPa) 349 kN/m Physical measurement
Tyre damping coeff. 1048 N.s/m Estimate from published 

data
CG distance from front axle 1.16 m Physical measurement
CG height above ground 0.69 m Statistical estimate
CG distance left to right 0.75 m Physical measurement
Iy (pitch) 2681 kg.m2 Statistical estimate
Ix (roll) 474 kg.m2 Statistical estimate
Anti-roll bar stiffness N.m/rad Estimate

3.2. Validation results – numerical model behaviour.
The validation of a numerical model is an important process that must be undertaken prior to its use. 
Due to the complexity of the equations needed for a four wheeled, seven DoF vehicle model, it is im-
portant to ensure that the model is error-free. Using an idealised numerical model can lead to results 
that contain features not seen in measurements made in the real world and, as such, can generate con-
fusion and doubt about the validity of the model. Several methods for validating the numerical model 
were employed, including FRF comparison and natural frequency calculations using eigenvalues for 
various parameter sets.
In the first instance, the model was configured such that it was symmetrical across the longitudinal 
axis in order to enable its transfer functions (in the Laplace domain) to be easily defined and its eigen 
values (natural frequencies) calculated. These were then compared with the resonant frequencies from 
the FRF estimates generated by exciting the model with random road elevations at each wheel. The re-
sults of this validation exercise was use to prove that the numerical model was error-free and accurate 
(detailed results are available from Long[3]).

3.3. Wheel base filtering
One of the advantages of a numerical model is that it enables the study of specific phenomena that are 
difficult to produce under real conditions. Such a case is that of wheel-base filtering. When the road 
elevation wavelength is equal to the wheelbase of the vehicle, the vehicle body will experience only 
vertical motion. Vertical motion also occurs at wavelengths shorter than the wheel base which have an 
integer multiple equal to the wheel base, as well as wave lengths that are considerably longer than the 
wheelbase[10], as illustrated in Figure 4. Conversely, at wavelengths equal to twice the wheelbase only 
pitching motion is experienced by the vehicle. This also occurs at frequencies shorter than the wheel-
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base with an odd integer multiple equal to twice the wheel base.

Figure 4. Illustration of the wheelbase filtering phenomenon.

The influence of these filtering effects is revealed in the FRF estimates of the heave and pitch vibra-
tions shown in Figure 5. The light blue line represents the upper boundary of the heave vibration re-
sponse. The severe dips, or nodes, in the response correspond to frequencies where only pitch motion 
is induced hence no heave motion is  experienced  (wheelbase  filter). Similar effects are observed in 
the pitch FRF also displayed in Figure 5. In this case, the nodes correspond to the frequencies where 
only heave response is present (zeropitch).
The effects of wheelbase filtering are difficult to observe in real world results for many reasons. In the 
spatial domain, the wheelbase filtering frequencies remain the same, while in the frequency domain the 
filtered frequencies are dependent on the vehicle’s speed. When average PDS are used to characterise 
the vibrations, any occasional wheel base filtering related events will be averaged-out. However, such 
events may still occur on occasion and can explain the sometime puzzling occurrence of product dam-
age as the vibration may induce resonance in the payload.
Another reason that wheelbase filtering is rarely observed in physical experiments is that the effects, 
particularly for heave vibration, are strongest at the CoG of the vehicle. Mounting a sensor at the CoG 
is difficult (as the actual location of the CoG is rarely known and cumbersome to establish) and most 
measurements are taken directly above or near the rear axle as is often recommended. This is because 
observations have shown that vibrations are generally greater when measured away from the CoG (and 
roll centre) of the vehicle.
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Figure 5. Illustration of the effects of wheelbase filtering on the heave (top) and pitch (bottom) 
vibration response of a vehicle traveling at constant speed.

The vertical (tangential) motion of the pitch and roll angular motion, increases as the distance from 
the centre of rotation (CoG or roll centre) increases, and therefore the magnitude of measured heave 
vibrations is dependent on the measurement location. Considering the longitudinal centerline of the 
vehicle, a pitch nodal point, corresponding to maximum wheelbase filtering, exists at the CoG and the 
vertical acceleration is affected only by bounce mode. Over the axles, a combination of the pitch and 
bounce will be present at each frequency and the response will be equivalent to that seen in the quar-
ter-car model[10]. As the measurement location moves away from the centre of gravity the filtering ef-
fects are reduced and the contribution from pitch vibration is increased as shown in Figure 6 for various 
response locations along the longitudinal center line of the vehicle. The peak introduced from the pitch
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component becomes more noticeable as the measurement distance from the CoG increases.  The fre-
quency range where the magnitude ratio is greater that unity (resonance) is also increased.

Figure 6: Effects of measurement location on heave vibration response (3 m wheel base with 
a3denoting resp onse location distance from CoG).

The influence of the heave vibration measurement location is important and must be taken into account 
when conducting physical experiments. This also leads to uncertainty when selecting a suitable loca-
tion when measuring heave vibration. Compromises must be made between minimising the effects of 
wheelbase filtering and the effects of the vertical component pitch motion.

3.4. Validation with on-the-road measurements.

The final validation stage for the numerical model was to compare predicted response data  with 
those measured from the test vehicle while travelling at constant speed on a typical road. The con-
figurations for the validation exercise were asfollows:

• Vehicle: Toyota Hilux (properties as per table2)
• Body pitch inertia (payload): 2,862 kgm2 (0 kg) and 4,465 kgm2 (570kg)
• Route: 10 km dual lane country road (Werribee – Little River, Victoria,Australia)
• Nominal speed: 70km/hr.
• Measurement and instrumentation – seeLong[3]�

The bivariate histograms of the (2-second) moving rms time histories of heave acceleration and pitch 
rate data are shown for both configurations (zero and 570 kg payload) in F figures 7 and 8.
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The level of agreement between the data clearly shows that the numerical model can predict heave and 
pitch response with a reasonably good degree of accuracy. This establishes the numerical modelling 
approach as a useful and reliable tool for predicting the multi-axial vibration response of transport 
vehicles which can be used to explore the influence of various vehicle and payload configurations on 
the pitch and roll vibratory response.

Figure 7: Bivariate histograms of rms pitch and rms heave for zero payload (2,862 kgm2) condition. 
Left: on-the-road measurements; Right: numerical model output.

Figure 8: Bivariate histograms of rms pitch and rms heave for 570 kg payload (4,465 kgm2) 
condition�

Left: on-the-road measurements; Right: numerical model output.
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4� Conclusion
The paper has shown that the challenges associated with studying the multi-axial vibratory motion of 
road transport vehicles experimentally by undertaking on-the-road measurements can be largely over-
come by means of numerical modelling. A numerical model of a four-wheeled vehicle was created and 
validated using a prototype vehicle the dynamic parameters of which were evaluated experimentally. 
Validation was carried out firstly by comparing the resonant frequencies froorm the FRF generated 
by the numerical model with computed natural frequencies from the system’s transfer functions. The 
heave and pitch response predicted by the model were then compared with data from on-the-road mea-
surements with the prototype vehicle.  The results, presented as bivariate histograms of   the moving 
rms time histories, were found to be in good agreement thus establishing the accuracy and usefulness 
of the numerical model as a tool for predicting the multi-axial vibration response of transport vehicles.
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Abstract: Several formulae for calculating the compression strengths of corrugated boxes have 
been proposed based on both the Kellicutt and McKee formulae. These formulae can be applied 
only to regular slotted containers, meaning that they cannot be applied to other varieties of 
boxes or boxes with partitions. Thus, it is necessary to perform multiple tests in order to obtain 
sufficient and reliable data related to compression strength. In this study, we propose a practical 
prediction method based on modified versions of the Kellicutt or McKee formulae, which are 
capable of estimating the compression strengths of panels with differing geometrical constraint 
conditions. Regarding the calculation method, first, the boxes are disassembled into panels. 
Second, the compression strength of each panel is calculated using the modified formulae 
according to the panel’s geometrical constraint condition. Finally, the box’s compression 
strength is obtained by adding the compression strengths of each individual panel. To confirm 
the validity of our proposed method and formula, theobtained
compression-strength values are compared with the actual measured values. The results of this 
validation suggest that our method and formulae are accurate within 20% deviation and 7.5% 
average error; this accuracy can be considered sufficient for practical use. In conclusion, our 
proposed method and formulae can effectively contribute to the improvement of R&D related 
to the box-design field.

Keywords: Corrugated Box, Compression Strength, Distribution of Load-Carrying Capacity, 
Kellicutt Formula, McKee Formula.

1 Introduction

Compression strength (CS) of corrugated boxes has widely and practically predicted  with the formula 
of Kellicutt[1]and McKee[2]. However, these formulae are applicable only to regular slotted containers, 
and a formula for other types of corrugated boxes has to be constructed respectively for various types 
of boxes. As development of such new shape of corrugated boxes as shelf ready cartons increases in 
recent years, it becomes necessary to predict the strength of these new type boxes.

It is presumable that the sum of strength of each individual panel composing one box is the CS of the 
box. Batelka, et al. [3]modified the McKee’s formula such that it could calculate the CS for one panel 
and calculated CS of the bliss style box and the die cut style box.
CS of one panel is different from one material to other materials and it is also different from one size 
of corrugated board from other size of corrugated board. Furthermore, the CS is different depending 

*Correspondence to: Takashi Takayama, Kewpie Co., Ltd., Institute of Technology Solutions, R&D Division,
2-5-7, Sengawa-Cho, Chofu-Shi, Tokyo, 182-0002, Japan, Email: takashi_takayama@kewpie.co.jp
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on boundary condition of right edge and left edge [4]. Right and left edges of a panel on the box shown 
in the left of Fig. 1 are connected to their respective adjacent panel and this type of the panel is called 
"no edge free panel". On the other hand, one of edges on a panel forming the V type partition (shown in 
the right of Fig. 1) is not connected to any panel. This type of the panel is called "one edge free panel". 
These two types have respectively differentCS.
Most of all the types of box are composed of a combination of these two types of panel, and, in this 
study, we will make simple modifications of Kellicutt and McKee formula so that the formula can be 
applied to estimate CS of the "no edge free panel" as well as the strength of the "one edge free panel". 
The formula is expected to be used to estimate the CS of any type of corrugated boxes practically.

2 Compression strengthformula
2.1 Compression strength formula for no edge freepanel

The Kellicutt and McKee formulae predict CS based on the perimeter of a box. Regardless of a ratio of 
width to length of a box, these formulae calculate CS based on perimeter, and thus they are assuming 
that the box has width and length of same length (i.e., square box). The type of four side face panels of 
a box is the "no edge free panel" because left and right edges of any panel are connected to their respec-
tive adjacent panel. Therefore, CS of one "no edge free panel" is obtained by dividing the CS of the 
entire square box, whose side length is W, with four (4). In other words, CS of one "no edge free panel" 
is obtained by dividing the CS of the square box whose perimeter (Z=W×４) with four (4). Using the 
Kellicutt formula (Eq. (1)) as an example, the CS of one panel is given by the Eq. (2).

Kellicutt formula:

Pbox=     β x Rx x Z (1)
Pbox: Box CS, β: Flute constant, Rx: Composite ring-crush load, 

Z: box perimeter
CS formula of no edge free panel by rearranging Kellicutt formula:

PNEF=Rx    () （2）

PNEF: CS of no edge free panel, W: panel width of square box
Likewise as above, McKee formula is modified as shown in the Equation (3).

CS formula of no edge free panel by rearranging McKee formula:

PNEF=1.469   Pmh0�508()．	 (3)

Pm: Edgewise CS, h: Corrugated board caliper

Fig.1 Geometrical types of panels. Fig.2 Distribution of load intensity 
around the perimeter of the box.
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2.2 Compression strength formula for one edge freepanel
2.2.1 Distribution of load-carrying capacity ofpanel

In this study, we are going to convert the CS formula of "no edge free panel" into the CS formula of 
"one edge free panel" making use of distribution of load-carrying capacity of a panel.
McKee et al� [2]reported that, when a load was applied on a box, it was found that the load intensity on 
the perimeter (circumference) around the box is large at around edges and small at around the center of 
the panel, as illustrated in Fig. 2. They also stated that the integrated distribution of load intensity was 
equivalent to the load applied on the entire box.
Although, load intensity reported by McKee shown in Fig. 2 is measured actual load intensity when a 
panel was applied certain load, in this report, the distribution of load intensity when the maximum load 
(i.e. CS) is observed, is defined as the distribution of load-carrying capacity. The CS of a panel is ob-
tained by integrating the distribution of load-carrying capacity. In an opposite manner, the distribution 
of load-carrying capacity can be obtained by differentiating the CS formula with respect to the panel 
width.
We have estimated the distribution of load-carrying capacity of the "one edge free panel" based on the 
"distribution of load-carrying capacity" of the "no edge free panel", and integrated this distribution to 
obtain the CS formula of "one edge free panel”.

2.2.2 Distribution formula of load-carryingcapacity

Using Kellicutt formula as an example, the load-carrying capacity of a panel is obtained as shown 
below. The next equation is derived by differentiating the CS formula of "no edge free panel" (i.e., Eq. 
(2)) with respect to W: 

This equation (i.e., Eq. (4)) is graphically represented in Fig.3
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As shown in Fig. 3, as the panel width (W) moves towards 0 (zero), the load-carrying capacity in-
creases exponentially, which is, as shown in Fig. 2, identical to the trend that the load-carrying capacity 
increases towards the edge of the box. Contrary to this exponential increase, it is also shown in  Fig. 3 
that as the panel width (W) increases (away from the edge, in other words), the load-carrying capacity 
decreases�
However, note that Fig. 3 shows the relation between the panel width and load-carrying capacity but it 
does not show the distribution of load-carrying capacity on the actual panel. To convert this distribu-
tion to that on the actual panel, the distribution curve in Fig. 3 has to be converted to be symmetrical 
distribution. (i.e., the load-carrying capacity gradually increases towards right and left edges and it is 
smallest at the center of the panel as shown in Fig.2.)
In the rest of this sub-section, the distribution of load-carrying capacity is explained in more detail us-
ing Fig. 4. The panel width (W) is assumed to be 30 cm in this explanation. Solid line in Fig. 4 indicates 
the load-carrying capacity as a function of the panel width calculated by Eq.
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(4). The load-carrying capacity’s minimum value at 30 cm, represented by a solid line in Fig. 4, corre-
sponds to the value of the dashed line at 15 cm, which represents the center of an actual panel. Because 
distribution of load-carrying capacity of actual panel are symmetrical, the load-carrying capacity at 
W=10 cm on the solid line corresponds to the load-carrying capacity at W=5cm and W=25cm on the 
dashed line. In other words, W=5cm and 25 cm on the dashed line are located 5cm (i.e., 1/2 of 10 cm.) 
from the left and right edges.
In Fig.4, the distribution of load-carrying capacity shown with the dashed line from 0 cm to 15 mm 
is compared with that shown with solid line. The capacity when the width is "W" on the solid line 
is identical to the capacity when the width is "1/2W" on the dashed line, and this indicates that the 
distribution formula of load-carrying capacity for the dashed line can be obtained by substituting the 
panel width (W) in Eq. (4) with "2W". Therefore, the distribution formula of load-carrying capacity 
shown in the dashed line in Fig. 4 from 0 cm to 15 cm is given by the next equation, in which "4W" in 
Eq. (4) is doubled (i.e., 4W x 2=8W ).

In the actual panel, the distribution of load-carrying capacity is symmetrical and thus the formula from 
15 cm to 30 cm is given by Eq. (6), which is symmetrically inverted equation of Eq. (4).

The value obtained by integrating Eq. (4) from 0 to 30 (i.e., W= 0 to 30) is identical to the sum of the 
value obtained by integrating Eq. (5’) from 0 to 15 (i.e., W= 0 to 15) and the value obtained by inte-
grating Eq. (6) from 15 to 30 (i.e., W= 15 to 30). These values is equal to 1.23×β×Rx, and it can be said 
that Eqs. (5’) and (6) are equivalent variants of Eq. (4). Eqs. (5’) and (6) are graphically represented 
in in Fig� 5�
Since the solid line in Fig. 5 is equivalent to Eq. (4), which is derived by differentiating Eq. (2), the sol-
id line indicates the distribution of load-carrying capacity of "no edge free panel". Since the load-car-
rying capacity shown with the dashed line (i.e., Eq. (5)) in Fig 5 decreases as the position moves away 
from the left edge, Eq. (5) indicates that the panel is connected to the adjacent panel on its left edge 
whereas its right edge locates in infinity. In other words, this can be understood that this is the distri-
bution of load-carrying capacity of the "one edge free panel" whose right edge is not connected to the 
adjacent panel.

2.2.3 Compression strength formula for one edge free panel

Since the "distribution of load-carrying capacity" of the "one edge free panel" is given by Eq. 
(5), the CS can be obtained by integrating this equation (i.e., Eq. (5)) with respect to to W (i.e., in 
width direction). This integration of Eq. (5) gives the next equation:
CS formula of one edge free panel by rearranging Kellicutt formula:
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POEF：CS of one edge free panel
Likewise as above, the integration of Mckee formula gives the next equation:

CS formula of one edge free panel by rearranging McKee formula

3 Comparison of estimated compression strength and measured one

The CS of corrugated box with partitions in it has been predicted with the method in which adjustment 
coefficients are used and the coefficients have been empirically derived for various patterns of the 
partitions. The general equation that can predict the strength of the partition of any pattern is not yet 
developed. We disassembled a corrugated box with partitions into each individual panel and predicted 
the CS of each panel with Eq. (2), (3), (7) or (8). The CS of "no edge free panel" was predicted with 
Eq. (2) or (3), and that of "one edge free panel" was predicted with Eq. (7) or (8), and the predicted CS 
of each panel has been compared with the measured CS.

Test sample Box
Style:Regular slotted container, Flute: C, Inside dimension:40×25×25 cm (W×L×H)
Inner and outer linerboards: basis weight 220g/
m2Corrugating medium: basis weight 125g/m2

Partition
Flute: A, All partition height is 24.8cm
Material 1: Inner and outer linerboards: basis weight 220g/m2, 

Corrugating medium: basis weight 120g/m2

Material 2: Inner and outer linerboards: basis weight 170g/m2, 
Corrugating medium: basis weight 120g/m2

The parameters, β, Rx, Pm, and h of the corrugated board used in the box and partitions are listed in 
Table 1.
Table 2 shows the schematic drawings of the box and partitions, measured and estimated values. In the 
schematic drawings, the solid lines are the disassembled panels and dot (●) indicates that the panel is 
attached to the adjacent panel. Actual dimensions of each panel are shown in Appendix. Fig. 6 shows 
the correlation between the estimated and measured strength.
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          Table1 Applied data for calculating box and partitio

 

The CS estimated by McKee equation is smaller than the measured strength in general but  the strength 
estimated by Kellicutt equation shows good correlation with the measured strength. In the prediction 
of CS of corrugated boxes, an error of 10% or smaller is commonly and practically accepted, and thus 
the equation for CS in this report can be suitable for practical use in predicting the strength of the cor-
rugated boxes with partitions.

4 Conclusions

We dissembled the corrugated box into panels capable of carrying a load in the flute direction. We 
calculated the CS of each panel and summed these values to obtain a CS value for the entire box. We 
obtained this calculation method by modifying the Kellicutt and McKee formulas. We obtained the CS 
formula for a "no edge free panel" (i.e., a panel with right  and left edges connected to adjacent panels) 
by dividing the box’s CS by four. Moreover, we converted the "one edge free panel" (i.e., panel with 
one edge not connected to any panel) CS formula using the load-carrying capacity distribution of a 
panel�

Comparison of estimated strength with measured strength of the corrugated box with partitions re-
vealed that the CS predicted with McKee formula is somewhat less than the measured CS and that the 
CS predicted with Kellicutt formula showed practically good enough accuracy. We have successfully 
verified in this report that the simply modified formula for the CS of the panel can predict the CS of 
corrugated boxes with practically sufficient accuracy.

Table2 Box compression strength of measured
and estimated value derived from Kellicutt 
and McKee formula.
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Accumulated Fatigue Spectra for Random Vibration Testing
David Shires1, Changfeng Ge2, Kyle Dunno2

1 Carshalton, Surrey, UK
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Abstract:  This paper explores the hypothesis that, for most collated products, random vibration test-
ing could effectively be conducted over a narrower frequency range. In turn this indicates the potential 
for the simplification of test systems, in particular multi-axis systems.

The objective of this work is to explore the potential for simplifying vibration test systems by demon-
strating that most fatigue is accumulated in collated products over a much narrower frequency range 
than typically used in current tests.

Transmissibility data were determined (single vertical axis) for palletised collations of four different 
products. The data were interpreted to show the accumulation of fatigue as a function of frequency and 
presented as accumulated fatigue spectra. Results were determined for standard power density spectra 
representing leaf spring and air-ride journeys.

For  air-ride journeys it was found that that with k = 4 or higher, the accumulated fatigue falls in a 
relatively narrow frequency band indicating that tests could possibly conducted between 10 and 40 Hz.  
One relatively heavy product presented an exception with a much lower fatigue onset frequency, possi-
bly arising from its relatively high mass and associated low first resonant frequency (around 6Hz).

For the steel spring ride, the situation was found to be less clear: in part this was thought to be associ-
ated with product response noise but this needs further investigation. 

It is concluded that random vibration tests for typical collated products could possibly be conducted 
over a narrower frequency band, with corresponding simplification of test systems; but some issues 
need further investigation to add confidence to the conclusion. In particular this indicates the potential 
for simpler “add-on” pitch and roll systems to extend the test potential of current single axis machines.

Keywords: vibration, random vibration, fatigue, bandwidth, multi-axis testing

1 Introduction

It can be argued that performance tests of packaging materials and packaged products fall, broadly, 
into one of three categories (examples given for vibration tests):

1: High performance tests which are based on best design and give results that meaningfully assess 
or predict packaging performance.

e.g. 6 Degree of Freedom random vibration test replicating target environment power spectral density 
with statistically valid intensity modulation over time.

2: Simple tests which involve some compromise against best science or design, but nevertheless are known to 
give useful or indicative results (possibly in a defined range of applications).

Correspondence to: David Shires, Carshalton, Surrey UK pts@shires.me.uk
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e.g. Single (vertical axis) random vibration test at fixed average intensity (possibly time compressed).

3: Tests that are established within an industry sector, but whose value for providing useful or indicative re-
sults is in doubt�

e.g. Fixed amplitude rotational vibration test.

Whilst there is considerable research focus on the improvement of vibration testing and the adoption of 
multi-axis testing, single axis testing remains the most widespread testing method, especially by packaging 
suppliers and packer-fillers.

Despite categorising single axis testing as a “simple test” it requires a relatively advanced and expensive 
test system, typically servo-hydraulic. Most established test methods call for random vibration testing over a 
bandwidth of 200 – 300 Hz with a lower frequency of around 1Hz. This bandwidth of testing places distinct 
performance requirements on the test system which adds to system complexity and cost, for example:

To meet low frequency requirements:

♦	 a pump system with sufficient flow and pressure to generate the higher velocities associated with low-
er frequencies and the thrust associated with the complete spectrum

♦	 an actuator with drive valves capable of delivering the velocity (flow) and displacement associated 
with lower frequencies

♦	 a measurement, control and calibration system free of roll-off down to 1Hz.

 
To meet high frequency requirements:

♦	 actuators with high frequency control capability

♦	 a test head (table) with a first resonance above 400Hz (so the onset of resonance is above the upper 
test frequency). For a test table of a size to take palletised and unitised loads this requires an advanced 
casting of considerable height, mass and associated cost.

 
Tests with complex fixtures (eg. large vacuum chambers) present fixture resonance problems that 
often that can’t be solved.

The objective of this paper is to apply the narrow band fatigue theory and explore whether it is possi-
ble, in specific situations, to reduce the bandwidth of single axis random vibration tests thus allowing 
simpler, more compact test systems. This will be achieved by showing that most response occurs 
around resonant frequency. Although not the focus of this paper one can see immediate advantages to 
adopting narrower bandwidths for multi-axis test systems, not least the opportunity to exploit retro-fit 
(add-on to single axis machines) pitch and yaw systems where the need for relatively low height and 
mass result in relatively low first resonant frequency.

The narrow band fatigue theory was developed by Miles [1], who extended the linear accumulation 
of damage by Palmgren-Miller rule, into an integral of stress peaks scaled by the probability density 
function of vibration stress peaks[2,3]. The resulting damage equation was a function of the sinusoi-
dal stress versus number of cycles to failure (S-N curve) fatigue properties. Basquin proposed math-
ematic relationship to describe the S-N curve, and it is widely used in the assessment of vibration for 
defence related products in the form of   accelerated vibration testing[4,5].
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2 Scope

This paper is focused on collated unitised loads (eg primary packs collated into secondary packs 
which are then palletised) typical of mass product distribution. It assumes that any adverse response 
to vibration will be accumulative in nature: ie the degree of response will increase over time and 
increase more rapidly as vibration intensity increases. 

The response of such a system will approximate to a simplified fatigue model (a Basquin model). 

Experience from undertaking sine vibration tests (±½ octave sweeps around the first pallet resonant 
frequency) indicate that such tests replicate known field damage and that most damage occurs in the 
top layers of the unitised load. This experience supports the hypothesis that most response occurs 
around resonant frequency (because highest response amplitudes will be seen here).

It can be argued that a true fatigue model will give errors in such situations because of non-lineari-
ties, saturation, or chaotic behaviour. However, experience shows that real-life adverse responses to 
vibration in unitised loads are typically found in the upper layers of the load indicating accumulated 
damage, and transmissibility test typically show higher amplitudes around resonance in the upper 
layers. Thus, the model may not give an exact account of response but may indicate the overall char-
acteristics of response�

3 Materials

Tables 1 summarises the palletised loads (all were standard commercial products) assessed in this study� 

Table 1: Samples Tested

Sample Type Primary Pack Secondary Pack Unitised Load

Material Mass (kg) Material Mass 
(kg)

Packs / 
layer

No 
Layers

Height 
(cm)

Mass 
(kg)

1 Liquid Med-
icine

Plastic Bottle 0�24 B-Flute single wall 3�2 36 10 1�55 1178

2 Sauce Plastic Bottle 2�54 C-Flute single wall 10�2 20 5 127 1040

3 Potato Snack Flexible Plastic 0�20 Paperboard carton 0�65 42 5 126 141

4 Dried Pasta Paperboard carton 0�45 Paperboard carton 4�06 20 6 126 516

Sample 1 was interlock stacked and had corner posts, samples 2 – 4 were column stacked.  All pallets were stretch-wrapped.

Sample 1 was tested at the Smithers Pira laboratories, Leatherhead, UK: Samples 2 – 4 were tested at the RIT Laboratories, Rochester, NY, USA.

Figure 1 illustrates the acceleromters attached on the top-layer package and products for samples 2-4 at the 
RIT laboratory. 
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   Figure 1: Test set up at the RIT laboratory

4 Method

 4.1 Transmissibility

Each pallet load was placed on a single axis servo-hydraulic vibration test system and accelerometers 
mounted on the test table, pallet, top layer of the load and product in top layer of load (not sample 1).

For sample 1, transmissibility was determined using the ISTA 3H Air Ride spectrum: for samples 2 – 
4 transmissibility was determined using both the ISTA 3H Air Ride spectrum and the ISTA 3E Steel 
Spring spectrum. Four sets of accelerations data were channelled into calculation of the transmissi-
bility between product/package and the vibration table� 

4.2 Relative Fatigue Density

The broadband test spectra from ISTA 3H (air ride) and ISTA 3E (steel spring) were used as rep-
resenting typical truck profiles. For each spectrum, interpolation was used to determine the power 
spectral density at equal narrow band increments of frequency (1.0 Hz was used for Smithers Pira 
data, 0.73 Hz for RIT data).  The acceleration spectral density for the product and pack (top layer) 
were determined for each incremental frequency band by multiplying the test acceleration spectral 
density by the transmissibility.
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arf = atf x Tf            (1)

Where:

arf is the response acceleration spectral density at frequency band with centre frequency f.

atf is the test input acceleration spectral density at frequency band with centre frequency f.

Tf is the acceleration transmissibility at frequency f.

The relative fatigue spectral density for the product and pack (top layer) were determined using the 
simplified Basquin equation:

Z = Nak            (2)

Where:

Z is a constant (for a given degree of fatigue)

N is the number of fatigue cycles in a chosen period (again as fatigue will be calculated as a percentage any period will give 
the same result, so frequency was chosen for convenience).

a is the acceleration spectral density at the frequency band of interest.

k is a constant thought likely to be between 3 and 6 for collated packaged products.

Z essentially determines the (infinite number of) paired values of N and ak that give a constant value 
of fatigue and so can be used as a relative measure of fatigue.

In this study the fatigue in any narrow frequency band is determined as the percentage of the total 
fatigue across a broadband random vibration test.  Therefore a relative measure of fatigue (Z) is an 
acceptable measure.

Similarly the percentage of fatigue in any narrow frequency band will remain the same regardless of 
duration (within the limits in which the Basquin formula applies) and so a period of 1s can be chosen 
for convenience (number of cycles = frequency), so equation 2 becomes:

Zf = fak            (3)

Where:

f is the frequency.

Zf is the relative fatigue in a narrow frequency band centred around frequency f

Applying equation 3 to the results of equation 1 gives:

Zrf = f(atfxTf)
k   (4)

Where:

Zrf is the relative fatigue in narrow frequency band f at the top layer

Note: For a given broadband spectrum this approach could be simplified by applying equation 3 to the response curve of the top layer.  The 
transmissibility method was used in this case as it could easily be applied to other spectra of interest without further testing.
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Assuming fatigue is linearly accumulative the spectral fatigue density for each frequency bands is 
scaled as a percentage of the total fatigue spectral density of all frequency bands of interest.  This 
eliminates any error from not knowing the constant Z (equation 2) and the relative fatigue density, 
expressed as a percentage, remains constant if the spectrum is scaled in intensity.  Thus, a simulation 
of a non-stationary vibration record by a sequence of spectra of different intensities will give the 
same relative fatigue density spectrum as a stationary, Gaussian, record.

Results can be presented as a relative fatigue density spectrum and, more meaningfully, as an accu-
mulated density fatigue spectrum.  The latter allows the frequencies associated with chosen percen-
tiles (eg 10th and 90th) to be easily seen indicating the frequency band in which most fatigue is accu-
mulated from the test.

5 Results

Figure 2 demonstrated the transmissibility curves across tested frequencies for samples 2-4. Under 
the air-ride excitation, transmissibility of tested samples falls in a relatively narrow frequency band 
indicating that majority of the amplification could possibly take place between 10 and 40 Hz. Under 
steel spring excitation, the transmissibility of pasta sample concentrated in the same narrow frequen-
cy band as that of air-ride. However, both snack and sauce products differ from the pasta sample 
in the presences of more higher frequency components despite of the same set up of accelerometer 
mount. 

 

 

 

Figure 2: Transmissibility curves for samples 2-4 at RIT laboratory
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Table 2 tabulates the frequencies for the 10th and 90th percentiles of accumulated fatigue.  Thus 80% of 
fatigue will be accumulated between these frequencies (see discussion section for explanation of figures 
in brackets)�
Table 2a – 2c: Summary Results Giving 10th and 90th Percentiles for Accumulated Fatigue

Note: where 2 values are given the value in brackets is uncorrected, the main value is corrected to remove transmissibility gain above 80Hz 
– see discussion section for explanation.

Air Ride Steel Spring
10th Percentile 90th Percentile 10th Percentile 90th Percentile

Liquid Medicine 11 32 11 39
Snack: Pack 13 78 13 (14) 77 (92)
Snack: Product 13 19 12 20 (36)
Pasta: Pack 13 40 14 45
Pasta: Product 13 34 14 43
Sauce: Pack 4 68 3 (3) 73 (117)
Sauce: Product 12 77 15 (14) 64 (144)

k = 4
Air Ride Steel Spring

10th Percentile 90th Percentile 10th Percentile 90th Percentile
Liquid Medicine 11 29 11 30
Snack: Pack 13 19 13 76 (85)
Snack: Product 13 16 13 18 (19)
Pasta: Pack 13 18 14 35
Pasta: Product 13 17 14 32
Sauce: Pack 3 14 3 72 (75)
Sauce: Product 3 59 14 (12) 57 (71)

k = 5
Air Ride Steel Spring

10th Percentile 90th Percentile 10th Percentile 90th Percentile
Liquid Medicine 11 29 11 28
Snack: Pack 13 16 12 72 (82)
Snack: Product 14 16 13 17
Pasta: Pack 13 15 14 21
Pasta: Product 13 15 14 20
Sauce: Pack 2 9 3 66
Sauce: Product 2 41 14 (11) 41 (48)

Figure 3 gives the accumulated fatigue spectra for each experimental variable.
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Figure 3:  Accumulated Fatigue Curves

6 Discussion

For the air ride tests, particularly with k = 4 or higher, the accumulated fatigue falls in a relatively narrow 
frequency band indicating that tests could possibly conducted between 10 and 40 Hz.  The sauce product pres-
ents an exception with a much lower fatigue onset frequency, possibly arising from its relatively high mass 
and associated low first resonant frequency (around 6Hz).

For the steel spring ride, the situation is more complex: both snack and sauce products give higher 90th per-
centile frequencies. For these products the transmissibility curves for the steel spring ride differ from those 
for the air ride spectra and show increasing gain above 80Hz.  It is speculated that the higher intensity of test 
causes a noisy response from the samples (and possibly the accelerometer mount) such that the high frequency 
transmissibility response is not an increase in gain but an increase in noise response.  It would be necessary to 
look at transmissibility using sine sweep and compare filtered and unfiltered signals to gain a better or more 
confident understanding of this.

In table 2, where two values are given the main value is corrected to remove transmissibility gain above 80Hz; 
the figure in brackets presents the original, non-corrected, result. 
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In addition the product nature, the excitation frequencies and associated intensities may result in 
different responses. Figure 4 showed the comparison of the steel spring and air-ride in vibration fre-
quencies and PSD breakpoints, they differ from each other in overall Grms value ( Grms = 0.58 for 
steel spring, Grms = 0.28 for air-ride), the frequencies and PSD breakpoints. 

                                                

a) Steel spring truck     b) Air-ride truck 

Figure 4: The frequencies and PSD breakpoints

7 Conclusions

The scope of this study addresses collated packaged products where the nature of any adverse vi-
bration response is expected to be accumulative over time and to accumulate more rapidly at higher 
intensity.

The air-ride results indicate that tests could be conducted over a narrower frequency band reducing 
the design complexity of vibration test systems.  This is presented in the context of a simplified test 
for day-to-day commercial testing.  It would not be appropriate for all product types.  The results 
could be validated by testing products with known vibration responses over increasingly narrower 
bandwidths and looking for correlation with the model.

The steel spring results give a less clear picture, but it may be that the results are distorted by re-
sponse noise.  The authors believe this merits further study before a clear conclusion is reached.

8 Reference

1. Miles J. W. On structural fatigue under random loading. Journal of the Aeronautical Sciences, 
vol. 21, pp. 753-762, 1954.

2. Palmgren A. Z. Die Lebensdauer von Kugellagern. Zeitschriyt des Vereines der

Deutschen Ingenioeren, vol. 68, pp. 339-341, 1924.

3. Miner, M. A. Cumulative damage in fatigue. Journal of Applied Mechanics 1945; 12, 1945.

4. Shires D. On the time compression (test acceleration) of broadband random vibration tests. 
Packaging Technology and Science 2011; 24(2): 75–87. doi: 10.1002/pts.915.

5. Ge C, Liao P. Vibration damage rate curves for quantifying abrasion of printed packaging in 
accelerated random vibration test.  Packaging Technology and Science 2018; 31(2): 71-81.
doi.org/10.1002/pts.2354



137

29th  IAPRI Symposium on packaging

Distribution Packaging

Analysis of the axial crushing of thin-walled rectangular paper 
tubes with different strength in tension and compression
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Abstract: Paper tube, as cushioning structure or energy absorber, has various applications in 
the fields of protective packaging for distribution. The mean crushing force in the buckling 
deformation determines the energy absorption performance of the paper tube. In this paper, an 
approximate energy absorption theoretical model for the crumpling process of rectangular paper 
tubes is derived based on the kinematic analysis of a typical folding mechanism. The proposed 
model can be used to predict the mean crushing load and energy absorption characteristics 
of rectangular tubes with different strength in tension and compression. Besides, combined 
with the remarkable linear regularity of the experimental results, the mathematical curve of 
the effective crushing distance ratio of paper tubes is fitted to improve the applicability of the 
proposed model. Then the theoretical results for mean crushing force corrected for effective 
crushing distance are in good consistent with the experimental results. Moreover, the proposed 
model can be used not only for the prediction of energy absorption performance of paper tubes 
in a logistics environment, but also to guide the protective packaging structure design by paper 
tubes�
Keywords: energy absorption, axial crushing, tensile and compressive yield strength, 
rectangular paper tube�

1 Introduction

Paper-based structure, with good energy absorption capability, low cost, light-weight and easy man-
ufacturing, has been widely applied to protective packaging for distribution as energy absorber or 
cushioning structure. The research on the energy absorption characteristics of paper-based structure 
is important and progressing slowly [1-6]. Rectangular and circular tubes are most commonly used 
structures for energy absorber since they are efficient for absorbing energy and easy to manufacture. 
Accordingly, they received most extensive studies including theoretical analyses, numerical simula-
tions, experimental investigations and optimizations [7-13].
Alexander [14] accomplished the first studies on the theoretical prediction model of collapse of cy-
lindrical tubes under axial loads. This groundbreaking work is a model for the mechanical model 
simplification of thin-walled structures. Wierzbicki and Abramowicz [15] proposed the typical folding 
mechanism of the thin-walled rectangular tube. The energy dissipation of each part is calculated re-
spectively. Then, the theoretical calculation formula of the axial mean crushing load can be derived. 
Many theoretical studies on axial crushing of thin-walled rectangular tubes have neglected effects of 
tensile and compressive yield asymmetries, which is

*Correspondence to:Li-Xin Lu, Department of Packaging Engineering, Jiangnan University, No.1800 Lihu Avenue, Wuxi 214122, China. E- mail: 
lulx@jiangnan.edu.cn.
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probably reasonable for most metal materials and not applicable to the paper tubes. The paper tube 
is made of paper adhesive laminate (PAL) material which is a laminate of multi-layer base paper and 
adhesive with different mechanical properties in tension and compression.
Abramowicz [16] found that the wall of the tube was curved in the meridian direction instead of a fold 
line, giving the effective crushing distance. Then, Abramowicz and Jones [17] optimized the theoret-
ical prediction for average crush force corrected for effective crushing distance. The reference shows 
that the effective crushing distance ratio of rectangular tubes is 0.73 for the symmetric collapse mode 
and 0.77 for the asymmetric collapse mode. The result cannot be applied to rectangular paper tubes 
based on the experimental study.
Therefore, the focus of this paper is extending the theoretical study on rectangular tubes under axial 
crushing into the rectangular paper tubes with the consideration of tensile and compressive yield asym-
metries.
In this paper, progressive crushing behavior of rectangular paper tube subjected to axial compression 
is derived inspired from the work of Wierzbicki and Abramowicz [15]. This behavior is often idealized 
as rigid plastic since the energy absorbed during the elastic phase is usually not significant [17]. As a 
result, an approximate energy absorption theoretical model for the crumpling process of rectangular 
paper tubes is derived based on the kinematic analysis of a typical folding mechanism, with the consid-
eration of tensile and compressive yield asymmetries. Combined with the remarkable linear regularity 
of the experimental results, the mathematical curve of the effective crushing distance ratio of paper 
tube is fitted. The theoretical model has a good correlation with the experimental data, which can be 
applied for the protective packaging design by paper tubes.

2 Energy Absorption Theoretical Model

2.1 Deformation mode

The experimental results show that the rectangular paper tubes have similar progressively crushing be-
havior. Under the axial quasi-static loading, the paper tube begins to buckle after a brief elastic defor-
mation and the first fold begins to form (as shown in Fig.1-A). Subsequently, the first fold is flattened 
and the second fold begins to form. The tube wall undergoes a progressively stable regular collapse 
until the tube wall is completely collapsed (as shown in Fig.1-B and Fig.1-C).
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(A) (B) (C)
Fig.1 Progressive crushing process of the paper tube

2.2 Typical folding mechanism

Fig.2 Geometry of the typical folding mechanism (Wierzbicki and Abramowicz, 1983 [15])

Following experimental observations and assumptions, the typical folding mechanism [15] presents a 
deformation process of the 1/4 cross section (as shown in Fig.2). The mechanism consists of two types 
of plastic hinge lines, horizontal plastic hinge lines (DE and EF), inclined plastic hinge lines (EB and 
EJ). The initial position of the inclined hinge line EB is at the vertical line E’B’. The initial distance 
between hinge lines at top and bottom of the mechanism is defined by wavelength 2H which remains 
constant during the collapse of each fold [18]. This is true in many practical problems. Total width c is 
the length of the segments DE’ and E’F, and 2ψ0 is the angle between two adjacent walls.
The behavior of the typical folding mechanism can be described by the crushing distance δ, the rota-
tion angle of the side walls α, and the horizontal displacements of the horizontal plastic hinge line S. 
These parameters are mutually related by [19]

                                                                                                                                                                                                                                 (1)

(2)

 (3)

(4)

Considering the continuity conditions, a more realistic folding mechanism is obtained in the Fig.3.The 
four planar trapezoidal plates move in the form of rigid bodies during the deformation process. Be-
tween the upper and lower plates are two cylindrical surfaces which are plastic zones.
Two adjacent plates are connected by a tapered surface. The four deformation zones are connected by 
a toroidal surface[15][19].



140

29th  IAPRI Symposium on packaging

Distribution Packaging

Fig.3 A more realistic folding mechanism [15]

2.3 Calculation of energyabsorption

2.3.1 Plastic ultimate bending moment per unit length

For the analysis of plastic ultimate bending moment per unit length of PAL, λ is defined as the ratio 
of compressive yield strength σ0C to tensile yield strength σ0T (λ=σ0C/σ0T). Due to the asymmetry of 
tension and compression yield strength, the neutral axis of the ultimate bending moment deviates 
from the geometric symmetry axis of PAL (as shown in Fig.4). Let A1and A2denote the area of tensile 
stress and compressive stress on both sides of the neutral axis respectively. The equilibrium equation 
is obtained as:

The solution to Eq. (5) is:

And y1and y2are the distance from the geometric symmetry axis of A1  and A2 to the neutral axis respec-
tively.

According to the formula of plastic ultimate bending moment [20], the plastic ultimate bending moment 
is

Substituting Eq. (6) and Eq. (7) into Eq. (8), plastic ultimate bending moment per unit length is ob-
tained as below:
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Fig.4 Plastic ultimate bending moment diagram of PAL

2.3.2 Energy absorption in the toroidal surface

Fig.5 The deformation of toroidal surface [15]

As shown in Fig.5, the surface element is expressed as (θ, φ), and the limits of the integration 
are[15]

where 2β is a central angle of toroidal surface, variable with the process, as shown in Fig.2 and Fig.5, 
and the angle ψ is linearly increasing with φ from ψ0 to π/2 according to:

When the material is forced to push through the toroidal surface from one side, there is a circumferen-
tial strain. The circumferential strain rate of toroidal surface is expressed as [19]

where tangential velocity vt is expressed as

(12)
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According to the generalized strain rate tensor, the  yield condition on the toroidal  surface is  

M=0, N=N0
[21,22]. The plastic energy absorption rate of the toroidal surface can be expressed as

where N0 =s0Th . Integrating now Eq. (14) over the whole deformation process, the energy

absorption in toroidal surface can be obtained as below:

where I1is defined by

2.3.3Energy absorption in the horizontal plastic hinge lines

As shown in Fig. 2, there are 4 horizontal plastic hinges in the typical folding mechanism of a rect-
angular paper tube in total, where 1 on the upper edge, 2 on the middle line, and 1 on the lower edge. 
The length of each horizontal hinge line is constant and equal to c. The rotation angle of the horizontal 
plastic hinge lines is [0, π/2]. The contribution of the horizontal plastic hinge lines is:

After integration over the whole process, the energy absorption in horizontal plastic hinge lines is:
 

2.3.4 Energy absorption in the inclined plastic hinge lines

The length of the inclined plastic hinge lines changes in the process and is equal approximately 
to[19]

Since there are two inclined hinge lines, the energy absorption rate of the inclined plastic hinge 
lines is expressed as:
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After integration over the whole process, the energy absorption in the inclined plastic hinge lines is:

where I3is defined by

2.4 Energy absorption model of rectangular paper tube

Abramowicz [11] demonstrated that the effective crush distance of rectangular tubes is less than 2H 
during compression process. Hypothesis that energy conservation in the whole folding process, the 
external work done on the compression of the typical folding mechanisms is equal to the total energy 
absorption of 3 types.

where ηPT  is the effective crushing distance ratio of the paper tube. ηPT of paper tube can be determined 
by the definition of the ratio of the effective crushing distance to the initial tube length [23]� Substituting 
Eqs. (15), (18) and (21) into the above Eq. (23)

The only two unknown parameters are the radius of toroidal surface b and the half wavelength of the 
fold H. According to the condition that Pmtakes the extreme value [19]

The solution to Eq. (25) is

Since the section of the rectangular tube is composed of four typical folding mechanisms, the total 
energy absorption of 3 types should be multiplied by four. Eq. (24) is expressed as below: 
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Moreover, for the rectangular section, substituting                    into Eq. (16) and Eq. (22), and the values 

of I1and I2are

Substituting Eqs. (9), (26) and (28) into Eq. (27), the mean crushing force is obtained as below:

The energy absorption theoretical model of rectangular paper tubes is a simple function related to the 
tensile yield strength, compressive and tensile yield strength ratio, effective crushing distance ratio, 
tube thickness and tube length.

3 Experiments

3.1 Specimens andmethod

The rectangular paper tubes were supplied by Guangzhou Haifang Technology Co., Ltd (China). A 
total of four specifications of the sample were tested, and each specification was repeated three times. 
The samples were cut to the length of 120 mm for testing and the initial wall thickness of the tubes 
is 3 mm or 1.7 mm. All samples were subjected to temperature and humidity treatment before the 
test in an environment of temperature (23 ± 1) ° C, relative humidity 50% ± 2% for 72h according 
to China National Standard GB/T 10739-2002 [24]. The experimental equipment is the THS-D7C-
100AS constant temperature humidity chamber (the Packaging Products Quality Supervision and 
Inspection Centre of Light Industry of China, Jiang Nan University). The specifications and charac-
teristics of specimens are listed in Tables 1, 2 and 3.

Table 1 Specifications and characteristics of the rectangular paper tube specimens

Speci-
mens

Sectional dimension /
mm×mm

Thickness/
mm

Length/
mm

Material

S2020 20×20 3 120 PAL-2

S3030 30×30 1�7 120 PAL-2

S5050 50×50 3 120 PAL-1

S9090 90×90 3 120 PAL-2
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Table 2 Tensile specimens cut from rectangular tubes

Speci-
mens

Length/
mm

Width/
mm

Thickness / 
mm

Gauge length/
mm

PAL-1 240 10�0 3�00 50�0

PAL-2 240 10�0 3�00 50�0

Table 3 Compressive specimens cut from rectangular tubes

Speci-
mens

Length/
mm

Width/
mm

Thickness / 
mm

Gauge length/
mm

PAL-1 70 10�0 3�00 10�0

PAL-2 70 10�0 3�00 10�0

3.2 Experiments

The tensile and compressive yield strength of PALs were tested using the universal material testing 
machine MTS E43.104 with standard specimens cut from the sidewalls of rectangular tubes. Speci-
mens for the tensile test were cut into the same area of 240×10.0mm with thegauge length of 50.0mm 
according to the China National Standard GB/T 1447-2005 [25] and GB/T 1040.1-2006[26].Specimens-
forthecompressivetestwerecutintothesameareaof70×10.0mm withthegaugelengthof10.0mmaccord-
ingtotheChinaNationalStandardGB/T5258-2008[27] and GB/T 1041-2008 [28]. All specimens were 
subjected to temperature and humidity treatment before the test. Temperature (23 ± 1) ° C, relative 
humidity 50% ± 2%, time 72h (GB/T 10739- 2002 [24]). The test loading speeds of the tensile test and 
the compression test are 2 mm/min and 1 mm/min, respectively. Each specification was repeated five 
times. The axial quasi-static compression tests of the paper tubes were carried out on the universal 
material testing machine CTM 2500 (as shown in Fig. 6). The test samples were placed directly on the 
lower platen without any other constraints on the tube end. The upper platen of the test machine was 
loaded on the tube by a constant speed of 10 mm/min according to the standard GB/T 2679.8-1995 [29] 

and GB/T 6546-1998 [30]�

Fig.6 The axial quasi-static compression test of a paper tube
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4 Results anddiscussion

4.1 Mechanical properties of the PALs

The tensile and compressive stress-strain curves of the PAL materials are shown in Fig.7 and Fig.8 
respectively. The tensile and compressive yield strength can be determined by the method of differ-
entiation-interval variation, corresponding to the end point of the range of elastic segments [31,32]� 
The mechanical properties of the PALs are shown in Table 4.

Fig.7 Tensile stress-strain curves of the PAL for rectangular paper tubes

Fig.8 Compressive stress-strain curves of the PAL for rectangular paper tubes

 Table 4 Mechanical properties of the PALs cut from paper tubes

 
4.2 Deformation mode

Fig.9 shows some specimens before (left) and after (right) the quasi-static loading. At the compres-
siontests, it can be clearly observed that all the specimens had the deformation mode of steadily pro-
gressive collapse, which is favorable for energy absorption. Notably, the effective crushing distance is 
less than the initial length of the rectangular paper tube. Effective crushing distance ratio has to be con-
sidered to obtain a more accurate value of average crushing force. The paper tube in Fig.9 (D) shows 
a plastic hinge fracture during the collapse process, which is not considered in the present theoretical 
model and will be explored in the future.
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(A) SpecimenS2020-3 (B) SpecimenS3030-3

               

(C)SpecimenS5050-3 (D) SpecimenS9090-3

Fig.9 Comparison of some specimens before loading (left) and after loading (right).

4.3 Effective crushing distanceratio

Yu, et al [33,34] proposed a set of Key Performance Indicators (KPIs) to assess and compare the en-
ergy absorption performance of thin-walled structures with various specifications. According to the 
KPIs, the effective crushing distance ratio of paper tube is derived, which is related to the maximum 
energy absorption efficiency. The effective crushing distance ratio clearly defines the transition point 
from the progressive crushing stage to the compaction stage. Moreover, it reflects the effective utili-
zation of the material in the energy absorbing structure. The experiment results of effective crushing 
distance, effective crushing distance ratio and mean crushing force are listed in Table 5.
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Table 5 Results of experiments for all of the specimens.

Speci-
mens

Mean crush-
ing

force (N)

Effective crush-
ing

distance (mm)

Effective crush-
ing

distance ratio
S2020-1 1759�24 55�24 0�46

S2020-2 1943�69 53�64 0�45

S2020-3 1900�64 58�37 0�49

S3030-1 562�69 83�21 0�69

S3030-2 574�26 89�48 0�75

S3030-3 648�89 89�73 0�75

S5050-1 2722�85 79�43 0�66

S5050-2 2647�93 79�58 0�66

S5050-3 2894�35 76�48 0�64

S9090-1 1898�03 88�56 0�74

S9090-2 1952�64 90�14 0�75

S9090-3 1871�48 87�49 0�73

The curve of effective crushing distance ratio is fitted and illustrated in Fig.10, which is a linear func-
tion related to h/c and can be expressed as Within a certain range, the effective crush distance ratio of 
the paper tube decreases linearly with the increase of h/c.

Fig.10 Graph of effective crushing distance ratio of paper tube changing with h/c

4.3 Model verification

Substituting Eq.(30)and the parameters in Table4 into Eq.(29), the theoretical prediction results of 
mean crushing force are obtained and illustrated in the Fig.11. Meanwhile, the experimental results of 
mean crushing force in Table 5 are averaged by groups and illustrated in Fig.11for
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comparison with the theoretical results.Meanwhile, the relative error between experimental data and 
theoretical data can be calculated and listed in Table 6. A good correlation is obtained and some ex-
perimental values are slightly lower than the theoretical prediction values, which may be related to the 
interlayer separation and local fracture inside the PAL. It is worth mentioning that the effects of local 
fracture and strain hardening were deliberately disregarded in the present analysis to derive a simple 
theoretical model. In addition, the study on the effects of local deformation and dynamic impact on 
energy absorption of paper tubes during the collapse process is under progress and will be discussed 
in the future.

Fig.11 Comparison of experimental and theoretical results for paper tubes

Table 6 Comparison of the mean crushing force between the experimental data and the theoretical 
data for paper tubes

Speci-
mens

Experimental 
data

SD Theoretical 
data

Relative error 
(%)

S2020 1867�86 78�79 2027�43 8�54

S3030 595�29 38�20 609�90 2�46

S5050 2755�05 103�15 2637�11 4�28

S9090 1907�39 33�79 2097�59 9�97

5 Conclusions

In this paper, progressive crushing behavior of rectangular paper tube under axial compression is de-
rived inspired from the work of Wierzbicki and Abramowicz. An approximate energy absorption the-
oretical model of rectangular paper tubes is derived with the consideration of tensile and compressive 
yield asymmetries.
Moreover, combined with the remarkable linear regularity of the experimental results, the mathemati-
cal curve of the effective crushing distance ratio of paper tubes is fitted. The curve shows that the effec-
tive crush distance ratio of the paper tubes decreases linearly with the increase of h/c within a certain 
range. The theoretical results for mean crushing force corrected for effective crushing distance are in good 
consistent with the experimental results. The present model indicates that the mean crushing force increases 
substantially with an increase in the ratio of compressive yield strength to tensile strength.
The proposed model can be used not only for the prediction of energy absorption performance of paper tubes in 
a logistics environment, but also to guide the protective packaging structure design by paper tubes. However, 
extending the present theoretical model to the energy absorption of paper tubes under dynamic crushing is an 
urgent and challenging work, which will be explored in the future.
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Abstract:

Traditionally, the modeling of distribution routes has been done with devices that only 
recorded accelerations in linear directions, obviating angular directions. These are key, due 
to the great influence they have on the damage identified in the goods. As a consequence, this 
study aims to demonstrate the influence of pitch and roll movement (angular accelerations) 
on the behaviour of loads throughout the distribution cycle. For this purpose, critical product 
distribution routes will be monitored by using the data recorder developed by ITENE, which 
is able to record in linear (vertical) and angular (pitch and roll) directions. The data obtained 
from the data recorder, will be used to perform comparative tests in the simulation laboratory, 
vertical vibration and vertical vibration with pitch and roll. All this in order to demonstrate 
the importance of recording angular accelerations for the validation of loads in the simulation 
laboratory using pitch and roll.

Keywords: Angular accelerations, transport vibrations, transport monitoring, distribution 
cycle, transport simulation, pitch and roll, mechanical risk

1 Introduction

According to the latest data provided by the observatory of transport and logistics in relation to the 
transport of goods, during the year 2017, 1.96 billion tons were transported in our country between sea, 
rail, air, and road transport (http://observatoriotransporte.fomento.es/OTLE/lang_castellano/). During 
transit and distribution, goods are exposed to all kinds of risks that compromise their integrity and 
sometimes the safety of people. Poor cargo security and poor optimization of packaging are the main 
causes of economic losses and human lives.
During the distribution cycle, goods are subjected to mechanical risks like compressions, transport 
vibrations, impacts from falls, shocks, etc. By identifying and quantifying the risks associated to dis-
tribution routes, companies will achieve optimization of packaging systems, as it will be possible 
to reproduce both the identified risks and their severity using specific equipment from the transport 
simulation laboratory. With the optimization of the packaging systems, companies will reduce both 
the costs associated with the packaging system, the incidents in transport that lead to product loss, 
deterioration of the brand image, decrease in customer satisfaction, etc., as well as the environmental
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For all these reasons, it is essential for companies to know the level of damage that their products are 
going to face, thus being able to stay one step ahead and provide the necessary means for their protec-
tion. This is achieved by monitoring the risks of distribution routes.
Transport monitoring consists of identifying and quantifying the risks associated with distribution 
routes and reproducing both the identified risks and their severity using transport simulation equip-
ment.
The fundamental objective of route monitoring during distribution is to simulate the transport trans-
port as close to reality as possible. Therefore, traditional simulation transport and protocols are further 
away from reality because they do not take into account the three angular directions (pitch, roll, yaw), 
only linear directions. Most transport simulation researches focus on recording and simulating vibra-
tions in the vertical axis, due to the large amount of energy that these vibrations can represent and only 
a limited number, analyze the effects of axial vibrations and rotational vibrations (pitch, roll, yaw).
Traditionally, routes have been monitored, using devices that record accelerations only in the three 
linear directions, but with the DATA RECORDER (DR2) device developed by ITENE, distribution 
routes will be modelled, taking into account the six directions: three linear and three angular (pitch, 
roll, yaw). which are key in the development of packaging systems, due to the great influence they 
have on the damage identified in the goods.
For this reason, in order to identify the moment at which the possible packaging failure occurs, as 
well as the circumstance that produces it, the corresponding simulation tests are carried out in the 
laboratory, where vehicle vibration is simulated using a multi-axes vibration table (angular and linear 
directions).
This research is pretended to be the beginning of new research that is intended to develop to advance 
in the knowledge of the risks of distribution, its simulation through tests as well as in the development 
of technologies necessary to capture information in the distribution routes and transfer it to laboratory 
equipment for simulation.
Advances in research, in the area of transport simulation requires monitoring the risks of distribution 
routes and the improvement of devices to be able to model risks during distribution, as well as labo-
ratory equipment capable of reproducing modelled route information. All this in order to be able to 
carry out simulation tests as close as possible to the reality of distribution, allowing companies to de-
sign optimised packaging systems. Knowing the level of damage that is faced during the distribution 
of the packaging - product system, we design and develop the minimum packaging system necessary 
to protect the product throughout its distribution, which will also be validated by reproducing in the 
laboratory the identified risks, prior to their actual release to the market.

2 Object

The objective of the research is to demonstrate the influence of angular vibrations, on the transport 
simulation, in order to damage the packaging system throughout its distribution cycle. For this pur-
pose, a vibration test is carried out in which only axial vibrations (vertical vibrations) are taken into 
account, comparing the results with a vibration test in which, in addition to axial vibrations, angular 
vibrations are reproduced simultaneously. The tests shall be carried out on two identical loads.
In the first vibration test, a vertical table will be used and in the second vibration test, as it has to be multi-axial, 
in order to be able to reproduce both axial and angular vibrations, the equipment developed by ITENE will be 
used, called Pitch and roll, which is incorporated in the vertical vibration table.
Previously, in order to determine the characteristics of the vibration test, a road transport from Shanghai will be 
monitored, using the DATA RECORDER (DR2) developed by ITENE, capable of monitoring axial and angular 
vibrations. In this research route monitoring will be necessary, because the data included in the vibration test of 
standards like ISTA, ASTM, ISO or EN series, among others, have been focused on recording and simulating 
in the vertical axis
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The aim is therefore to demonstrate that the effects produced by both linear and angular vibrations 
simultaneously, can be significant.

3 Methods and Materials

In order to achieve the objective described in this research, the following phases were carried out:

3.1. Phase 1. Monitoring Shanghai route, with the DR2device.
A road transport monitoring in shanghai is the route selected for this research (from Shanghai to Pekin, 
1250 km), because this is the lastest monitorings made with the improved device DR2. This device 
developed by ITENE, is capable of recording both angular and axial vibrations. The following figure 
shows an image of the DR2 device as well as a summary of its technical characteristics:

Figure 1. Data recorder DR 2 developed
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MECHANICAL ESPECIFICATIONS

Size: 76 x 76 x 72 mm

Chassis Material: 5083 Anodized Aluminum

Weight: 700 gr

Environmental: Weather Resistant

Operation Temperature -20⁰ to +60⁰C

Mounting: M4 screws

DATA ACQUISITION - 3 SENSORS

Axial vibration accelerometer 3 axes

(x,y,z)

Triaxial MEMS

Programmable Sampling Frequency (Hz) 200, 500, 1000

Acceleration Range ±6g
Measurement Accuracy ±5%
Instrument Noise Floor 0.002 Grms

Timer Trigger Continuous recording

Shock accelerometer 3 axes (x,y,z) Triaxial capacitive

Sampling Frequency (Hz) 2000

Acceleration Range ±200g
Programmable threshold (g) 6, 30, 40, 50, 100

Measurement Accuracy ±5%
Software filters (Hz) 0 to 500

Pre-Trigger 50%

Gyroscope 2 axes (x,y) Dual-Axis MEMS

Programmable Sampling Frequency (Hz) 20, 25, 50, 100, 200

Angular Velocity Range ±100 ⁰/s
Measurement Accuracy ±5%
Instrument Noise Floor 0.07 ⁰/s rms

Timer Trigger Continuous recording

MEMORY

Memory Size: 128 GB (Expandable)

Memory Type: Micro SD-card

POWER(*) Depending on active sensors and sampling time

Internal: 2 LiPo batteries (3.7V - 6000mAh)

External: Standard Power Bank (5V - Mini USB) / (*) 
5 to

10 days with internal battery / (*) up to 30 

days with 20000mA

Running Time Power Bank

SOFTWARE

User Setup Interface: Software DRONE™

Analysis Interface: DROne Analysis Software™

Compatibility: Microsoft Windows® XP, Vista, 7, 8, 10

COM Interface USB 2.0

Table 1. Technical characteristics of DR 2, and used acquisition parameters
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In order to carry out the monitoring, the DR2 device is installed in a wooden box that was fixed on the 
right side of the container, as it is considered the most unfavorable location during transport. In the 
following figure, an image of the assembly process is attached:

Figure 2. Installation and assembling of DR 2

3.2 Phase 2. Analysis of the data collected in the monitoring of theroute.
In the figures below are attached the main graphs obtained, necessary to reproduce in the simulation 
laboratory, the monitored route, both angular and axial vibration. For this reason, the following graphs 
are attached:
• Vertical vibration: PSD (GRMS=0.1147).

Graph 1. PSD of vertical vibration
• Angular vibration: PSD (pitch androll).

      
Graph 2 and Graph 3. PSD of pitch and roll vibration
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Phase 3. Transport vibration test.
Once the samples are palletized and secured in the same way it is transported in real conditions, the 
first sample is placed on the vertical vibration platform to perform the vertical vibration simulation 
test�
Vibration tests shall be carried out on loads having the following characteristics:

Product Milk bricks, grouped in 6 units in a box of corrugated
carton of channel B, with a wrap-around design

Palletized loadcharacteristics 

Number of packs per layer 12
Number of layers 5
Load configuration column

Load Weight 403 kg
Load dimensions 760 (length) x 575 (width) x 1.230 (height) mm
Pallet dimensions 600 (length) x 400 (width)
Film characteristics
Microns 20
Pre-stretch 290
Force 10
Number of turns and location 14 (4 down, 6 middle, 4 up.)
Location of interlayers Between all palletizing levels (total:4). Anti-slip treatment

Table 2. Sample parameters and characteristics

The following figure shows images of the resultant loads for the comparative study:

Figure 3, Figure 4, Figure 5 and Figure 6. The pallet configuration
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Figure 7. The two cargo unit samples fully palletized
In the following figure, the vibration test set up is shown;

          
Figure 8. and Figure 9. The two loads during each vibration test (vertical and multiaxial vibration test 

respectively)

3.4 Phase 4. Acceleration test for the two loads tested:
The EUMOS 40509 load unit rigidity test method is performed, subjecting it to horizontal accelera-
tions until it collapses. The EUMOS 40509 standard describes the method to be used to quantify the 
stiffness (kxg) of a unit load in a given direction.
This method tries to quantify the rigidity of a unit load in a specific direction, under an inertia force
in that direction. The standard defines that a constant acceleration must be maintained for at least 0.3s, 
and that the step from standstill to target acceleration must be made at 0.05s.

1� The permanent displacement:
• All parts of the test load unit in a horizontal direction should in no hori-

zontal plane be more than 5% of the height of the type of load unit.
• This permanent displacement in the bottom 200 mm of the test load unit 

should be less than 40 mm.
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Figure 10. EUMOS 40509: permanent displacement.

2� The elastic displacement of the load unit being tested shall in no horizontal 
plane exceed 10% of the height of the type of load unit. All deformation out-
side the original enveloping bar should be included in the measurement of the 
displacement, however taking into account that this original enveloping bar 
can tilt during the test. In that case the tilting angle of the bottom face of the 
test load unit should be used to determine the position of the tilting enveloping 
bar�

Figure 11. EUMOS; elastic displacement

Through the quantitative results provided by this measurement method, objective conclusions can be 
derived from the differences present in the palletized loads. In addition, it provides information about 
the final rigidity of both loads after the vibration test.

3.5 Phase 5. Load review: Comparison of the interlayers of both loads.
After the acceleration tests, the measurements of the displacements obtained on each side of the loads 
were analyzed and each interlayer was revised.
The analysis of the final state of the inter layers shows the fatigue produced during vibrations by two 
types of movements:
• the relative movements obtained in each layer (all pack in blockstructure)
• and the relative movements between packs of each layer.
Due to the different nature between the two types of vibrations, the movements of the second type 
occur in greater magnitude in the multiaxial vibration than in the vertical vibration, as will be seen in 
the results.
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4. Results and Discussion

In this way, it is possible to compare the two loads and quantify the negative effects that the angular 
vibrations infringe on the load:

4.1.	Vibration test.
The following images show photos of the performance of the two trials and their results:

4�1�1� Elaboration of the test

✓ Vertical vibration test.

The vibration duration was 180 min. The applied vibration profile 
(only the vertical axial component) was obtained from monitorization 
and treated to obtain the simplified PSD and final GRMS.

✓ Vertical vibration + angular vibration (pitch and roll)test.

The vibration duration was 180 min. The applied vibration profiles 
(the vertical axial component and the 2 rotational component, Pitch 
and Roll) were obtained from monitorization and treated to obtain the 
simplified PSD and final GRMS.

4.1.2. Test results

Vertical Vibration test Vertical vibration + angular vibration (pitch and 
roll) test

BE-
FORE

AF-
TER

BE-
FORE

AF-
TER

Face 
2

0 15 0 11

Face 
6

0 8 0 32

Face 
4

0 12 0 4

Face 
5

0 10 0 -28

Table 3. Results of measured overhang of the 2 tested loads before and after the vibrations
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4.2.	Acceleration test
These accelerations were applied to the load 2 (vertical vibration tested load) sequentially. The orien-
tation of the load was as the following photos show, and the deformation/displacements were obtained 
on faces 4 and 2 (the longest). For this test, this load’s orientation is the most critical to assess the 
stretch film’s fatigue.

The next 2 tables represent the obtained displacements on faces 2 and 4, after each horizontal acceler-
ation test to compare the evolution of these parameters.

4�2�1� Load 1 (vertical vibration test) 

Accelerations 0.3/0.4/0.5/0.6g
- MAXIMUM ELASTIC DISPLACEMENTS (measured on the highest 

point of the load) (mm)

Table 4. Elastic displacements on the tested faces (face2 and face4) in most critical frame of the 
video (vertical vibration)

(*) Frames of the video where the rotation of the load is critical, but the elastic deformations appeared 
were lower than the upper photo
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- PERMANENT DISPLACEMENTS(mm)              

Table 5. Permanent displacements on the tested faces (face2 and face4) after each horizontal 
acceleration (vertical vibration load)

4�2�2� Load 2 (vertical vibration + angular vibrationtest)

Accelerations 0.3 /0.4/0.5/0.6 g: These accelerations, were 
applied to the load 2 sequentially:

- MAXIMUM ELASTIC DISPLACEMENTS(mm)

Table 6. Elastic displacements on the tested faces (face2 and face4) in most critical frame of the 
video (vertical vibration)

PERMANENT DISPLACEMENTS(mm)
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 Table 7. Permanent displacements on the tested faces (face2 and face4) after each horizontal 
acceleration (vertical vibration + Pitch and Roll load)

4.3.	 Load review: Comparison of the interlayers of both loads
During the revision of the interlayers after the accumulation of vibration and horizontal acceleration 
effects, we detected greater deformation and even breakage in those elements located in the palletized 
load of vertical vibration with Pitch and roll than in the load of vertical vibration only. As a comple-
mentary measure, the depth of the central fold has been measured in order to measure the deformation 
numerically.

Table 8. Depths of the central fold of each layer (left interlayers are of load 2, and right interlayers 
are of load 1)

Table 9. Depths of the central fold of each layer (left interlayers are of load 2, and right interlayers 
are of load 1)
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4.4.	 Discussion of the obtainedresults

Analyzing the results of the tests, significant differences have been detected between load number 1 
(load that has been vibrated only with the vertical component) and load number 2 (load that has been 
vibrated with the vertical component, Pitch and Roll) with respect to the following aspects:
- Overflights measured on each side of the palletized loads: On the faces of the short sides of the 
pallet (face 5 and face 6) more pronounced overflights are detected on load 2 in layer 5 due to a 
displacement of all its packs. However, in load 1 there are no overflights that predominate over those 
obtained in load 2�
- Deformations or folds of the interlayers. Although the deformations obtained are not only due to 
vibration, the two loads have withstood the same test protocol after the vibration, therefore, it is 
assumed that the differences are due to the effects of each vibration on the load. In this case, it is de-
tected that the deformations of the folds, their magnitude and even the appearance of breaks in some 
areas of the interlayers of load 2 show that there has been a greater proportion of relative displace-
ments between packs than in load 1.
These two aspects support the idea that if the vertical axial vibrations are reproduced together with 
the rotational vibrations monitored in a real route, significant differences are obtained when com-
pared with a load that has only supported vertical axial vibrations.

5. Conclusions

The companies could use the multiaxis vibration for a dual purpose, reducing packaging costs or 
even costs associated with product loss due to poor packaging.

1. Design an optimal packaging system.
Once the risks of distribution are known, it would be avoided to over-pack or, on the contrary, to design 
a deficient packaging that does not protect the product throughout its distribution cycle. The character-
istics of the distribution route, its identified and quantified potential risks, become key information for 
the packaging designer that will allow him to anticipate and carry out an optimized and adapted design, 
not only to the product but also to its distribution route.#

2. Simulate the risks of the distribution cycle (axial and angular vibrations) by means of labora-
tory tests.

The companies could validate the suitability of current packaging systems, as well as new
developments, used in distribution.

As a result of these tests it can be determined whether there are any:
- Overpacking and therefore the possibility of identifying possible optimizations.
- Deficient packaging, which requires a redesign. Since this is a real-time test, the identifica-
tion of weak points in the packaging is more effective, since the evolution of the packaging 
system is seen throughout the entire test that simulates the distribution route.
The need to simulate the risks of the distribution cycle in the laboratory is a consequence of 
how complex and costly it would be to carry out tests in a real distribution cycle in order to 
optimise the packaging system of a product. In addition, we would not be able to identify 
when and due to what risk / circumstance the possible packaging failure occurs. For these 
reasons, the importance of laboratory simulation of transport processes is highlighted, in-
creasing its use as a tool for the optimisation of packaging, as shown by ISTA (International 
Safe Transit Association).
This type of tests is carried out through protocols included in the series ISTA, ASTM, ISO. 
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These standards provide the characterisation information to establish the severity of the tests 
based on routes from countries outside the European Union such as the USA, etc. Further-
more, the data obtained have not been updated recently, taking into account the technological 
advances developed in recent years, both in devices for capturing this information (DATA 
RECORDER DR 2 developed by ITENE) as well as in the equipment for its simulation 
(Pitch and Roll simulation equipment developed by ITENE).
Thus, for example, the severity of the vertical vibration test established by the ASTM D4169 
standard is of the following magnitudes (Grms): 0.70 /0.54 /0.40. While in the case under 
study, the Grms associated with the vertical road vibration of the route is Grms: 0.1147. 
Therefore, the difference of performing simulation tests, particularly the vibration following 
the severities indicated by the standard or simulate the true level of severity recorded in a 
particular route through the DR, is important, since the possibilities of optimizing or improv-
ing the packaging system will change substantially.
That is why ITENE has developed the DR2 device that besides measuring the linear acceler-
ations, allows to measure the angular ones (pitch and roll), which in turn can be reproduced 
in the ITENE simulation laboratory in the vibration table since it incorporates the pitch and 
roll device patented by ITENE: Patent Nº 201130308 granted to ITENE in Spain: “Machine 
simulator of the movement produced during the transport”.
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Propositions with Evaluation of Laboratory Simulations

Anne-Sophie Bonnin*1,2,3, Jean-Baptiste Nolot3, Victor Huart1, Nicolas Krajka1, Jérôme Pellot1, 
Serge Odof2,3, Damien Erre2,3

1 METROPACK 30-32 Rue du Capitaine Georges Madon ZAC Croix Blandin, 51100 REIMS, 
FRANCE

2 GRESPI/ Université de Reims Champagne-Ardenne, BP 1039, 51687 REIMS CEDEX 2, 
FRANCE

3 ESIReims-ESIEC École nationale Supérieure d’Ingénieurs de Reims, esplanade Roland Garros, 
51100 REIMS, FRANCE

Abstract: From production to retail, packaging systems undergo mechanical, physical and 
climate constraints. There is therefore a need in testing packaging systems before any launch 
to ensure their protective performance. Warehouses, loading docks and unloading docks are 
critical to packaging systems. On the one hand, surface defects such as potholes, bumps and 
gutters on the ground of the warehouse generate phenomena to the packaging system when 
carried by a forklift. On the other hand, loading or unloading goods to or from trucks can 
lead forklift operators to quickly operate, causing phenomena to the packaging system. That 
is why protocols, such as International Safe Transit Association (ISTA) or American Society 
for Testing and Materials (ASTM), for packaging systems shipping integrate forklift handling 
course. For the purpose of this study, two different forklifts and two different operators carry 
out a handling course. The forklifts have been equipped with an on-board data logger which 
aim is to record accelerations occurring when operators proceed to the handling course. The 
vibratory phenomena and the transient events are analysed in both directions: horizontal and 
vertical. This analysis shows a disparity between the data collected between the achievements 
of the course. The records permit to recreate test protocols which use vibrations (Power 
Spectral Density (PSD)), or shocks (acceleration, duration velocity change and number), or 
transient events (Shock Response Spectrum (SRS)), or real-time replication. This research 
focuses on transient events and their replication in laboratory. The study proposes a few test 
protocols based on SRS computing. These protocols are laboratory verified in both directions. 
An evaluation of each protocol in terms of damage is carried out.
Keywords: packaging system, forklift handling course, transient events, shock response 
spectrum

1 Introduction
From production to retail, packaging systems undergo a wide range of constraints: climate, mechani-
cal, etc. That is why there is a great need in testing packaging systems before the launch of any product. 
Among those constraints are transient events.

*Correspondence to: Anne-Sophie Bonnin, METROPACK 30-32 Rue du Capitaine Georges Madon ZAC Croix Blan-
din, 51100 REIMS, FRANCE. E-mail: anne-sophie.bonnin@metropack.fr
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A transient event is represented in acceleration as a function of time. Transient events are characterized 
by waves trains: on the one hand they can not be considered as quasi-stationary vibrations because of 
their strong non-stationary nature and on the other hand they can not be considered as single shocks 
because of the numerous variations of acceleration over time (Figure 1). These events are considered 
as “transient” because they are so short that the excited system does not have the time to steady its 
state. Transient events are encountered in truck transportation when the vehicle rides over potholes or 
bumps or during docking, in handling when the forklift loads and unloads a pallet, in parcel delivery 
when parcels undergo drops [1], [2], [3], [4], [5], [6] etc.

Figure 1: example of a transient event

When testing a palletized packaging system, transient events are mainly generated using forklift han-
dling courses to simulate transfer terminal handling. The courses are identified as a set of floor hazards. 
These courses are given by testing protocols such as International Safe Transit Association (ISTA) [7] 
or American Society for Testing and Material (ASTM) [8]. An operator carries the tested packaging 
system using a forklift and rides over the handling course. The transient events generated by the fork-
lift over the handling course permit to simulate transient events encountered in an actual transport.

Nevertheless, the transient events generated depend on the type of forklift and on the driving of the 
operator; this method is not reproducible and thus not optimal. That is why it could be interesting to 
simulate transient events in laboratory by using a means which ensures the repeatability of transient 
events�

In 1932, M. Biot [9] published a thesis, followed by a few publications [10], [11], in which he de-
veloped a tool to compare the severity of several shocks by bringing into play natural frequencies. A 
simple example given by W. Kipp [12] must be used to clearly understand the method: let us consider 
a shock with a maximum magnitude 𝛤𝑚, a duration 𝜏 and with any shape (defined by the velocity 
change). This shock is applied to an academic single degree of freedom (SDOF) spring-mass system 
with a known stiffness 𝑘 and a known mass 𝑚� As 𝑘 and 𝑚 are known, the natural frequency 𝑓0of the 
spring-mass system can easily be calculated (Equation 1):

Equation 1
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The maximal magnitude 𝛾𝑚of the response of the academic system to the input shock can be measured. 
Therefore, a first pair of points (𝑓0,𝛾𝑚) is set. Figure 2is a simple diagram to explain the process to 
capture the pair of points.

Figure 2: capture of the pair of points

The same shock is applied to another academic spring-mass system which has another known stiffness 
𝑘 ′ and another know mass 𝑚′ than previously. The natural frequency 𝑓0′  of the system can be calculat-
ed with Equation 1 and the maximal magnitude 𝛾𝑚′  of the system to the input shock can be measured. 
Therefore, we have a tour disposal a second pair of point (𝑓0′ ,𝛾𝑚′ ). The process is repeated to have the 
desired number of pairs of points.

As several pairs of points are obtained, each pair is placed in a diagram which lays out the natural fre-
quencies on the abscissa axis and the maximal magnitudes on the ordinate axis (Figure 3).

Figure 3: shock response spectrum for a half-sine shock (2 g, 30 ms)

This diagram is known as a Shock Response Spectrum (SRS): it is initially a tool to determine which 
natural frequency responds with the higher magnitude and it is in most cases represented in logarith-
mic scale in order to clearly identify the peaks in low frequencies.

Initially SRS were used to dimension structures resistant to earthquakes. By the 1970s, SRS began to 
be used to simulate shocks [13], [14]. In 1984 the military standard MIL-STD- 810D uses SRS as a 
specification [15]. In 1999 the ASTM [8] launched a standard test method using SRS to determine the 
mechanical-shock fragility of products [16].

Ac-
cel-
era-
tion 
(g)
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2 Analysis of a forklift handling course
As it was referenced previously, in the case of packaging systems tests protocols, transient events are 
generated by the crossing of a forklift on handling courses as it is the case in ISTA 3B test protocol [17] 
and in ASTM D4169-16 standard practice – test method D6055 [18].

This study focuses on the ISTA 3B handling course. This handling course is composed of ten rigid 
plates from 13 to 19 mm thick and disposed as it is shown in Figure 4. The forklift operator rides over 
the entire length of the handling course in approximately 4 seconds. Depending on the configuration 
of the pallet, the forklift operator proceeds to four round trips or eight round trips.

Figure 4: ISTA 3B forklift handling course (https://ista.org/docs/3Boverview.pdf)

The recording of the phenomena generated by the crossing of a forklift on the handling course is 
carried out. The on-board data logger SAVER 3X90 developed by LANSMONT CORPORATION, 
MONTEREY, CA, USA is used to record the phenomena with the configuration given in Table 1.

Minimum 
time triggered 
sampling

Trigger 
threshold 
level

Sam-
pling 
frequen-
cy

M i n i -
mum re-
cording 
window

Sample size

1 minute 0�3 g 1 000 Hz 2�048 second 2 048

Table 1: configuration of the SAVER 3X90

IIn order to determine the repeatability of the forklift handling courses, two different forklifts proceed 
to the test. The difference between the forklifts is mainly their mass: 5 230 kg for forklift A and 3 466 
kg for forklift B. Just like the forklifts, two operators proceed to the courses in order to determine the 
repeatability of the test. The forklift operators are called “operator α” and “operator β” in the rest of 
this study and they both passed the same safe driving aptitude certificate.

As the forks of forklift A are too loose when the forklift is unladen, the forklift carries a pallet which 
mass prevents the forks from swinging when proceeding to the course. The same applies for forklift 
B as the results must be comparable. The pallet is later referenced as “the system”. The on-board da-
ta-logger is fixed on one fork of the forklift and its aim is to record the excitation of the system.
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Four different forklift courses are carried out in order to collect data for the study. The forklift courses 
are numbered from 1 to 4 and their features are listed in Table 2.

Course n° Forklift Operator
1 A α
2 A β
3 B α
4 B β

Table 2: features of the courses

The acceleration levels distribution of each course is calculated. Figure 5 displays the acceleration 
levels distribution of the four ISTA 3B courses in three directions.

Figure 5: distribution of acceleration levels of the four ISTA 3B courses

The coefficients of determination 𝑅² between the distributions two by two 
are calculated (Equation 2) and listed in Table 3.

Equation 2

Lateral Longitudinal Vertical
Course n°1 & Course n°3 0�961 0�990 0�995
Course n°2 & Course n°4 0�995 0�994 0�967
Course n°1 & Course n°2 0�997 0�976 0�965
Course n°3 & Course n°4 0�961 0�994 0�983

Table 3: coefficients of determination

The coefficient of determination permits to estimate the disparity between two courses. The results 
show that course n°1 and course n°3 are more similar than course n°2 and course n°4 or course n°1 
and course n°2. This leads to consider that among one specification of handling course, the results are 
different depending on the forklift and the operator. There is a need in creating a specification to gen-
erate transient events in laboratory in a reproductible way. This is where SRS comein.
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3 SRS calculation

Introduction explains the construction of an SRS of a shock. The data recorded during the handling 
courses are mainly composed of transient events. In 1983 Cox [19] proposed three methods to cal-
culate SRS from a transient event: a direct method, an alternate quadrature method and a numerical 
method employing the Euler-Maclaurin sum formula. In this study the direct method is used.

The direct method is based on a linear approximation of the excitation acceleration within a short time 
interval. The approximation helps resolving the differential equation of displacement of the mass of the 
SDOF system (Equation 3,Figure 6):

Equation 3

𝑀𝑥̈(𝑡) + 𝐷[𝑥̇(𝑡) − 𝑠̇(𝑡) ] + 𝑘 [𝑥(𝑡) − 𝑠(𝑡) ] = 0

With:

• 𝑥(𝑡) : displacement of mass,
• 𝑠(𝑡) : displacement ofwall,
• 𝑀:mass,
• 𝐷:damping,
• 𝐾: compliance (𝐾 = 1 with 𝑘 stiffness).
• 

𝑘 

Figure 6: SDOF diagram

The algorithm arising from the direct method is integrated to a software. The software permits the 
calculation of the SRS of any transient event. Figure 7 shows a transient event recorded during the han-
dling course in three axes. The three transient events (one in each direction) are injected in the software 
which directly gives the SRS corresponding (Figure 8).

Figure 7: transient event recorded during the handling course
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Figure 8: SRS calculated from the transient events

An SRS module integrated to the driving software of a hydraulic actuator (a vibration table) permits 
the simulation of transient events. The SRS is injected to the driving software. The driving software 
generates a sum of wavelets which is adjusted by iteration until the SRS of the sum of wavelets match-
es the transient event SRS.

The rest of the study will verify the consistency between an actual transient event and its replication 
on a hydraulic actuator using SRS, including in terms of damage. To conclude, the study will bring a 
specification in order to simulate transient events in laboratory in a reproductible way with the mea-
surement campaign led on the handling course.
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Abstract: The authors have developed a general method for accelerated random vibration 
testing of product and transport packaging, which is based on the acceleration RMS-life 
curve of component, and is suitable for the different fatigue models more than Basquin 
fatigue model. This paper is a continuation of previous researches. It aims to certificate the 
equivalence between the acceleration RMS-life curve and stress-life curve. Two cases are 
taken into consideration: Basquin’s type (power function type) and exponential function type 
materials. First, the response acceleration, strain, stress and von Mises equivalent stress at 
a specified point are obtained when excited by uniaxial random vibration to component or 
product. Then, the equivalence between the acceleration RMS-life curve and the stress-life 
curve is certificated. A cantilever beam with notch and mass block is analysed to validate the 
equivalence. The result of this paper, together with the previous authors’ studies, constitutes 
the complete methodology of accelerated random vibration testing based on the acceleration 
RMS-life curve ofcomponent.

Keywords: accelerated random vibration testing; acceleration RMS-life curve; stress-life 
curve; transport packaging

1 Introduction

Product and its transport packaging is a complex structural system, having a variety of modes for 
vibration damage failure in logistics. The accelerated random vibration testing is an important tool to 
evaluate effectively the vibration performance of transport packaging[1-2]�
The existing accelerated vibration testing is based on Basquin fatigue model of power function[3]� 
However, this model does not cover all forms of vibration damage and fatigue of materials and compo-
nents. The vibration damage mechanism in different materials, components and packaging containers 
isdifferent.
The authors have developed a general method for accelerated random vibration testing of product and 
transport  packaging,  which  is  based  on  the  acceleration  RMS-life  curve  (𝐺𝑟𝑚𝑠−  𝑁) of component, 
and is suitable for the different fatigue models more than Basquin

*Correspondence to: Zhi-Wei Wang, Packaging Engineering Institute, Jinan University, Zhuhai 519070, P. R. China. 
E-mail: wangzw@jnu.edu.cn
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fatigue model[4-6]�
This paper is a continuation of previous researches[4-8]. It aims to certificate the equivalence between 
the acceleration RMS-life curve (𝐺𝑟𝑚𝑠−  𝑁) and stress-life curve (𝜎 − 𝑁) . Two cases are taken into con-
sideration: Basquin’s type (power function type) and exponential function type materials. The result of 
this paper, together with the previous authorss’ studies, constitutes the complete methodology of ac-
celerated random vibration testing based on the acceleration RMS-life curve (𝐺𝑟𝑚𝑠−  𝑁) of component.

2 Response Analysis of Component orProduct

Consider the response of component or product excited by uniaxial random vibration. To  obtain the 
response analysis of the component or product, following assumptions are used in thepaper:
The materials and geometrical structure of component are all in linear elasticitystate;
The component or product is excited by uniaxial random stationary Gaussian vibration.
Let 𝑍0̈

   and 𝑆𝑍0̈(ω)    be respectively the acceleration and acceleration power spectral density
(PSD)  of  excitation  to  the  component  or  product,  *u+  =  *𝑢(P, t) + ,  *𝜖+ = *𝜖(P, t) + and
*𝜎 + = *σ(P, 𝑡) + be respectively the response displacement, strain and stress vectors at any point P(x,  
y,  z)  within the component or product. The frequency response function method (FRF) can be applied 
to obtain the response of the component or product. The response acceleration PSD , 𝑆�̈�(𝜔) -, strain PSD 
, 𝑆𝜖(𝜔) -  and  stress  PSD  , 𝑆𝜎 (𝜔) -  at  any  specified  point P(x,  y,  z)  within component or product can 
be obtained as[6]

where,                                                                  are  respectively the (3×1), (6×1) and (6×1) FRF

matrix, and                                                                the complex conjugate of corresponding FRF 
matrix.

3 Equivalent Stress at a SpecifiedPoint

The von Mises equivalent stress is considered as the representative ruling the damage accumulation 
of materials. Its PSD is given by[3]

where Tr is the trace operator, and [S] the coefficient matrix of von Mises equivalent stress, given by

(5)

The root mean square (RMS) of von Mises equivalent stress 𝜎 𝑒𝑞, 𝑟𝑚𝑠at a specified point
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within component or product can be given as[3,5]

By considering Equation (3), Equation (6) becomes

Equation (7) can be further simplified as

Where,  𝐺𝑟𝑚𝑠 is  the  root  mean  square  of  the  acceleration  excitation  to  the  component or

product and equalsto                           , and 𝑎  the effect of FRFmatrix             on von 
Mises equivalent stress.
The average number              of  zero-crossings with positive slope per unit time for von Mises 
equivalent stress is given as

Substituting Equations (4) and (3) into Equation (9) leads to

Where,  𝑑 reflectsthe  effect  of  FRFmatrix  on  the  zero-crossingsof  von  Mises equivalent 
stress�
The  average  number               of  zero-crossingswith  positive  slope  per  unit  time  for  the acceleration 
excitation to the component or product is

Thus, Equation (10) can be rewritten as

The relationship of total number of zero-crossings during the time duration 𝑇 of von Mises equivalent 
stress𝑁(𝜎 𝑒𝑞)and the acceleration excitation  𝑁(𝑍0̈ )is
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4 Equivalence between Acceleration RMS-life and Stress-lifeCurves

The 𝜎 − 𝑁 curve, describing the relation between the stress RMS and the number of cycles, is usually 
applied to predict the damage and fatigue life of material. Product is a complex structure with numer-
ous components made from different materials. The damage and fatigue of many engineering materials 
usually conform to Basquin fatigue model, however this model does not cover all forms of vibration 
damage and failure of products. Two  types  𝜎 − 𝑁 curves, Basquin’s type (power function type) and 
exponential function type, are usually used in
engineering[4-5]. For Basquin’s type,

(𝜎 𝑒𝑞, 𝑟𝑚𝑠)𝑏𝑁(𝜎 𝑒𝑞) = 𝐶0 (14)

For exponential function type,

𝑒𝑏𝜎 𝑒𝑞, 𝑟𝑚𝑠 𝑁(𝜎 𝑒𝑞)= 𝐶0 (15)

Where, the index 𝑏 is the material constant. The total number of zero-crossings of von Mises equiva-
lent stress is applied here to measure the fatigue life duration.

Substituting Equations (8) and (13) into Equations (14) and (15) leads to 
For Basquin’s type,

(𝐺𝑟𝑚𝑠)𝑏𝑁(𝑍0̈ )= 𝐶0/𝑑 𝑎 𝑏 (16)

For exponential function type,

𝑒𝑏𝑎 𝐺𝑟𝑚𝑠𝑁(𝑍0̈ )= 𝐶0/𝑑 (17) 

Equations (16) and (17) can be rewritten as 
For Basquin’s type,

(𝐺𝑟𝑚𝑠)𝑏𝑁(𝑍0̈ )= 𝐶 (18) 

For exponential function type,

𝑒𝑏′ 𝐺𝑟𝑚𝑠𝑁(𝑍0̈ )= 𝐶 (19) 
The above derivation shows that the acceleration RMS-life curve based on the acceleration excitation 
to the component or product is equivalent with the stress-life curve based on von Mises equivalent 
stress at a specified point within component or product.

5 Validation of Equivalence

To validate the equivalence between the acceleration RMS-life curve and the stress-life curve, a canti-
lever beam with notch and mass block was taken into consideration.
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Figure 1 Model and mesh of cantilever beam

As shown in Figure 1, the size of the beam is 150 mm*20 mm∗5 mm, and the material density 2700 
kg/m3. The elastic modulus is 70 Gpa and poisson's ratio 0.3; The size of the mass block is 20 mm*20 
mm*10 mm, and the material density 7900 kg/m3. The elastic modulus is 206Gpa
and poisson's ratio 0.3; The damp ratio is 0.1.
The finite element method was used to analysis the stress and validate the equivalence. The elements 
and mesh are also shown in Figure 1. Modal analysis was carried out for the beam, and the first 10 
order modal analysis results are shown in Table 1.

Table 1 Results of model analysis

Model 1 2 3 4 5
Resonance Frequency (Hz) 118�82 318�48 1210�4 1277�2 3463�7
Model 6 7 8 9 10
Resonance Frequency (Hz) 3522�1 5422�9 6204�8 7819�8 9489�7

Based on the results of modal analysis, the random vibration of the beam was analyzed. As shown in 
Table 2, five levels of vertical random vibration excitations with input acceleration PSDs of band lim-
ited white noise from frequency 100 to 400 Hz were imposed on the left of the cantileverbeam.

Table 2 Band limited white noise from frequency 100 to 400 Hz
level 1 2 3 4 5
PSD(g2/Hz) 0�0005 0�001 0�002 0�003 0�004
𝐺𝑟𝑚𝑠 (g) 0�3873 0�5478 0�7746 0�9487 1�0954

The notch point at the upper surface of the cantilever beam was selected as the specified point, as 
shown in Figure 2.
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Figure 2 Specified point

The response PSD of von Mises equivalent stress at the specified point was obtained, as shown in 
Figure 3. It can be seen that the response PSD of von Mises equivalent stress is concentrated in the 
narrow band range covering the first resonance point and its shape at different levels excitations re-
mains unchanged.

Figure 3 PSD of von Mises stress at the specified point

Figure 4 gives the relationship between the root mean square of von Mises equivalent stress
𝜎 𝑒𝑞, 𝑟𝑚𝑠at the specified point and the root mean square of acceleration excitation to the beam. There is a 
linear relationship between them as shown in Equation (20).

σ𝑒𝑞, 𝑟𝑚𝑠= 03609𝐺𝑟𝑚𝑠 (20)
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Figure 4 𝜎 𝑒𝑞, 𝑟𝑚𝑠—𝐺𝑟𝑚𝑠relationship

Table 3 givesthe average zero-crossings𝑁(𝜎 𝑒𝑞)and 𝑁(𝑍0̈ )respectively for von Mises
0 0

equivalent stress at the specified point and for the acceleration excitation to the beam. There is a rela-
tionship of the total zero-crossings in Equation (21) for von Mises equivalent stress and the accelera-
tion excitation�

𝑁(𝜎 𝑒𝑞)= 04491𝑁(𝑍0̈ ) (21)

Table 3 Averagezero-crossings 𝑁(𝜎 𝑒𝑞)and  𝑁(𝑍0̈ )
  

Excitation 
level 𝑁(𝜎 𝑒𝑞) 𝑁(𝑍0̈ ) 

1 118�81 264�58
2 118�81 264�58

3 118�81 264�58
4 118�81 264�58
5 118�81 264�58

If the stress-life curve based on von Mises equivalent stress at the specified point has the form in 
Equations (14) or (15), by taken the Equations (20) and (21) into consideration, the acceleration 

RMS-life curve based on the acceleration excitation to the beam should have the form in Equation 
(18) or (19), respectively. It leads to the validation of the equivalence between the acceleration 

RMS-life curve and the stress-life curve.
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6. Conclusions

This paper gives the certification and validation of the equivalence between the acceleration RMS-
life curve and the stress-life curve. First, the response acceleration PSD , 𝑆�̈�(𝜔) -, strain PSD , 𝑆𝜖(𝜔) -, 
stress PSD , 𝑆𝜎 (𝜔) - and von Mises equivalent stress at a specified point are obtained when excited by 
uniaxial random vibration to component or product. Then, the equivalence between the acceleration 
RMS-life curve based on the acceleration excitation to the component or product and the stress-
life curve based on von Mises equivalent stress at a specified point within component or product is 
certificated. A cantilever beam with notch and mass block is analysed to validate theequivalence.
Because of the equivalence, one can use the acceleration RMS-life curve to replace the stress-life 
curve for accelerated random vibration testing of product or packaged product.
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Emergency braking and Stability testing, Response Analysis
Manuel García-Romeu Martínez PhD*1, Enrique de la Cruz Navarro MSc1 1 Safe Load Testing 

Technologies, Paterna 46980, Spain

Abstract: This paper shows how to undertake in the lab accurate stability tests for unit 
loads. The number of standard stability tests, procedures and regulations including 
stability requirements for load units are growing in order to increase safety on road and 
optimize packaging costs. Tests and regulations for unit load stability due to braking 
and lateral forces usually defines only the “steady acceleration”, some other tests define 
the “dwell” test duration and a small group define the “jerk” time to reach the steady 
acceleration. The horizontal natural frequency of the unit load it is determinant for the 
response level of this unit load subjected to that pulses.
According to the literature the horizontal natural frequency responses of palletized 
loads are typically bigger than 1,5 Hz. This document shows the frequency relationship 
between the real transport braking and stability testing methods by using the response 
spectrum (RS) tool analysis. The analyzed tests are the horizontal impact test, the 
dynamic dwell test and the dynamic dwell with jerk control test. The target is to define 
the requirements for an acceleration pulse able to produce the real braking intensity for 
all the range of horizontal natural frequency of common loads. In the paper has been 
demonstrated that a maximum of 200 ms time jerk duration to get the steady acceler-
ation following by a minimum of 300ms time dwell duration of a trapezoidal pulse it 
is required to get exactly the same response as produced in a real emergency braking 
for unit loads of horizontal natural frequency greater than 1,2 Hz. About inclined or 
horizontal impact tests, as they are habitual half-sine pulses of around 10ms or 15 ms 
duration between 0,9 and 2,6 m/s of total velocity change, it has been demonstrated 
that the difference of horizontal response of a unit load subjected to that shocks with 
respect a real emergency braking response with equivalent total change velocity, 
starts to increase from 0,6 Hz horizontal natural frequency of the unit load, reaching a 
398% difference for unit loads of 2,8 Hz and 1786% difference for unit loads of 9 Hz, 
not being these short duration impacts able to simulate the response of an emergency 
braking. Only horizontal impact tests with half-sine pulses of at least 680 ms duration 
and same steady acceleration of a real emergency braking can reduce the difference of 
response. For example, for a natural frequency of the unit load of 2,8 Hz the difference 
in response drops to less than 12%

Keywords: Jerk, Shock response spectra, SRS, ARS, DRS, real testing, truck braking, 
load stability test, horizontal acceleration, impact test, emergency braking

1 Introduction

The load unit stability depends on the unit rigidity and the transport hazards, all distribution cycle long. 
Several international institutions like standardization organisms and governments, try to classify and 
regulate the load stability nowadays. ISO, ASTM, EUMOS standards or ISTA procedures stability test 
“are intended to determine the ability of a package or product to withstand laboratory simulated hori-
zontal impact forces” [1]. Obviously, the load stability has a monetary impact when the stability fails, 
but more relevant is the lives lost that accidents can produce too. Road traffic accidents in the Member 
States of the European Union claim about 25.600 lives and leave more than 1,4 million people injured 
in 2016 [2]. In Europe between 25 and 45% of the accidents in cargo transportation are related to unse-
cure loads in commercial vehicles. In USA for unsecured loads, more than 25000 accidents each year 
are caused, resulting in 100 deaths every year. In order to improve safety

*Correspondenceto:ManuelGarcía-RomeuMartínez,SafeLoadTestingTechnologies,CharlesRobertDrawingn20,despacho13Paterna
46980, Spain. E-mail: manuel.garcia-romeu@safeloadtesting.com
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at road, some governments, like Australia, New Zealand, Canada and U.S. have laws which sets out 
Performance Standards for load restraint. 80% of the weight of the load forwards (braking), 100% in 
New Zealand’s case, and half the weight for the other directions [2-5]. The European Union includes 
EUMOS 40509 as testing procedure for evaluating the stability at its directive 2014/47/EU [6]. New 
Zealander, American, Canadian and Australian rules defines the strength, but not the testing procedure. 
EUMOS [7] defines 300 ms trapezoidal pulse with a 50 ms “jerk duration” as testing procedure and 
adds a validation criterium. The dynamic response is a property of the studied unit load and it changes 
when other unit load is studied, then the question is, which is the proper testing method which Works 
for all the transportedunit loads, or at least the most common ones? Let’s consider an object, which 
breaks with awell-known limit force. If a 2/3 parts of the limit force is applied on the object the first 
thought is the object holds without break. Let’s consider now the same applied force is a pulse whose 
duration correspond at the object natural frequency and the object presents a very low damping coeffi-
cient. As the pulse duration match the natural frequency of the object, the response of the object will be 
amplified, and the object could break. Reviewing research literature for searching natural frequencies 
of unit loads, palletized loads of carboard boxes with stretch hooding, stretch wrap, strapping or stretch 
netting have a natural frequency around 7-11 Hz [8], for rubber granulates the natural frequency is 
more than 4 Hz [8], for sands the natural frequency is around 20 Hz [9], for deposits of liquids [9] that 
are more than 80% full the natural frequency is more than 1,9 Hz, for deposits of liquids that are half 
full the natural frequency is more than 1,7 Hz. Lower natural frequency could be found for deposits of 
liquids that are emptier, but this worst scenario is unreal in the transportation field. In this unreal case 
if the deposit of liquid is only full at 15% of its capacity the natural frequency drops to 1,5 Hz [10]. So 
the load unit is sensible to its natural frequency and we could say that habitual unit loads have a natural 
frequency greater than 1,2 Hz, from a conservative point of view.
A very simple classification of stresses can be done for transport distribution cycles. Static stress, typ-
ically compression creep stress, which main contribution happens at warehouses as effect of staking 
loads; and dynamic stresses, accelerations, shocks, drops and vibrations, which happen when the load 
is moving. All the dynamic stresses can be defined as pulses, and pulses bandwidth can produce a de-
formation, failure or a break if the natural frequency of the object is inside that bandwidth.
The Response Spectrum (RS) is a computational tool which defines the frequency response of
a system to a determined pulse or transient excitation and it is used extensively to compare the severity 
of different transient motions [11]. In other words, a Response Spectrum (RS) is a graphical presenta-
tion of a transient acceleration pulse’s potential to damage a structure. With this you can represent the 
maximum response of a series of Single Degree Of Freedom (SDOF) systems of same damping to a 
given transient signal. This research compares the acceleration and displacement spectrum, (ARS) and 
(DRS), for different testing procedures with the acceleration and displacement spectrum, (ARS) and 
(DRS), for a real emergency braking. The analyzed testing procedures are the nowadays main stability 
tests, like tilt static stability test, the horizontal impact test, the dynamic dwell test and the dynamic 
dwell with jerk control test.
The target is to define the requirements for an acceleration pulse able to produce the real braking in-
tensity for all the range of horizontal natural frequency of common loads (without forget that unit load 
dynamics is affected only if its natural frequency is inside the pulse bandwidth [11]).
According the values inside a table, the tilt test inclines the pallet at a certain low speed until its incli-
nation degree reach the value rated with the acceleration equivalence. Impact test produces a half-sine 
pulse by impacting the carriage against another surface. The simplest impact machines modify the 
pulse using only the initial speed and the better ones can modify
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the pulse intensity and duration with the called “impact programmers” (elastomer discs, conical 
or cylindrical lead pellets, pneumatic programmers,…)[12]. The horizontal stability test machines 
produce trapezoidal pulse with intensity, jerk, and dwell selectable, without impacting the carriage. 
Packaging industry testing are mainly used to impacts, drops, shocksof two objects impacting for 
packaging/product protection, concerning more about fragility of products than other effects as 
stability of the load due to transients on emergency braking and curves. Typically, those impacts and 
shocks are pulses or transients with the shape of half-sine or trapezoidal signal, same that happened 
with an emergency braking that can be approached to a trapezoidal shape signal pulse [13,14]. Then 
it is important to separate the product/packaging fragility issues from the unit load stability issues. 
Compression, vibrations, drops, shocks-impacts are stresses and tests for product/packaging damage 
analysis and performance, but exists a necessity in the industry to use an appropriate test for stabil-
ity performance of the unit load due to changes in the horizontal acceleration force, not related with 
impacts, that the unit load suffer during transportation.

2 Emergency braking
Real braking timing for tractor-semitrailer and vehicles has been evaluated by others [15-16] research-
ers presenting detailed brake timing information obtained from full scale instrumented testing of a 
tractor-semitrailer under various conditions of load and speed [13]. [17] shows braking as a pulse with 
a rise up time to get a steady deceleration following by this steady acceleration hold on during certain 
time till vehicle stops. Figure 1 shows the typical representation of an emergency braking, where the 
first time step, tAB, comprise the called “driver reaction time” where the driver responds and move 
his foot to the pedal; the second time step, tBC, correspond to the called “initial brake system response 
time” where the brake system reacts and start braking force at tire; the third time step, t1, is called 
“deceleration rise up time” which is the time to reach the peak deceleration; the fourth time step, t2, 
correspond to the called “time duration of the settled horizontal deceleration” also call dwell decelera-
tion time corresponding to the breaking time till vehicle stops; and sixth time step, tEF is called

a first acceleration when the movement incomes to the roundabout, next the acceleration direction 
changes and holds for longer time, and the acceleration direction changes again when the transport 
leaves the roundabout [18-19]. In those turns when truck entre in curve with a constant velocity the 
direction of the velocity vector starts to change and a lateral acceleration rises up until an steady accel-
eration called in this case “centrifugal acceleration” and it is held proportional to the radio of curvature 
of the truck path along the curve.

“release time” where brake release starts to
end of brake force. If the human reaction
time and mechanical reaction of the brake is
not considered, the effective total duration of
the brake comprises the deceleration rise up
time plus the dwell deceleration time.
Deceleration rise up time depends on the
pressure on the brake throttle and the dwell
deceleration time is a function of the steady
deceleration reached and the initial speed
when the process begins. Similar
acceleration curve it is obtained in turns or
roundabouts. It’s typical at the roundabouts, Figure 1 Emergency braking diagram
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Those acceleration curves for emergency braking, turns and roundabouts, can be approximate to a sin-
gle pulse for emergency braking and curves, and several concatenated pulses for roundabouts. Those 
pulses can be approximated according some authors to a step pulse[18,19] or a trapezoidal pulse.

3 Results and Discussion

3.1 Response Spectra analysis for transient pulses produced in a horizontal stability 
test machine

As we told at the introduction, the horizontal stability test machines produce trapezoidal pulses
with intensity acceleration, jerk, and dwell selectable, without impacting the carriage.
Focusing on emergency braking and using RS analysis, we are going to analyze firstly the
maximum response acceleration and maximum response deformation of a series of Single
Degree Of Freedom (SDOF) systems of same damping to two given transient signal, in order
to get an “equivalent envelope damaging pulse” that allow us to compare afterwards how
affects to the response of a real emergency braking pulse the change of the duration parameters
of the pulse. Those two transient are real emergency braking signal from the literature [13].
The first pulse, called e1, is an emergency braking produced by truck-semitrailer vehicle
unloaded (LLVW) at an initial speed of 60mph (98,56 km/h) and the second pulse, called e2, is
an emergency braking produced by same vehicle but fully loaded (GCW) at an initial speed of
30mph (48,28 km/h). The first pulse has a deceleration rise up time of 280ms, a dwell duration
of 5 seconds and a steady acceleration of 0,51 g, therefore it has a jerk of 1,81 g/s. The second
pulse to compare has a deceleration rise up time of 440ms, a dwell duration of 2,5 seconds and
a steady acceleration of 0,56 g, therefore it has a jerk of 1,27 g/s.
When the value of damping of a structure it is not known, engineers typically use a value of
damping for RS analysis of 0,05 (5 %). For comparison purposes of signal input the damping
value chosen does not affect to the RS analysis. Because there are some research studies about
the damping ratio of palletized loads a real damping ratio value was used in the RS analysis.
Palletized loads, for example of carboard boxes with straps have a horizontal natural frequency
around 7-11 Hz and a damping ratio between 6,2%-8,4% (0,062-0,084) [8]. The damping ratio
used then was 0,07.
Figure 2 shows the maximum acceleration and maximum relative displacement response for
those 2 real braking signals e1 the blue one and e2 the orange one, previously extracted from
literature, and the grey one is the corresponding “equivalent envelope damaging pulse”. The
black dots over the maximum response graph mark the natural frequency from some common
loads extracted also from the literature[8-10]. We called this grey pulse as “equivalent envelope
damaging pulse”, because for all the possible natural frequency of SDOF, the response is equal
or greater than the other two pulses, as we can see in the Figure 3. Although we can see around
a 32 % response difference between the response produced by the envelope signal and the
signal e1, for unit load with horizontal natural frequency of 2,8 Hz, if we traduce this percentage
to displacement response, the difference in displacement response it is only 6 mm. Even, for
unit load with horizontal natural frequency of 9 Hz, this displacement response difference falls
to 0,2 mm, therefore we could say that the “equivalent envelope damaging pulse” it is very
close to the response of the real braking signals.
Once we have the “equivalent envelope damaging pulse” of real emergency braking defined
by a deceleration rise up time of 200 ms, a dwell duration of 5 seconds and a steady acceleration
of 0,56 g, and a jerk of 2,8 g/s, we are able to analyze how affects the change of the duration
parameters of this real emergency braking pulse to the response of SDOFs.
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Figure 2 Maximum acceleration / maximum relative displacement response for real braking 
signals

than emergency braking does. Taking into account that load unit is sensible to its natural frequency 
and it is habitual that unit loads have a natural frequency greater than 1.2Hz as was shown at the 
introduction section, the pulses analysed with 300 ms dwell or longer generate exactly the same re-
sponse in the SDOfs than the real emergency braking, for horizontal natural frequencies unit loads 
bigger than 1,2 Hz. In other words, increasing the test dwell duration bigger than 300ms doesn’t 
modify the maximum response of the unit load.

In table 1 it is shown the alternative horizontal 
stability pulses obtained by changing the rise up 
time and dwell duration parameters, for a same 
steady acceleration of for example 0,5 g. The 
maximum response acceleration and maximum 
response deformation of a SOFs systems of same 
damping to those 7 transient pulses was analysed 
and compared with the real braking response. See 
Figure 4�
In order to know which transients give a biggeror 
smaller response compared with the real emer-
gency braking transient, the difference of RS de-
formation was calculated and showed inFigure
5. As we can see, a 0 difference of deformation re-
sponse correspond to same response as real emer-
gency braking pulse. When difference of deforma-
tion responses is negative, that pulses generates 
less response of the SDOfs than emergency brak-
ing does. By other hand, when difference of defor-
mation responses is positive, that pulses generates 
more response of SDOFs
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Table 1. Horizontal stability pulses obtained by changing the rise up time and dwell duration

Brake 
signal

Real 
env

1 2 3 4 5 6 7

rise up 
(ms)

200 200 200 200 200 200 50 50

dwell (ms) 5000 1000 300 200 150 100 500 300
acc (g) 0,5 0,5 0,5 0,5 0,5 0,5 0,5 0,5

jerk (g/s) 2,5 2,5 2,5 2,5 2,5 2,5 10 10

      
Figure 4 Maximum acceleration / maximum relative displacement response for horizontal pulses 1-7

Figure 5 Difference in responsefor 
horizontal pulses 1-7 versusreal

Once the unit load gets its maximum deformation
response or tertiary packaging breaks, the unit
load will not deform more or break the same twice.
Therefore, from the RS analysis results showed,
we can conclude that 300 ms dwell time parameter
in the pulse, keeping the other parameters, is
enough to get same dynamic response at the unit
load than a real emergency braking pulse.
In order to be sure a unit load is going to show the
same response from reality when it is subjected to
a horizontal acceleration test, the horizontal
acceleration test should create a transient pulse
which includes the horizontal natural frequency of
the unit load, and big enough on intensity to
produce at least the same response in the unit load.
Once the minimum dwell time of the transient
pulse for testing in the lab an emergency braking
has been obtained, we can take a closer look to the
rise up time of the transient. In table 2 it is shown
the alternative horizontal stability pulses obtained
by changing the rise up time and keeping dwell
duration parameter to 300 ms and same steady
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acceleration of 0,.5 g. The maximum response acceleration and maximum response deformationo-
faSOFssystemsofsamedampingtothosenew6transientpulseswasanalysed and compared with the real 
braking response� See Figure6�

Table 2. Horizontal stability pulses obtained by changing the rise up time duration

Brake 
signal

Real 
env

8 9 10 11 12 13

rise up 
(ms)

200 175 150 125 100 75 50

dwell (ms) 5000 300 300 300 300 300 300
acc (g) 0,5 0,5 0,5 0,5 0,5 0,5 0,5

jerk (g/s) 2,50 2,86 3,3 4,0 5,0 6,0 10,0

Figure 6 Maximum acceleration / maximum relative displacement response for horizontal pulses 
8-13

In Figure 7, we can see how reducing the rise up time 
we get different response than the real emergency 
braking pulse. The transient pulses with rise up time 
equal or smaller than 100 ms generates at least more 
response of the SDOfs than emergency braking does 
for horizontal natural frequencies unit loads bigger-
than1,2Hz.Inother words, reducing the test rise up 
time from 200 ms till 100 ms we get a bigger response 
in the unit load. In testing, engineers try to get test in 
the lab more damaging than a habitual hazard, due 
to level of hazards are very variable in intensity. Be-
cause of that, for EUMOS 40509 test that usea trap-
ezoidal transient pulse[7] with a dwell time of 300 
ms and rise up time of 50 ms, we can deduct that it is 
stablished in that standard in that way in order to be 
more demanding for safety issues.

Figure 7 Difference in response for horizontal pulses 
8-13 versus real braking signals
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3.2 Response Spectra analysis for transient pulses produced in a horizontal impact test 
machine

As we told at the introduction, the basic impact horizontal or inclined machines modify the pulse in-
tensity using only the speed during impact producing half-sines of short duration when the carriage 
impact a big mass. Other impact machines are improved with a “impact programmer” and can modify 
the pulse intensity and duration at same time, producing also half-sines pulses and more advanced 
“impact programmers ”also producing trapezoidal pulses. In this section we want to analyze if defor-
mation response produced in unit loads by an emergency braking can be reproduced with horizontal 
impact machines. Then we need to separate the product/packaging fragility issues that happened in 
the distribution cycle that this machines reproduced very well from the unit load stability issues that 
are completely different. The horizontal impact pulse that we are going to use for the analysis is the 
stablished at ISTA 3B-3E-6A (half-sine 1,2 m/s total change velocity, 10 ms duration). We are going to 
compare first the response of this half-sine impact pulse of 10 ms duration with the horizontal acceler-
ation pulse previously analyzed that got exactly same response in the lab as a real emergency braking.

horizontal natural frequency of 0,6 Hz and 1,2 Hz respectively. This difference in response increa-
severyfastandreacha398%ofdifferenceresponseforunitloadswith2,8Hzandreach 1786% response dif-
ference for unit loads with 9 Hz of horizontal natural frequency. For unit loads with horizontal natural 
frequency of 20Hz this difference of response reaches a value of 4192%. For example, talking about 
maximum response displacement, the 398% of difference at unit loads with horizontal natural frequen-
cy of 2,8 Hz, correspond with 20 mm of displacement due to response produce by emergency braking 
transient and correspond to 100 mm of displacement due to response produced by its corresponding 
horizontal impact pulse. From this analysis we can concluded that those short impact pulses produced 
during this horizontal impact tests are notable to reproduce the response of an emergency braking. But 
of course, it should exist an equivalent horizontal shock pulse that reproduce closer the response of a 
braking transient. This it is that we are going to try to get in the following analysis.

Figure 8 Short duration half-sine pulses vs 
emergency braking pulses

This emergency braking pulse is defined bya 
deceleration rise up time of 200 ms, a dwell du-
ration of 300 ms and a steady acceleration lev-
el and jerk corresponding to same total change 
velocity from the half-sine impact pulse. We are 
going to do the comparison varying the total 
change velocity from 0,9m/s till2,6m/s. In table 
3 and Figure8 it is shown the 14-22 half-sine im-
pact pulses to compare with it corresponding 23-
31 emergency brakingpulses.
The maximum response acceleration and max-
imum response deformation of a SOFs systems 
of same damping to those 9 transient pulses were 
analysed and compared one by onewiththeother-
9realbrakingresponses.In Figure 9, we can see 
how different the responses are for this short du-
ration impacts compare with the real braking re-
sponses. A 10% or 57% of difference in response 
will present the unit loads with very low
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Table 3. Half-sine impact pulses of 10 ms versus horizontal brake transients

Half-SineShockPulse Horizontal Acceleration BrakeTransient

Sig-
nal

Shock 
dura-
tion 
(ms)

Total 
Change V 

(m/s)

Peak 
Accel 

(g)
Sig-
nal

Rise up 
(ms)

Dwell 
(ms)

Total 
Change V 

(m/s)

Equivalent 
Steady 

Accel (g)

Jerk 
(g/s)

14 10 0,9 14,41 23 200 300 0,9 0,23 1,15
15 10 1,2 19,21 24 200 300 1,2 0,31 1,53
16 10 1,4 22,41 25 200 300 1,4 0,36 1,78
17 10 1,6 25,62 26 200 300 1,6 0,41 2,04
18 10 1,8 28,82 27 200 300 1,8 0,46 2,29
19 10 2,0 32,02 28 200 300 2,0 0,51 2,55
20 10 2,2 35,22 29 200 300 2,2 0,56 2,80
21 10 2,4 38,42 30 200 300 2,4 0,61 3,06
22 10 2,6 41,63 31 200 300 2,6 0,66 3,31

    
Figure 9 Maximum acceleration / Difference response for short duration impact pulses 14-22

As we said before, now we are going to try to 
get half-sine horizontal impacts pulses that re-
produce closer the response of the emergency 
braking. For that we are going to do the com-
parison choosing the half-sine duration pulses 
that gives the same total change velocity of the 
emergency braking pulse defined by a decelera-
tion rise up time of 200 ms, a dwell duration of 
300 ms and changing steady acceleration level 
from 0,2 g up to 1 g. In table 4 and Figure 10 
it is shown the 32-40 half-sine impact pulses to 
compare with the respectively 41-49 emergen-
cy braking pulse.

Figure 10 Long duration half-sine pulses vs 
emergency braking pulses
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Table 4. Half-sine impact pulses of 628 ms versus horizontal brake transients

Half-SineShockPulse Horizontal Acceleration BrakeTransient

Sig-
nal

Shock 
dura-
tion 
(ms)

Total 
Change V 

(m/s)

Peak 
Accel 

(g)
Signal

Rise up 
(ms)

Dwell 
(ms)

Total 
Change 
V (m/s)

Equivalent 
Steady Accel 

(g)

Jerk 
(g/s)

32 628 0,78 0,2 41 200 300 0,78 0,2 1,0
33 628 1,18 0,3 42 200 300 1,18 0,3 1,5
34 628 1,57 0,4 43 200 300 1,57 0,4 2,0
35 628 1,96 0,5 44 200 300 1,96 0,5 2,5
36 628 2,35 0,6 45 200 300 2,35 0,6 3,0
37 628 2,75 0,7 46 200 300 2,75 0,7 3,5
38 628 3,14 0,8 47 200 300 3,14 0,8 4,0
39 628 3,53 0,9 48 200 300 3,53 0,9 4,5
40 628 3,92 1,0 49 200 300 3,92 1,0 5,0

The maximum response acceleration and maximum response deformation of a SOFs systems of same 
damping to those 9 transient pulses was analysed and compared one by one with the real braking 
response. In Figure 11 we can see for all the signals of 628 ms that now the difference in response is 
between 4% and -14% for all of the SDOfs, and much lower than before analysis. For example, talking 
about maximum response displacement, for unit loads with horizontal natural frequency of 2,8 Hz, 
correspond with 31 mm of displacement due to response produce by emergency braking transient and 
correspond to 27 mm of displacement due to response produced by its corresponding horizontal im-
pact pulse. The 80 mm difference respect the response obtained with short duration horizontal impacts 
for this particular unit load of 2,8 Hz, has been reduced to a difference of 4 mm response obtained 
with long duration horizontal impacts. Then from this results we can deduct that if we want in the lab 
to get a very close response to a real emergency braking using horizontal impact machines, we need 
to produce during impact a long duration half-sine pulse of same total velocity change that the real 
emergency braking where peak acceleration match the steady acceleration, obtaining a half-sine shock 
duration pulse of 628 ms.

       
Figure 11 Maximum acceleration / Difference response for short duration impact pulses 32-40
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4 Conclusion

Maximum response acceleration and maximum response deformation of a series of Single
Degree Of Freedom (SDOF) systems of same damping to several transient signals based on half-sine 
horizontal impacts and based on emergency braking accelerations (rise up time + dwell) was computed 
and analyzed. Taking into account that load unit is sensible to its natural frequency and it is habitual 
that unit loads have a natural frequency greater than 1,2 Hz as was shown at the introduction section, 
the results from RS analysis demonstrate that 300 ms dwell time parameter in the horizontal acceler-
ation pulse with same steady acceleration and rise up time of 200 ms or “jerk” than the real braking 
signal, is enough to get same dynamic response at the unit load than a real emergency braking pulse 
for unit loads with a horizontal natural frequency bigger than 1,2 Hz. So, undertake the same dwell 
time of a real emergency braking is not necessary to get the same dynamic response on the unit load.
Results also showed that transient acceleration pulses with rise up time equal or smaller than
100 ms generates at least more response of the SDOfs than emergency braking does for horizontal 
natural frequencies unit loads bigger than 1,2 Hz. In other words, reducing the test rise up time from 
200ms till 100 ms we get a bigger response in the unit load. In testing, engineers try to get test in the 
lab more damaging than a habitual hazard, due to level of hazards are very variable in intensity. This 
is that EUMOS 40509 test does using a trapezoidal transient pulse with a dwell time of 300 ms and 
reducing the rise up time of the test to 50 ms, in order to be more demanding for safety issues.
About the half-sine horizontal impacts defined by ISTA 3B-3E-6A (half-sine 1,2 m/s total change ve-
locity, 10 ms duration), the results of RS analysis demonstrate that those short impact pulses produced 
during this horizontal impact tests are not able to reproduce the response of an emergency braking, be-
cause they present a big difference in displacement response at the unitload. Nevertheless, if we want 
in the lab to get a very close response to a real emergency braking using horizontal impact machines, 
it has been demonstrated by results that we need toproduce during impact a long duration half-sine 
pulse of same total velocity change that the real emergency braking where peak acceleration match the 
steady acceleration. The half-sine shock duration pulse in this case should be 628 ms. Then “impact 
programmers” have to be used to set the low intensity pulse acceleration and long duration pulse.
Then from results, we could conclude that the acceleration profile which produces exactly same dy-
namic response in the unit load as a real emergency braking signal does, and can be used to analysed 
the stability of unit loads in the lab, is a horizontal acceleration defined by a 200 ms rise up time fol-
lowing by a 300 ms dwell time of steady acceleration, which can be done by horizontal acceleration 
machines that controls “jerk acceleration” and steady acceleration dwell duration without impacting 
the load against any surface. For a steady acceleration of 0,5 g the “jerk” acceleration will be 2,5 g/s. 
But if we want to define a stability test more damaging for safety issues it can be done reducing the rise 
up time and keeping the steady acceleration, same as increasing the “jerk” acceleration of the profile. 
For the same steady acceleration of 0,5 g if rise up time is reduced 4 times, the “jerk” acceleration will 
be 10 g/s like the used at EUMOS
40509 for 0,5 g.
Due to limitation of the length of the publication the complete investigation has not been able to 
present in this paper. Results and conclusions for response spectrum and other issues about tilting test 
stability, roundabouts and curve driving, and horizontal natural frequency evaluation of palletized 
common unit loads, will be presented in another paper coming soon.
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International Safe Transit Association’s Distribution

Environment Data Collection Program

Brian O’Banion, ISTA Vice President of Research & Education IAPRI Symposium, June 2019
University of Twente, The Netherlands

Abstract: The International Safe Transit Association’s (ISTA’s) mission to empower the 
people and organizations affecting packaging to minimize product damage throughout 
distribution and optimize resource usage through effective package design continues to be 
greatly influenced by packaged-product performance testing. As part of our strategic plan to 
deliver on this mission, ISTA is developing a new “Distribution Environment Data Collection 
Program” with the primary goal of expanding our distribution environment data resources.
ISTA will use the “Distribution Environment Data Collection Program” to expand our 
distribution environment data resources. This data will then be leveraged to improve current 
testing protocols, add new testing protocols, and create a world-class data repository that can 
be leveraged by ISTA, and its members, to better model distribution locally, nationally, and 
internationally.
Through both directly-funded research and industry collaboration, we will obtain 
atmospheric,vibration, storage and handling data that meets our established data collection 
standards for five prioritized global distributionroutes.

This data will then be developed and implemented into ISTA test procedures as deemed 
appropriate by the ISTA Testing Council and Technical Division Board.

This approach will yield data that can then be segmented to model global distribution routes. 
It is also intended to serve as a starting point and not an end goal. We are also interested in 
working with members of the community who own data for routes outside of these identified 
target areas and have interest in sharing and building the ISTA data repository. This will 
ultimately serve to improve testing and package design globally.

Introduction
The International Safe Transit Association (ISTA) is a trade association that provides the tools needed 
to ensure packaged-products survive the risky and hazardous global distribution market.
ISTA’s vision is to be the leading inspiration and resource for improving our world through transport 
packaging globally. Packaging enables commerce economies at a micro and macro level, it prevents 
food waste, it enables healthcare, it prevents disease, it allows us to get food and medicine to popula-
tions in critical need, and on and on. But, society and even business doesn’t always view packaging in 
that light. Packaging is often times characterized as a villain, “garbage”, an added cost. So packaging 
needs inspirational voices and it needs champions. Part of our vision is to inspire and project the value 
of packaging and how it improves our world.
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ISTA’s mission is to empower the people and organizations affecting packaging to minimize product 
damage throughout distribution and optimize resource usage through effective package design. ISTA 
helps members control costs, damage, and resources during the distribution of packaged-products by

• Creating and publishing packaged-product test procedures.
• Certifying packaging laboratories, packaged-products and professionals.
• Providing education, training, and support.

To provide a sense of scale, ISTA’s membership consists of over 1,000 companies from over 40 coun-
tries. We certify over 500 testing laboratories globally and are an ANSI-accredited standards developer 
with 22 active standards. These standards can be found in our publication, “Testing Standards and 
Procedures” for packaged product distribution.

These test procedures include non-simulation screening tests, general simulation testing that is more 
predictive and enhanced simulation testing using current data, customized to a user.

Objective
ISTA’s mission continues to be greatly influenced by packaged-product performance testing. As part 
of our strategic plan to deliver on this mission, ISTA has developed a new “Distribution Environment 
Data Collection Program” with the primary goal of expanding our distribution environment data re-
sources. ISTA will use the Distribution Environment Data Collection Program to expand our distribu-
tion environment data resources. This data will then be leveraged to improve current testing protocols, 
add new testing protocols, and create a world-class data repository that can be leveraged by ISTA, and 
its members, to better model distribution locally, nationally, and internationally.

Approach
Through both directly- funded research and industry collaboration, we’ve set a goal to obtain atmo-
spheric, vibration, storage, and handling data that meets our established Data Collection Standardsfor 
five prioritized global distribution routes. This data will then be developed and implemented into ISTA 
test procedures as deemed appropriate by the ISTA Testing Council and Technical DivisionBoard.

Based on research using trade data from the World Bank and others, ISTA’s Technical Division Board
decided upon the following approach:
• Gather data for the ocean route of Asia to the EU (Shanghai to Rotterdam). This data can 

then be adjusted to scale for various ocean transport distances.

• Gather data for two of the top global ports ranging across locations of interest, such as 
Shanghai and Rotterdam. This data collection effort will determine if there are substantive 
handling differences at the various ports or if all major ports can reasonably be modeled the 
same.
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• Collect data for the top five inter-regional land routes of interest for which data is cur-
rently deemed to benon-representative:

1. China (within and between Shanghai andGuangzhou)
2. India (within and between Kandla and NewDelhi)
3. European Union (within and between Rotterdam andBerlin)
4. Mexico (within and between Veracruz and MexicoCity)
5. Japan (within and between Tokyo andOsaka)

• As a first pilot phase, we will focus on data collection for a landroute.

This approach will yield data that can then be segmented to model global distribution routes and drive 
further development of ISTA test protocols and allow development of user-specific test plans through 
Packsight.

This effort is also intended to serve as a starting point and not an end goal. We are also interested in 
working with members of the community who own data for routes outside of these identified target 
areas and have interest in sharing and building the ISTA data repository. This will ultimately serve to 
improve testing and package design globally.

Methods
As previously mentioned, the data will be collected through both directly-funded research and industry 
collaboration. We encourage members of IAPRI to participate in this phase, as we will actively solicit 
bids to perform the field data collection and analysis. Researchers interested in submitting
proposals for Distribution Environment Data Collection Project RFPs should contact ISTA directly to 
note their interest. All RFPs will be sent directly to any researcher with noted interest at the time of 
publishing.

Directly-Funded Research: The general process is ISTA will develop and issue a RFP describing the 
scope of work and deliverables, soliciting interested researchers to bid on the project. After receipt of 
the proposals, ISTA will evaluate them and select a research partner. Part of this evaluation is helping 
us connect with the right kinds of companies that will allow us access to measure their distribution 
system. The research partner will work with these companies to collect the field data. Once the data 
has been collected, the researcher will process the data, providing both raw data and summaries, e.g. 
PSDs for vibration data, as well as the other deliverables.

Industry Collaboration: ISTA encourages researchers and companies to share their distribution haz-
ard data with ISTA to expand ISTA’s dataset. This additional data will improve the quality of ISTA’s 
test procedures to reduce product damage and improve sustainability. Interested parties with data for 
these targeted ocean, port or land routes can share their data with ISTA, assuming the data meets IS-
TA’s data collection requirements as defined in the ISTA Data Collection Standards�
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We are also interested in working with members of the community who own data for routes 
outside of these identified target areas and have interest in sharing and building the ISTA data 
repository. This will ultimately serve to improve testing and package design globally. The 
data we are seeking includes:
• Shock, Vibration, Atmospheric (temperature &Rh)
• Modes
• Route
• Type of Vehicles (Air, Rail, Truck,etc…)
• Suspension and otherdetails
• Time ofYear
• Instrumentation & CalibrationDetails
• Mounting Information

Online data submission is possible through the Data Collection Program webpageor using these links:

VibrationData Shock/DropData AtmosphericData

Data Collection Standards: ISTA has created Data Collection Standardsand Data Analysis Guide-
lines as a way of setting expectations regarding how we wish our data to be collected and analyzed.

The Data Collection Standards were developed by subject-matter-experts and approved by the ISTA 
Technical Board in 2018. The intent is that these standards will allow ISTA to combine suitable data 
from different researchers to model custom routes. The standards provide the following guidance:

Atmospheric:
• Recording Equipment Requirements

• Calibrated Accuracy
• Range
• Sample Recording Rate
• Date & Time Stamp

• Instrument Placement
• Individual Package
• Unit Load
• Inside a Vehicle (dedicated shipment)
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Shock/Drop:
• Documentation of Project &Variables

• Instruments used/setup
• Mounting information
• Vehicle Routes, Speed,Modes
• Photos/Video

• Instrument Mounting
• Instrument Recording Setup
• Threshold Triggering Level

Vibration:
• Documentation of Project &Variables

• Instruments used/setup
• Mounting information
• Vehicle Routes, Speed,Modes
• Photos/Video

• Instrument Mounting
• Instrument Recording Setup

Data Analysis Guidelines: The Data Analysis Guidelines are under development and will be pub-
lished this summer. They have also been developed by subject-matter-experts and will approved by 
the ISTA Technical Board. As with the data collection standards, the documents provide guidance to 
the industry and create transparency of analysis methodologies. The original intent was to develop data 
analysis standards, but as the effort progressed, the team realized that data analysis was a mix of art and 
science and felt that a guidance document was more appropriate than a standard.

Research Progress
The first data collection project awarded was for India. The project goal is to collect hazard data for 
distribution from Jawaharlal Nehru port (Mumbai) to New Delhi. The project scope is as follows:
• Collect shock, vibration and atmospheric data (multiple replicates).
• 23 routes are identified.
• Modes – Truck, train, air, small parcel delivery.
• Number of Companies – 5 CPPGs, 3 Logistics.
The project started in January 2019 and data has been collected for 9 routes. We expect the data col-
lection to be completed by year-end.
Our next focus will be the European Union and we are working with our European Board to identify 
the routes of interest..

Advocate Council: One additional item of note is that ISTA also sponsors a research consortium con-
sisting of companies involved in packaging, Consumer Packaged Goods, freight, testing laboratories 
and lab equipment manufacturers. The consortium was established in 2015 and has $1.75m pledged 
to conduct research and data collection that improves testing and design methodologies to keep pace 
with the rapidly evolving global supply chain and enhance the knowledge of existing channels. This 
group also sponsors distribution environment data collection, so please notify ISTA if your research
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Conclusion

ISTA is sponsoring significant data collection efforts and is excited for this opportunity to collaborate 
with the IAPRI community to continue pushing package performance testing and design forward. You 
can contact ISTA VP of Research and Education, Brian O’Banion (bobanion@ista.org), directly with 
any questions or to note interest in participation.
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Kurtosis Response Spectrum Analysis for Anti-Vibration 
Package Design

Akira Hosoyama 

1, Kazuki Tsuda1, Shogo Horiguchi1
1 Osaka Research Institute of Industrial Science and Technology, Osaka 5941157, Japan

Abstract: In the current anti-vibration packaging design, the transport vibration is generally 
assumed to be Gaussian random vibration and the cushioning material is designed so that 
the acceleration root mean square (RMS) transmitted to a product is low. However, transport 
vibration is often non-Gaussian random vibration; therefore, it is necessary to carry out anti-
vibration packaging design taking into consideration non-Gaussianity as well as the acceleration 
RMS of transport vibration. This study proposes a kurtosis response spectrum, which is an 
index of anti-vibration packaging design, taking the non-Gaussianity of transport vibration 
into consideration. A kurtosis response spectrum is a plot of the kurtosis of the acceleration 
response for a series of single degree of freedom (SDOF) systems to base acceleration input, 
assuming a packaged product to be the SDOF system. The kurtosis response spectrum was 
applied to actual transportation data, and it was verified that the kurtosis of product response 
acceleration is different depending on the natural frequency of the packaged product. A 
kurtosis response spectrum is useful to clarify the effect of the natural frequency on kurtosis 
response; therefore, packaging engineers can obtain necessary information that takes non-
Gaussianity into consideration to carry out anti-vibration package design by referring to the 
kurtosis response spectrum.
Keywords: anti-vibration package design; non-Gaussian distribution; kurtosis; cushioning 
material; response spectrum

1 Introduction

In recent years, the global freight volume is increasing owing to growth of E-commerce. In addition, 
the number of transport accidents due to vibration such as rubbing and pinholes is also increasing, 
which indicates that the accuracy of anti-vibration packaging design should be improved. In a previous 
study, a method of determining the natural frequency of a packaged product, that is, the dimensions of 
the cushioning material, was proposed to minimize the product’s acceleration root mean square (RMS) 
assuming that the transport vibration follows the Gaussian distribution[1]. However, this method as-
sumes that both the transport vibration and the vibration transmitted to the product follow the Gaussian 
distribution, and did not consider non-Gaussianity characteristics. In an actual transportation, vibra-
tions including shock, occur and the kurtosis is often larger than 3[2-5]. In addition, the vibration fatigue 
damage of a product is likely to be influenced by the kurtosis[6-9]. Thus, the kurtosis as well as the 
acceleration RMS should be considered in anti-vibration packaging design.
To carry out anti-vibration packaging design considering the kurtosis of the vibration transmitted to a 
product, it is necessary to clarify the variation of the kurtosis of transport vibration when it is transmit-
ted to a product through a cushioning material. That is, the influence of the natural frequency of a pack-
aged product on the kurtosis of the vibration transmitted to a product should be clarified as the natural 
frequency of a packaged product varies depending on the bearing area and thickness of the cushioning 
material. However, previous studies[10-13] mainly focused on the nature of the cushioning material, such 
as the acceleration transmissibility, and the influence of the natural frequency of a packaged product on 
the kurtosis of the vibration transmitted to the product has not been clarified in the literature. 
This study proposes a kurtosis response spectrum, which is a plot of the kurtosis of the acceleration 
response for a series of single degree of freedom (SDOF) systems to base acceleration input, assum-
ing a packaged product to be the SDOF system. The influence of the natural frequency of a packaged 
product on the response kurtosis of the product can be verified using the kurtosis response spectrum; 
therefore, it is possible to carry out anti-vibration packaging design focusing on the response kurtosis 
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of a product. The kurtosis response spectrum was applied to actual transportation data to investigate 
different kurtosis of a product response acceleration depending on the natural frequency of the pack-
aged product. This study is unique in that it targets the non-Gaussian-based anti-vibration package 
design while the previous studies mainly focuses on the Gaussian-based anti-vibration package design.

2 Kurtosis Response Spectrum

Response spectrum analysis is a method for evaluating the response of a structure subjected to ran-
dom excitation including many frequency components such as seismic waves. Some researchers have 
proposed a shock response spectrum[14] and an RMS response spectrum[15] representing the maximum 
response and the RMS response of an SDOF system subjected to a certain waveform, respectively. The 
kurtosis response spectrum proposed in this paper is based on a similar concept, and it represents the 
kurtosis response of an SDOF system subjected to a certain waveform. Figure 1 shows a conceptual 
diagram of a kurtosis response spectrum. The horizontal axis is the natural frequency of the SDOF sys-
tem, and the vertical axis is the response kurtosis obtained for each natural frequency. The procedure 
for obtaining a kurtosis response spectrum subjected to a certain acceleration waveform is described 
below.

1. Define the damping ratio    or the      value (               ) of the SDOF system.
2. Define the natural frequency    of the SDOF system.
3. Calculate the response kurtosis     from the response acceleration      of the SDOF system subjected 
to a certain acceleration waveform    .
4. Plot the defined natural frequency and the calculated response kurtosis on a graph.
5. Repeat the above procedure for other natural frequencies and connect the plotted points.

In kurtosis response spectrum analysis, the response kurtosis of a series of SDOF systems subjected to 
a certain acceleration waveform is obtained to determine whether the response kurtosis is amplified in 
a certain natural frequency bandwidth or not.
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3 Kurtosis Response Spectrum Analysis of Packaged Product

The kurtosis response spectrum was applied to actual transportation data including impulsive wave-
form and Gaussian random vibration to determine whether the kurtosis of the product response accel-
eration is different depending on the natural frequency of the packaged product. The detailed proce-

Figure 1. Kurtosis response spectrum
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dure for calculating the kurtosis response spectrum is as follows. As shown in Figure 2, it was assumed 
that the cushioning material is placed above and below the packaged product; the product is modeled 
as a rigid body, whereas the cushioning material is modeled as a spring and damper system. In this 
SDOF system, the motion of the product is expressed as follows:

where  is the absolute displacement of the vibration table, x is the absolute displacement of the prod-
uct,  u=( x - z )  is the relative displacement, m is the rigid mass, k is the spring constant, and c is the 
damping coefficient.
Substituting                into equation (1), the following equation is obtained.

The spring constant  and the damping coefficient  can be expressed as follows:

where      is the natural frequency of the packaged product,                     is the natural angular frequency, 
and       is the damping ratio. Substituting equations (3) and (4) into equation (1), the following equation 
is obtained�

The parameters that need to be set in equation (5) are the natural frequency , the damping ratio  , and 
the input acceleration  . These parameters were set as described below, and the response accelera-
tion      and its kurtosis were calculated using the Newmark β method, which is a numerical integration 
method for solving differential equations. In the Newmark β method, the value of β is set to β = 1⁄4, 
which is an unconditionally stable value regardless of the time interval of the numerical integration. In 
addition, the time interval Δt is set to Δt = 1/20 ms, such that it is sufficiently small with respect to the 
measurement sampling frequency of 1280 Hz as Δt in the numerical integration is accompanied by a 
phase delay when the value is large.

Product

Response

Input

Cushioning material

     

m

k c

Response: x

Input: z

 
(a) Setting of the natural frequency
The natural frequency of a packaged product varies with the static stress and thickness of the cush-

ioning material. In this study, the natural frequency was assumed to be in the range of 1–100 Hz at an 
interval of 1 Hz.

(b) Setting of damping ratio
In previous studies, the damping ratios were determined as 0.08 to 0.26[10] and 0�06 to 0�29[16] for 

corrugated fiberboard cushioning material and plastic foam cushioning material, respectively. In this 
study, plastic foam cushioning material was assumed to be used as the cushioning material, and the 
damping ratio ζ of the packaged product was set to 0.1, 0.15, 0.2, and 0.25 based on the damping ratios 

Figure 2. Analytical model of packaged product
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(0.06 to 0.29) investigated in the previous study.
(c) Setting of the input acceleration
The input acceleration   was set using actual transport data and Gaussian random vibration data 

obtained as follows. 
(1) Actual transportation data
The actual transportation data was measured under the following conditions.
✓ Vehicle

A small vehicle was used, as shown in Figure 3 (vehicle type: Daihatsu Hijet, total vehicle weight: 
1380 kg, tread (front): 1305 mm, tread (rear): 1300 mm, wheelbase 2450 mm).

✓ Driving condition
As shown in Figure 4, a road bump (Figure 5) was installed on the road surface at the Osaka Research 
Institute of Osaka Prefecture. The small van drives at a speed of 20 km/h on the road surface at the site, 
and the vertical acceleration when the vehicle wheels are running on the speed bump was measured.

✓ Measurement settings
The acceleration sensor was installed at the rear end of the vehicle bed as shown in Figure 6, and the 
sampling frequency was set to 1280 Hz.
The measurement was repeated 12 times, and the vertical acceleration when the vehicle wheels ran 
on the speed bump 12 times was recorded. The measured data also includes many sections other than 
when the vehicle wheels are running on the speed bump. To extract the section when the vehicle 
wheels are running on the speed bump, the section where the acceleration RMS is over 2 m/s2 for 1 s 
(1280 points) was extracted. Figures 7 and 8 show the extracted acceleration data in the section where 
the acceleration RMS is over 2 m/s2, and its power spectral density (PSD) profile. Table 1 lists the ac-
celeration RMS and the kurtosis of the extracted data.

           
           

   

 

Figure 3. Small van Figure 4. Road 
surface

Figure 5. Bump
Figure 6� Acceleration sensor 

on the bed

Figure 7. The extracted acceleration data in the section 
where the acceleration RMS is over 2 m/s2

Figure 8. PSD profile of the extracted acceleration 
data

100 mm

28 mm

Acceleration sensor
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Table 1. RMS and kurtosis of the extracted acceleration data
Acceleration RMS (m/s2) 2�4

Kurtosis 5�1
(2) Gaussian random vibration
Gaussian random vibration data is generated by the following equation[17], based on the PSD of the 

above measured actual transport data: 

where t is the time, n is the number of data items, ∆f is the frequency resolution, φ (k) (k = 1, 2,..., n) 
is the phase, and S(k∆f) (k = 1, 2, ..., n) is the PSD. The values that need to be set in equations (6) and 
(7) are S(k∆f) and φ(k). In this study, S(k∆f) and φ(k) were set respectively to the PSD shown in Fig-
ure 8 and uniform random numbers from 0 to 2π, and Gaussian random vibration data was generated. 
Figures 9 and 10 show the generated Gaussian random vibration data and its PSD profile. Table 2 lists 
the acceleration RMS and kurtosis of the generated data.

     

  
Table 2. RMS and kurtosis of Gaussian random vibration

Acceleration RMS (m/s2) 2�4
Kurtosis 3

4 Results and Discussion

Figure 11 shows the kurtosis response spectrum of the actual transport data shown in Figure 7. It can 
be observed from the figure that the response kurtosis varies depending on the natural frequency of the 
packaged product. For example, when the natural frequency of the packaged product is in the range of 
10–30 Hz, the response kurtosis is larger than 6, whereas when the natural frequency is in the range 
of 40–100 Hz, the response kurtosis is smaller than 5. The kurtosis of the actual transport data shown 
in Figure 7 is 5.1; thus, it can be observed that the response kurtosis can be amplified or attenuated 
relative to the input kurtosis depending on the natural frequency. Figure 12 shows the kurtosis response 
spectrum of the Gaussian random vibration data shown in Figure 9. The figure shows that when the 
input is Gaussian random vibration, the response kurtosis is approximately 3 regardless of the natural 
frequency, and the response vibration follows the Gaussian random vibration.
Figures 13 and 14 show the RMS response spectrum of the actual transport data and Gaussian random 
vibration, respectively. The RMS response spectrum is calculated from the response acceleration in 
the same way as the calculation of the kurtosis response spectrum. The figures show that the RMS re-
sponse spectrum of the actual transport data and Gaussian random vibration have a similar shape and 
the response RMS is not affected by the input kurtosis.

Figure 9. Gaussian random vibration Figure 10. PSD profile of Gaussian 
random vibration
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Thus, in the case where the transport vibration is assumed to be Gaussian random vibration, it is 
effective to design the cushioning material so that the response RMS is low. On the other hand, in the 
case where the transport vibration is assumed to be non-Gaussian random vibration, it is necessary to 
carry out anti-vibration packaging design taking into consideration the response kurtosis as well as the 
response RMS. By the kurtosis response spectrum presented in this paper, it is possible to determine 
the thickness and the bearing area of the cushioning material so that both the response kurtosis and the 
response RMS are smaller. These findings cannot be obtained without a kurtosis response spectrum; 
therefore, a kurtosis response spectrum is an essential tool for anti-vibration package design taking 
into consideration the response kurtosis of the product.

    5 Conclusion

In this study, the influence of the natural frequency of a packaged product on the response kurtosis 
of the product was investigated to carry out anti-vibration packaging design taking the kurtosis of the 
vibration transmitted to the product into consideration. The findings of the study are as follows.
1. A kurtosis response spectrum was constructed, which is a plot of the kurtosis of the response accel-
eration of a series of SDOF systems subjected to a certain waveform, assuming a packaged product to 
be the SDOF system.
2. The kurtosis response spectrum was applied to actual transportation data and it was shown that the 
kurtosis of the product response acceleration is different depending on the natural frequency of the 
packaged product�
3. The thickness and bearing area of the cushioning material can be determined, avoiding the natural 
frequency bandwidth where the response kurtosis of the product becomes high by referring to the kur-
tosis response spectrum.
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Relation between Conditions of Cushioning Design and 
Resonant Frequencies of Cushion–Product System

Kazuki Tsuda1*1, Akira Hosoyama1, Shogo Horiguchi1

1 Osaka Research Institute of Industrial Science and Technology, Osaka 5941157, Japan

Abstract: We have conducted vibration tests on various packaged freights and observed that 
packaged products frequently resonate during the tests. As the current design of cushioning 
materials primarily includes the cushioning design for shocks, the damping design for 
vibration is insufficient. Resonance causes problems owing to vibration in packaged products, 
which can increase drastically. If it is possible to grasp and adjust resonant frequency at the 
cushioning design stage, then the cushioning design and damping design can be carried out 
simultaneously. This study focuses on the rigidity of cushioning materials, which changes 
according to the cushioning design. To devise measures to achieve both cushioning design 
and damping design , the relations between the resonant frequencies of a cushion–product 
system and the following conditions of the cushioning design were examined, namely, mass 
and critical acceleration of the packaged product. The findings obtained help to achieve both 
these designs.
Keywords: cushioning materials; cushioning design; damping design; resonant frequency; 
packaged freights; vibration tests

1 Introduction

Often, problems occur in packaged freights owing to vibration and shock during transportation. To 
protect the packaged products from these external forces, cushioning materials are used. Cushioning 
materials are designed based on the assumption of the occurrence of vibration and shock during trans-
portation. However, as the current design of cushioning materials primarily includes the cushioning 
design for shocks, the damping design for vibration is insufficient [1]. Therefore, problems owing to 
vibration cannot be completely prevented. Although the procedures for these designs are written in 
MIL standards [2], there are few such standards. In Japan, to evaluate damping properties, vibration 
tests [3-5] are often conducted using cushioning materials designed by the cushioning design. We have 
also conducted tests on various packaged freights and observed that the packaged products frequently 
resonate during the tests. Resonance causes problems in packaged products owing to vibration, which 
can increase drastically. If it is possible to grasp and adjust resonant frequency at the cushioning design 
stage, then the cushioning design and damping design can be achieved simultaneously. This achieve-
ment can prevent problems caused by vibration and contribute to the improvement of product quality 
during transportation. In a previous study, Godshall[6] and Park[7] examined the damping properties of 
a corrugated fiberboard for the damping design. Then, Schueneman[1] indicated the importance of the 
damping design for cushioning materials and clarified the relation between static stress and resonant 
frequency. Furthermore, to achieve both cushioning design and damping design, Zhang[8] proposed a 
method using simulation. However, reports that examine the relation of these designs in detail cannot 
be found. The present study aims to devise measures to achieve both these designs, and examine the 
relation between the conditions of the cushioning design and resonant frequency, which is critical for 
the damping design. Additionally, this study focuses on the rigidity of the cushioning materials, which 
changes according to the cushioning design. The resonant frequencies of a cushion–product system are 
calculated from the mass of the packaged product and rigidity of the cushioning material. Expanded 
polyethylene is used as the cushioning material. The rigidity range of the cushioning material 

1 *Correspondence to: Kazuki Tsuda, Osaka Research Institute of Industrial Science and Technology, Osaka 5941157, Japan. E-mail: tsuda@
tri-osaka.jp
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is designed using a cushion curve, and the resonant frequency range of the cushion–product system 
is determined. The relations between the resonant frequencies of a cushion–product system and the 
following conditions of cushioning design are examined, namely, the mass and critical acceleration of 
the packaged product. This report is mainly organized into three chapters. Chapter 1 describes a back-
ground and an objective of this study. Chapter 2 describes a calculation method and calculation results 
of resonant frequency of cushion – product system. Chapter 3 describes a conclusion of this study.

2 Calculation of resonant frequency of cushion–product system

2.1 Calculation method

2.1.1 Physical property data of cushioning materials
SUNTEC FOAM [9] manufactured by Asahi Kasei Corporation was employed as a cushioning materi-
al. The data of the cushion curve and stress–strain curve provided in the technical report [9] were used. 
Young’s modulus was calculated as approximately 0.01 (N/mm2) from the slope of the stress–strain 
curve. The damping ratio was taken from relevant literature [8, 10]. Table 1 lists the Young’s modulus and 
damping ratio of cushioning materials for each expansion ratio.
To calculate resonant frequency, the cushion curve was approximately represented by a quadratic 
curve, in which the x axis was a logarithmic axis. Eq. (1) shows the equation of the quadratic function. 
Variables a, b, and c were adjusted such that the lowest point and width of the cushion curve approxi-
mated the data provided in the technical report. Table 2 lists the values of the variables for the approx-
imate equations of each cushion curve. Fig. (1) shows an example of the cushion curves of cushioning 
materials for each thickness.

Table 1. Young’s modulus and damping ratio for each expansion ratio

Expansion ratio Young’s modulus (N/mm2) Damping ratio
Q05 2�5 0�05
Q15 2 0�05
Q25 0�8 0�05

(1)

Explanation of symbols

α: Maximum acceleration σ: Static stress
a: Variable (Value width of Y) b: Variable (X coordinate of top)
c: Variable (Y coordinate of top)

Table 2. Variable values for approximate equations of cushion curves

Expansion ratio Thickness (cm) Variable a Variable b Variable c
Q15 2 200 0�005 66
〃 3 140 0�007 45
〃 4 90 0�01 34
〃 5 80 0�012 27
〃 6 60 0�016 24
〃 8 55 0�019 17
〃 10 50 0�022 14



209

29th  IAPRI Symposium on packaging

Distribution Packaging

Figure 1. Example of cushion curves for 
each thickness

Figure 2. Cushioning design procedure 
using cushion curve

2.1.2 Calculation procedure and calculation conditions
The mass and the critical acceleration of the product were set, and the thickness and expansion ratio of 
the cushion were determined. Then, the resonant frequency of the cushion–product system was calcu-
lated. The calculation procedure was as follows:

1. The mass and critical acceleration of the product were set. The thickness and expansion ratio of the 
cushion were obtained.
2. The static stress range in which acceleration was below the critical acceleration was determined 
using the cushion curve (See Fig. 2).
3. The bearing area range of the cushion was calculated from the mass and the static stress range of the 
cushion (See Eq. (2)).
4. The spring constant range of the cushion was calculated from Young’s modulus and the area range 
(See Eq. (3)).
5. The resonant frequency range (without damping) was calculated from the mass and spring constant 
range of the cushion (See Eq. (4)). ※Eq. (4) can be expressed Eq. (5) using Eq. (2) and Eq. (3) [11, 12]�
6. The resonant frequency range (with damping) was calculated from the damping ratio and resonant 
frequency range (without damping) (See Eq. (7)). ※Ratio r in Eq. (7) was calculated beforehand using 
Eq. (6) [11, 12]�

(2)

(3)

(4)

(5)

(6)

(7)
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Explanation of symbols

A: Bearing area of cushion m: Mass of product
g: Acceleration due to gravity σ: Static stress
k: Spring constant of cushion E: Young’s modulus of cushion
t: Thickness of cushion fn: Natural frequency

Tr: Transmissibility ζ: Damping ratio
ω: Angular frequency ωn: Natural angular frequency
fd: Damped natural frequency r: Ratio of with/without damping

Next, the resonant frequency ranges of the cushion–product system were calculated while changing 
the mass of the product, critical acceleration, the thickness of the cushion, and the expansion ratio. 
Table 3 shows these calculation conditions.

Table 3. Calculation conditions
Mass of product (kg): 10, 20, 30, 40, 50 ※Each 10 kg

Critical acceleration of product (G): 30, 40, 50, 60, 70, 80 ※Each 10G
Thickness of cushion (cm): 2, 3, 4, 5, 6, 8, 10 ※Q05: 2 cm–8 cm
Expansion ratio of cushion: Q05, Q15, Q25 ※Each 10 times

2.2 Calculation results

2.2.1 Relation between mass of product and resonant frequency range
Fig. 3(a) shows the cushion curve and resonant frequency curve for the following conditions: the crit-
ical acceleration of the product is 50G, the thickness of the cushion is 5 cm, and the expansion ratio is 
Q15. Fig. 3(b) shows resonant frequency range for each mass of product, which varies from 10 to 50 
kg. According to Fig. 3(b), the resonant frequency range does not change even if mass increases. Static 
stress does not change because of constant critical acceleration. In other words, for static stress to be 
constant, the bearing area must increase in proportion to mass. The spring constant increases propor-
tionally with the bearing area. As a result, even if mass increases, the resonant frequency range does 
not change because the spring constant increases in proportion to mass.

(a) Cushion curve and resonant frequency 
curve

(b) Mass of product and resonant frequency range

※ C curve: Cushion curve, R curve: Resonant frequency curve
   Figure 3. Relation between mass of product and resonant frequency range (Expansion ratio: Q15)



211

29th  IAPRI Symposium on packaging

Distribution Packaging

2.2.2 Relation between critical acceleration of product and resonant frequency range
Fig. 4(a) shows the cushion curve and resonant frequency curve for the following conditions: the 
thickness of the cushion is 5 cm and the expansion ratio is Q15. Fig. 4(b) shows the resonant frequen-
cy range for each critical acceleration of the product, which varies from 27 (the lowest point of the 
cushion curve) to 80 G. According to Fig. 4(b), the resonant frequency range increases with the critical 
acceleration. As shown by the shape of the cushion curve, the static stress range expands in proportion 
to the critical acceleration. The bearing area range increases with the static stress range. Consequently, 
the spring constant range expands. As a result, the resonant frequency range expands.

(a) Cushion curve and resonant frequency 
curve

(b) Critical acceleration of product and 
resonant 

frequency range

Figure 4. Relation between critical acceleration of product and resonant frequency range 

(Expansion ratio: Q15)

3 Conclusion

To devise measures to achieve both cushioning design and damping design, the relations between the 
resonant frequency range of a cushion–product system and the following conditions of the cushioning 
design were examined, namely, the mass and critical acceleration of the packaged product. The follow-
ing conclusions were obtained:
(1) Even if the mass of the product increases, the resonant frequency range of the system does not 
change.
(2) The resonant frequency range of the system increases with the critical acceleration of the product.

Based on these conclusions, we can estimate how the resonant frequency changes due to the mass and 
critical acceleration of packaged products. Such estimations help to achieve both cushioning design 
and damping design. However, as the rigidity range of the cushioning material is determined based on 
the critical acceleration and cushion curve, the resonant frequency range which can change is limited. 
Therefore, the surface improvement of the cushioning materials is required. In future work, we will 
investigate measures to further extend the resonant frequency range that can change.
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Response performance of semi-rigid stacked plastic drum units 
along shock impulses

Bence Molnár1, Antal Bakonyi1, S. Paul Singh2 and Péter Böröcz1 1 Széchenyi István University, 
Győr, Hungary

2 Michigan State University, East Lansing 48824, USA

Abstract: Stacked packaging unit is one of the main forms of distribution packaging of 
products, but its dynamic performance is not perfectly understood. This study focuses on the 
response acceleration level and attenuation phase of semi-rigid plastic drums in threelayer 
stacked unit occur input shock impulse on vibration table. The dynamic behavior of unit is 
investigated along the variables such as filling height, input citation level (in G’s), and with 
constraint of ratchet strap, and without ratchet strap. The research conducted shock impulses 
at the measurements to observe the force amplification by different layers and to present a 
possible relationship with parameter estimation of changes along the peak accelerations and 
in attenuation phase. The magnitude of half sine shock impulses were 0.5G, 1.0G, 1.5G, 2.0G 
and 2.5G with a duration of 6 milliseconds. The damping factor was in general between 0.2 and 
0.7 depending on magnitude of impulse and existence of ratchet strap. The acceleration levels 
naturally became more severe with the increase of input acceleration level, but in each case 
lower peak acceleration was detected from the bottom layer to the top layer. The attenuation 
phase of drums was well evaluable when the semi-rigid drum was half filled, and could not be 
clearly examined when it was total filled due to the high frequency components of response in 
the out of phase motion. In total, the acceleration levels of layers are significantly influenced 
by both input magnitude level and filling level, furthermore the semi-rigid material played 
damping role in the aspect of stacked unit..

Keywords: dynamic performance; stacked packaging units; semi-rigid packaging; shock

1 Introduction

The stacked packaging units are the main form of the transportation. Various intensity of impacts 
occurs in the different layer of the stacked packaging, although thy stacked packaging system is im-
pacted by the load surface. Therefore, many of the previous studies focus on the field measurement 
of the vibration and shock properties of different distribution systems. They measured the accelera-
tions with a data recorder on the load surface of the different transport vehicles on various shipping 
roots. From this data, the vibration power level depends on the type of the transport vehicle [1] and 
its suspension [2], speed and thepayload, and not least the quality of the shipping route. [3] An im-
portant fact in these studies is that the measuring point is located near the load surface of the trans-
port vehicle. Therefore, they focus only on the vibration of the platform. The stacked unit’s vibration 
and shock behavior during the transportation is not fully understood. Except for the above-men-
tioned transport conditions, the motion of the various layers depend on many circumstances, as the 
packaging material, the type of the packaging, the weight of the packaging and the filling level of the 
packaging. Some of the researchers showed the behavior of stacked packaging unit under vibration. 
The frequency response and the transmissibility characteristic of top loaded corrugated paperboard 
containers was investigated and identified the resonance of containers a 8.4-18.2Hz by Godshall. 
[4] Wang researched vibration behavior of stacked corrugated paper boxes during sine and random 
excited vibration simulation. [5] Fang et al. investigated the statistical characteristics of maxima of 
contact force in stacked corrugated containers under random vibration. [6] The previous two studies 
focus on the differences of motion of the stacked corrugated boxes in unit load under vibration sim
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ulation. The plastic packaging is the second most used in the distribution, therefore the investiga-
tion their stacked form behavior is important, too. This study focuses on the response acceleration 
level and attenuation phase of semi-rigid plastic drums in three-layer stacked unit occur input shock 
impulse on vibration table. The dynamic behavior of unit is investigated along the variables such as 
filling height, input citation level (in G’s), and with constraint of ratchet strap, and without ratchet 
strap. The research conducted shock impulses at the measurements to observe the force amplifica-
tion by different layers and to present a possible relationship with parameter estimation of changes 
along the peak accelerations and in attenuation phase.

2 Method

2.1 Packaging

Three layers stacked unit from polyethylene (PE) drums was used for the experiments. The capacity 
of drum was 60 liters, the diameter and the height of drum was 400 mm and 800 mm,withatareweigh-
tof4,1kg.The average thick of drum wall according to product sheet was 5 mm. For the measurements, 
the drums were filled up with polyethylene granulate, as shown in Figure1.

2.2 Testing and measuring equipment

A servo-hydraulic vibration system (Model HV-60 Vibration Test Machine, L.A.B., USA) was used 
to perform the test and to observe the behavior of unit during experiment. The vibration machine 
was controlled and the experiment data was recorded by VR9500 vibration control box and Vibra-
tionView2017 software (Vibration Research Co., USA). The acceleration data were collected by four 
accelerometers. One PCB piezoelectric accelerometer was used for input control of vibration table, 
and three other PCBs to collect the response acceleration signal from the drums. The accelerometers 
were mounted to the vertical center of the drum’s side. Figure 2 shows the stacked unit from PE plas-
tic drums on the vibration table. The first accelerometer was attached to the drum in the bottom row 
(Drum 1), the second to the middle (Drum 2), and the third to the top drum (Drum 3), respectively.
The accelerometers were fixed to the wall with double wall adhesive tape. The position of the sensor 
can also be seen on Figure 2��

   

Figure 1. Packaging used for testing (a: half filled, b: full filled)
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Figure 2. Experiment system

2.3 Shock experiment methodology

To observe the behavior of three-layers stacked unit three different variables were changed. First the 
filling rate of the drums, second the fixation method and the peak acceleration of shock pulse, respec-
tively.

At the first experiment the drums were filled up to half of its full capacity, in this case each drum’s 
weight was 32.5 kg, and then at the second experiment the drums were almost full (99%) with a weight 
of 65 kg, each. Next, the unit was placed on the table as loose load unit, and then as second round the 
unit was constrained with ratchet strap to the table. Aluminum frame was also applied to prevent the 
unit from moving or falling off from the table. Here have to be noticed that the frame was not in direct 
contact with the stacked unit. The schematic model of experiment circumstances can be seen in Figure 
3a and 3b�

Figure 3. Schematic representation of (a) the unit without fastening and (b) the unit with rope
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In each round, when they were filled up to half or total, or they were loose load or fixed to the table, 
the same shock impulse was performed. It is very important, because the shock pulse comprises three 
basic parts: velocity change, peak acceleration and shock pulse shape [7]. The test conditions were set 
as follows:

- Shock impulse shape:half-sine
- Duration of shock impulse:6ms
- The peak acceleration of impulse: 0.5G, 1G, 1.5G, 2G, and2.5G.

The response acceleration data were recorded for 1000ms long from the start of the impulses. The sam-
pling frequency was 10 000Hz using anti-aliasing low pass filter with 5000Hz. At this point the authors 
have to call the attention to that fact that the vibration system, especially when the set cargo was not 
fixed, could not properly adjust the shock signal to the given amplitude (since the load react back to 
the system). Thus, while the 3dB tolerances remained within the signal, they were not perfectly equal 
with the desired amplitude as described in the design of the measurements

Finally, the readers of this paper have to consider that semi-rigid packaging made by plastic could be 
very sensitive for climate changes when its resilient or strengthened behavior are tested. Therefore, the 
test samples were placed in a controlled atmospheric environment of 23Co and a relative humidity of 
50% for 24h.

3 Results

Figure 5-7. shows the recorded shock’s data of the layers. From this, conclusions can be drawn as to 
how the layers took over the excitation from the shaker table in time.

Figure 4 Measured shock responses of half-filled, non-fixed drums
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Figure 5 Measured shock responses of half-filled, fixed drums

Figure 6 Measured shock responses of full-filled, non-fixed drums
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Figure 7 Measured shock responses of full-filled, fixed drums
The figures show, the first maximum positive amplitude reaches the higher layers more and more 
after the excitation However, some layers not reach their maximum amplitude immediately after the 
excitation period, but later a few periods. In the case of full-filled drums, it is worthwhile to observe 
at higher amplitude excitations when the high frequency signal component begins to play a signif-
icant role in signal formation. The full-filled drums behave very peculiarly, especially in a fixed 
case. This high frequency signal starts to work at 20 milliseconds (already visible at 1G shock). 
This high frequency signal is lower intensity in the fixed case. These high-frequency signals are 
relatively damping in short time, although they have a high amplitude. That is can be observed in 
case of non-fixed, half-filled drums, where the very high frequency components are dominant in the 
signal, causing 8G acceleration on Drum 1. between about 20 and 50 milliseconds in the damping 
period. However, these high G values are only for a very short period of time, and also, they are in 
high frequency, they cannot cause deformation in the drums.
In fixed cases, both the half- and full- filled drums are not in phase with each other. In the case of 
half-filled drums, the damping period is shorter when the drums are fix to the vibration table, but the 
case of full-filled drums, this statement is not clearly established To understand the behavior of the 
stacked semi-rigid packaging, the authors investigated the first maximum peak acceleration values 
of the drums after the shock pulse, and these values delay compered to the control signal. The fol-
lowing Table 1-4. shows these data..

Table 1. Impulse amplitudes and time delays after the impulse start, fixed, half-filled stacked drums

Control Drum1 Drum2 Drum3
Im-

pulse
Amp [G] Delay 

[msec]
Amp [G] Delay 

[msec]
Amp [G] Delay 

[msec]
Amp [G] Delay 

[msec]
0.5G 0�4545 3�3 0�4161 4�7 0�3073 5�4 0�2082 8�9
1G 1�246 3�6 1�017 4�7 0�8306 6�7 0�6815 9�3

1.5G 1�545 3�7 1�288 5�3 1�014 7�2 0�9367 8�8
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2G 2�122 2�7 1�72 5�4 1�331 6 1�156 8�8
2.5G 2�675 2�7 2�228 4�5 1�55 6�7 1�466 8�9

Table 2. Impulse amplitudes and time delays after the impulse start, unfixed, half-filled stacked 
drums

Con-
trol

Drum1 Drum2 Drum3

Im-
pulse

Amp [G] Delay 
[msec]

Amp [G] Delay 
[msec]

Amp [G] Delay 
[msec]

Amp [G] Delay 
[msec]

0.5G 0�6385 3�8 0�5177 5�1 0�3856 6�6 0�4112 8�8
1G 1�291 3�2 0�9872 5�8 0�803 8�4 0�8988 9�8

1.5G 1�595 3�5 1�528 5�1 1�177 6�2 0�9867 9�8
2G 2�143 2�8 1�696 5�9 1�156 6�3 1�101 10

2.5G 3�645 3�1 2�553 6�6 1�99 7�7 2�127 9�3

Table 3. Impulse amplitudes and time delays after the impulse start, fixed, full-filled stacked drums

Con-
trol

Drum1 Drum2 Drum3

Im-
pulse

Amp [G] Delay 
[msec]

Amp [G] Delay 
[msec]

Amp [G] Delay 
[msec]

Amp [G] Delay 
[msec]

0.5G 0�5141 3�5 0�4565 5 0�2656 8 0�1031 8�7
1G 1�025 3�1 1�069 4�9 0�623 8�1 0�2111 8�7

1.5G 1�746 2�7 1�646 5�1 0�9687 8 0�3964 8�8
2G 2�162 3�1 1�945 5 1�045 8�1 0�4194 8�8

2.5G 2�866 3 2�996 5�1 1�334 7 0�6345 9
Table 4. Impulse amplitudes and time delays after the impulse start, unfixed, full-filled stacked drums

Con-
trol

Drum1 Drum2 Drum3

Im-
pulse

Amp [G] Delay 
[msec]

Amp [G] Delay 
[msec]

Amp [G] Delay 
[msec]

Amp [G] Delay 
[msec]

0.5G 0�6053 3�4 0�5141 5�8 0�3173 7�1 0�2055 9�5
1G 1�105 3�1 0�8892 5�8 0�477 8�5 0�2132 10�3

1.5G 1�633 3�2 1�438 5�1 0�637 6�7 0�3452 10�1
2G 1�979 2�8 1�728 5�2 1�006 8 0�4401 10

2.5G 2�898 3�1 2�45 5�7 1�135 8 0�5959 10�5

The data shows, the delay of the peak acceleration is not depending from the filling height
and the amplitude of the excitation, because in case of both filling height, the delay was same
when the drums fixed, or unfixed to the vibration table. In the fixed case, the delays on the
Drum 3. were between 5.2 and 6.1 milliseconds, and in case of unfixed drums, these values
were between 6.1 and 7.4 milliseconds. The timepoint of the peak accelerations on the highest
drums were almost same in every case, but these delays were not linear between the layers.
Clearly visible from the records, the measured values of peak accelerations on the drums
were not reach the acceleration of the excitation in any case. The accelerations ever
decreasing towards higher packaging layers. The data shows the damping factor depend from
the filling height of the drums. When the drums were filling in half way the damping factor
on the Drum 3. were about between 0.5 and 0.7, when the drums were filled to full of their
capacity this factor decreased to between 0.2 and 0.23. In case of half-filled, unfixed drums,
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the damping is lower than the fixed case when the excitation was 0.5 and 1 G, the difference
among of these cases were about 0.15. In any other cases, the fixing was not affected the
damping.

4 Conclusion

The results show that the first maximum positive amplitude reaches the higher layers more and more 
after the excitation. The half- and full- filled drums are not in phase with each other.
In the case of half-filled drums, the damping period is shorter when the drums are fix to the vibration 
table, but the case of full-filled drums, this statement is not clearly established. The high frequency 
signal measured in attenuation phase, where the acceleration reaches the multiple values of the original 
excitation level, but these measured high accelerations probably not cause damages on the packaging.
The delay of the measured peak acceleration of the stacked drums are not depending from the filling 
height and the amplitude of the excitation, it depends to the fixing to the vibration table. The data 
shows the damping factor depend from the filling height of the drums. The damping factor were be-
tween 0.2 and 0.7 depending on the filling height
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Biobased Biodegradable Packaging for Cold Chain 
maintenance in B2C and B2B Delivery of Temperature-

Sensitive Products

Karina Kjeldgaard-Nielsen2, Stanislav Landa*1, Alexander Bardenstein1

1 Danish Technological Institute, Gregersensvej 1, 2630 Taastrup, Denmark
2 The Federation of Retail Grocers, Islands Brygge 26, 2300 Copenhagen, Denmark

Sustainable packaging solutions for cold chain maintenance in delivery of temperature-
sensitive food and medical supplies have been developed and tested within commercial B2C 
and B2B supply chains using postal services.  The solutions do not make use of EPS that 
is a conventional transport packaging material for cold-chain delivery and comprise only 
bio-based biodegradable packaging materials, for instance grafted paper and corrugated 
cardboard, biodegradable bioplastics, cellulose-fibre heat-retention lagging, and moisture 
absorbers. These packaging elements are combined to meet both the cold chain requirements 
set by the specific product application and the technical requirements, which take into account 
the delivery conditions, such as ambient temperature variations, air humidity, method of 
delivery, and human-rated factors. Particularly, for companies making the switch from EPS 
containers, it is important to look at what labelling or training will be needed on the part of 
postal service personnel to properly handle the shipping that does not have the conventional 
“cold chain” appearance. The development covered such product applications as fresh fish, 
fresh and processed meat, as well as temperature-sensitive medical sensors. The fresh fish and 
meat required retention of 0…+2 degree Celsius for 24 hours, the temperature of refrigerated 
processed meat products should be kept at +2…+5 degrees for 24 hours, and the operational 
warranty of the medical sensors is secured by maintenance of +2…+8 degrees during a 48-hour 
shipment. The results of the field tests revealed that the performance of developed solutions 
does not yield to that of EPS containers. During the tests, the temperature requirements were 
met for 30 hours for fresh fish and meat,  28 hours for processed meat product and 52 hours 
for the medicalsensors.
Keywords: sustainable packaging, cold chain, home delivery

1 Introduction

The e-Commerce landscape is changing quickly as an ever-increasing number of consumers purchase 
their groceries online. The only widespread solution for home delivery of perishable products is Ex-
panded Polystyrene (EPS) boxes with ice or similar phase-changing material. However, EPS is hotly 
debated material when it comes to recycling. The material is versatile and cheap, but costly to recycle, 
and costly to transport. Additionally, it is easy-crumbling and therefore a contributor to ocean plastic 
and micro-plastic pollution. EPS is therefore in the process of being or already banned in many US 
states and European countries. The most obvious sustainable alternative to EPS containers is corru-
gated cardboard boxes. They are both bio-based and biodegradable and suit to any existing recycling 
system. Another advantage is that corrugated boxes can be delivered as ready-to-assemble flat packs, 
thus reducing the need for transport and decreasing both the amount of fuel used and carbon dioxide 
emissions.

1 *Corresponding author, e-mail: stal@dti.dk
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2 Goal of the research

The aim of this study was to develop and field test a cardboard-based packaging for substitution of 
EPS boxes in home delivery of fresh fish that would uphold a temperature between 0 and 2°C for at 
least 24 hours.

3 Execution of the Research

A parcel with fresh fish is sent in an EPS box with a water absorbing mat in the bottom and filled with 
lamellate ice, in which the fish is placed in a plastic bag. In our biobased equivalent the outer box 
consisted of AAA corrugated cardboard. An inner biobased watertight pouch is used to contain ice. 
The space between the two is lined with extra walls of AAA flute. A commercially available Fluff Pulp 
cellulose-based water absorber was used for absorption.
Approximately 1.5 kg (3.3 lb) of lamellate ice was used, which corresponds to a home delivery of ap-
proximately 900 g (2 lb) of fish. In both laboratory and field experiments the product was substituted 
by meat-equivalent simulants with a corresponding total mass placed in the middle of the ice volume. 
Temperature loggers were placed inside one of the simulants, on top of the pouch near the ice and on 
the outside of the shipment box.
Both the standard and the biobased parcel were packaged and shipped from a B2C e-Grocery dis-
tributor 500 km away from the destination. They arrived simultaneously, though following a slightly 
different handling at the sorting facility, which was logged by the temperature sensors.

4 Results and conclusions

The acquired temperature data is summarised in Table 1. Despite variations in the ambient tempera-
ture and many hours residing in temperatures above 10°C, the core temperature of the simulants never 
rose above 2°C and never fell below 0°C. It is important to consider when comparing the results that 
handling in the postal service was different regarding temperature: the corrugated box spent 4 hours at 
10°C, while the EPS box was stored at 0°C.
Our study shows that state-of-the-art bio-based biodegradable packaging materials can facilitate im-
plementation of sustainable ‘green’ packaging for cold chain maintenance in e-commerce. The field 
test also showed the lack of regular procedure of handling corrugated cardboard cold-chainpackaging.

Table 1: Results of the comparative test of EPS and developed biobased biodegradable packaging

Packaging
Temperature of the simulants (°C/°F) Amount of ice (g/oz)

After 24 
hours

After 30 
hours

Start 
weight

End 
weight

Difference (mel-
ted)

EPS box +0.8 / 33.44 +1.3 / 34.34 1533 / 
54.1

786 / 
27.7

747 / 26.3

Bio proto-
type

+1.1 / 33.98 +1.9 / 35.42 1504 / 
53.1

577 / 
20.4

927 / 32.7

This handling of the corrugated box demonstrates a need for continued education and re-evaluation 
of packaging materials. Green technologies are evolving and it’s important these are considered and 
introduced with the correct instructions and procedures to fully reap their sustainability benefits. For 
this reason, as consumers, companies and governments strive to improve sustainability, it’s important 
to take a full life-cycle view of different packaging options to optimise environmental performance.
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Characterization of horizontal acceleration events occurring 
during transport

Kyle D. Dunno*1 and Changfeng Ge1

1 Rochester Institute of Technology, Rochester, NY, USA

Abstract:

This paper addresses a method to characterize low-level horizontal acceleration events 
occurring during the transport of packaged goods. These events, which vary in intensity and 
duration, take place several times during a single shipment as a result of vehicles accelerating, 
braking, and turning. As unit loads and package systems move through the supply chain, 
they encounter these events from being handled and transported by different vehicle types. 
These events challenge the stability of unit loads, and therefore it is important to additionally 
understand how they respond and behave as a function of these different inputs. The objective 
of this research project was to characterize horizontal acceleration events occurring during 
transport in order to produce laboratory test methods to evaluate the stability of unit loads and 
other package systems.

Two vehicle types were instrumented with a DC-response accelerometer to capture the input 
accelerations from three different events: accelerating, braking, and turning. Additionally, a 
unit load system was instrumented with a DC-response accelerometer to understand how a 
system responds to the various inputs. The data was interpreted and corresponding levels of 
acceleration and durations were reported for each vehicle and load type.

Results from this analysis were as follows:
Average recorded peak horizontal acceleration events were below 0.5G for both the fork truck 
and straight delivery truck
Uniformity was observed regarding the vehicle (input) and the unit load (response) when 
comparing the event shape and type
Input and response signatures for both vehicle and event type were developed

Through the characterization of these events, laboratory simulations could be developed to 
better understand how unit loads and other packaging systems respond to being challenged 
horizontally during transport. Further understanding of these events will lead to fewer load 
failures and a safer supply chain.

Keywords: load stability, acceleration, unit load, transport packaging

*Correspondence to: Kyle D. Dunno, Department of Packaging Science, Rochester Institute of Technology, Rochester, NY, USA. Email:kddipk@
rit�edu
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1 Introduction

Unit load systems traveling through the supply chain face a variety of transport hazards which can 
alter and affect the performance of both the package and product. Traditionally, packaging engineers 
and test laboratories have evaluated a unit load against the three most common hazards occurring in 
the supply chain
– shock, vibration, and compression. These hazards have been captured and recorded by numerous 
researchers, with outputs of their research being integrated into current test procedures used by the  
packaging industry [1] – [4]. Absent from many of the currently accepted transport package test stan-
dards is the ability to effectively challenge the horizontal response and stability of a unit load system. 
Additionally, these horizontal events need to be explored further in the field of packaging to determine 
the acceleration ranges and durations associated with load stability events.

Load stability is a growing area of concern for both manufacturers of goods and trucking companies 
transporting and hauling freight. As secondary packaging is being reduced to drive more sustainable 
solutions, the structural integrity of the unit load is being altered and potentially compromised [5]. 
With this reduction in packaging material, unit loads are inherently becoming more unstable. Because 
of this, the transport package testing industry needs a reliable laboratory method to validate and prove 
if a chosen sustainable solution for a unit load design will be successful prior to commercialization and 
introduction into the supply chain. Current methods for evaluating unit loads utilize a short duration, 
high acceleration approach to evaluate the integrity of the unit load [6]. It is unlikely these exact events 
occur during typical transport due to the nature of how vehicles decelerate and brake for turning events 
or accelerate to begin movement. More likely, the events challenging the unit loads are horizontal (lat-
eral and/or longitudinal)inputs which are low acceleration, and also long duration [7].

2 Goal of the research

The objective of this research project was to characterize a variety of low acceleration events occurring 
during various transport modes. The events observed during this study were normal and aggressive 
decelerating from a proposed cruising speed to stop and turning or traveling through a roundabout. 
The vehicle was instrumented with a DC response accelerometer capable of capturing constant low 
acceleration events. Characterization and identification of these event signatures will allow researchers 
to begin to understand the nature of how the vehicle and subsequent unit load systems respond. This 
information could prove valuable as laboratory simulation tests are developed for evaluating unit load 
stability.

3 Execution of the Research

To quantify the dynamic environment of low acceleration transport events, the transport vehicle and 
unit load were instrumented with a field data recorder having an internal DC response triaxial accel-
erometer. The two vehicles selected for this study were a fork truck and straight delivery truck. These 
two vehicles were selected as they are commonly used to move freight through the supply chain. For 
this research project, two manufacturers of field data recorders were trialed and selected to capture and 
process the events. In addition to the vehicle, for each scenario, a unit load system was instrumented 
with an additional field data recorder of the same model. To capture the fork truck events, a Slam Stick 
C field data logger was rigidly attached to the fork truck and to an instrumented test box placed on the 
top layer of the pallet (Mide Technology, Woburn, MA, USA). The data recorder selected for capturing 
the straight truck was the SAVER 3D15 (Lansmont Corporation, Monterey, CA, USA). The SAVER 
3D15 was rigidly attached to the floor of the straight truck and an additional data recorder was placed 
inside an instrumented test box as done previously with the fork truck simulation. The instrumented 
unit load was stretch wrapped to a block pallet to understand how a unit load responds to these types 
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of events. Table 1 displays the vehicle and event type evaluated. For each event type, a total of 10 rep-
licates were performed.

Table 1. Low acceleration events
Phase I – Fork Truck Phase II – Straight Delivery Truck

Normal Braking 7 mph à0 mph Normal Braking 30 mph à0 mph
Aggressive Brak-

ing
7 mph à0 mph Aggressive Brak-

ing
30 mph à0 mph

Turning 4 mph Roundabout 20 mph

4 Results and Conclusions

Fork Truck Analysis
Table 2 displays the averaged results from the fork truck simulation. Results show maximum accelera-
tions occurred during the aggressive braking scenario. The average peak acceleration for an aggressive 
braking event type was 0.23G with a duration of 2.8 seconds. Events having the longest durations were 
the turning events simulating turning the corner of a logistics warehouse aisle way. These events had 
an average duration of 3.9s with average peak accelerations of 0.19G.

Table 2. Averaged recorded vehicle deceleration events
Phase I – Fork Truck Phase II – Straight Delivery Truck

Vehi-
cle

Pallet Response Vehi-
cle

Pallet Response

Event 
Type

Accelera-
tion
(G)

Dura-
tion
(s)

Accelera-
tion
(G)

Dura-
tion
(s)

Event 
Type

Accelera-
tion
(G)

Dura-
tion
(s)

Accelera-
tion
(G)

Dura-
tion
(s)

Normal 0�16 3�8 0�17 3�9 Normal 0�23 7�65 0�29 7�79
Aggres-

sive
0�23 2�8 0�26 2�8 Aggres-

sive
0�43 4�06 0�44 4�09

Turning 0�19 3�9 0�24 3�9 Round-
about

0�37 6�54 0�38 6�87

Straight Truck Analysis
Table 2 shows the results from the straight truck simulation. Results indicated maximum accelerations 
occurred during the aggressive braking scenario. Average peak accelerations collected were 0.43G 
with a corresponding duration of 4.06s. Normal braking resulted in the event type having the longest 
duration. Normal braking events recorded an average peak acceleration of 0.23G and a corresponding 
duration of 7�65s�

For each of the vehicle types evaluated, the unit load being transported shared a similar event signa-
ture. Figure 1 displays an example of the signature created from the instrumented unit load system.

Figure 1. Example of normal and aggressive braking event from straight deliver truck analysis
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5 Recommendations

This preliminary research evaluation was designed to develop a methodology for quantifying horizon-
tal acceleration events that challenge the stability of a unit load. To further investigate these events, the 
researchers recommend the following actions:

• Evaluate different vehicles and transportmodes
• Understand the relationship between the input (vehicle) and the response (unitload)
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Abstract :
Goods transportation across the world confronts the packaging to a multitude of mechanical 
stresses�
These stresses generate different types of damages with the risk to destruct the products. All 
these stresses represent a various type of accelerometric phenomena with different effects on 
the packaging.
Main transport stress studies on packaging have focused on the damage due to the shocks, the 
shakes and vibrations. These phenomena are very short in terms of duration (shocks or shakes) 
or composed of very fast oscillations (vibrations).
In actual transport, it exists accelerometric stresses with a “long” duration. For example, when 
a truck accelerate/brakes on the road or when it passes on a roundabout, the acceleration stress 
is applied during an important duration on the goods.
This phenomenon impacts the load stability and potentially damages the products. These 
damages are generated without an on-goods shock origin.
For a few years, this type of long phenomenon has been more and more studied. In this work, 
we will see where the phenomena appear mostly and in which conditions.
We also will see how to reproduce these phenomena and if it’s possible, point of view damages, 
to reproduce the effects of these phenomena with common test tools as inclined impact tester 
or rotational flat drop.

Keywords: long duration accelerations; damages; shocks ; transport ; stability
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1 Introduction

Today, for economic and ecological reasons, it is no longer possible to use the over-quality packaging 
as the sole protection of a product.
The study of mechanical constraints in transport answers the important question: «What do I need to 
protect my product?».
For few decades, the phenomena of vibrations, shocks and even more recently the shakes have been 
much studied [1], [2].
The estimation of a damage is, for example possible in vibrations from the PSD [3]. Nevertheless, this 
estimated damage is not fully complete because the transport is composed of many other constraints.

2 Goal of the research

The objective of this work is to study a new type of constraints rarely studied at this time: Long accel-
eration phenomena.
These phenomena occur during braking, in the roundabout or during the acceleration of a truck, train 
or plane�
This constraint of acceleration cannot be directly assimilated to a vibration, a shock or a jolt.

3 Execution of the Research

A sensor is placed in a truck (Figure 1) in recording the different types of long phenomena of
acceleration�

Figure 1 : Used truck for the experiment

The different types, and their localizations are described (Figure 2).

Figure 2 : Experimetal trip

1Correspondence to: Victor HUART, METROPACK, 51100 REIMS, FRANCE. E-mail: victor.huart@met-
ropack�fr
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The recorded signal of long acceleration (Figure 3) is compared to the signal recorded using inclined 
impact tester and rotational drop on a packaging system. These stress types are usually used in stan-
dards as ASTM or ISTA [4].

Figure 3 : Exemple of long phenomenon of acceleration.

Then, the different actual data are compared to a new device type in packaging test, a horizontal accel-
eration bench test withoutshock.

4 Results and conclusions

The long phenomena of acceleration cannot be assimilated to a shock.
The duration of application of these constraints can generate important problems (loss of stability, 
mechanical fatigue, failure of the system). To simulate them, a specific acceleration bench is needed.
This bench test must generate some weak acceleration value on a long duration, more than 1000 ms.

5 Recommendations

The rest of this work will consist of using a dedicated acceleration bench to reproduce this type of 
phenomenon. The important phase will be then to quantify the damage generated by this type ofphe-
nomenon.

Thus, knowing the properties of the packaging system studied, it will be possible to determine the rate 
of damage related to these phenomena in transport.

This damage rate can be coupled with the estimate of the damage related to the other types of con-
straints in the transport.

1Correspondence to: Victor HUART, METROPACK, 51100 REIMS, FRANCE. E-mail: victor.huart@met-
ropack�fr
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Abstract: From production to detail, packaging systems undergo mechanical, physical and 
climatic constraints. There is therefore a need in testing packaging systems before any launch 
to ensure their protective performance. Warehouses, loading docks and unloading docks are 
critical to packaging systems. On the one hand, surface defects such as potholes, bumps and 
gutters on the ground of the warehouse generate phenomena to the packaging system when 
carried by a forklift. On the other hand, loading or unloading goods to or from trucks can 
lead forklift operators to quickly operate, causing phenomena to the packaging system. That 
is why protocols, such as International Safe Transit Association (ISTA) or American Society 
for Testing and Materials (ASTM), for packaging systems shipping integrate forklift handling 
course. For the purpose of this study, forklifts have been equipped with on-board data loggers 
which aim is to record accelerations in any direction. These records have been carried out 
for three typical courses: a logistic warehouse, the 3B ISTA handling course and the D4169 
ASTM handling course. The handling courses have been carried out by four different operators. 
The data thus collected have been analysed in order to determine the typical Power Spectral 
Densities (PSD) and transient events, both in horizontal and vertical, of these kinds ofcourses.

Keywords: Packaging system, Forklift handling course, Recording, Vertical acceleration 
analysis, Horizontal acceleration analysis, Vibration, Shock, Transient events
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1	Introduction

We noticed a few years ago that manufacturers often ask us about a way to simulate chaos (potholes, 
borders, riding between buildings) that forklifts encounter in logistics platform. Various industrialists 
are concerned: camper equipment manufacturers or professionals of the vegetables sector who work 
in the European largest logistics platform located in RUNGIS (suburb of PARIS, FRANCE) encounter 
product loss. Therefore, we studied protocols which can laboratory replicate those kinds of constraints. 
Those protocols are suited to verify a packaging development. However, those protocols do not permit 
to study a packaging system. Indeed, it is difficult to put sensors to verify the performance of a pack-
aging solution in comparison with another

2	Goal of the research

The goal of our research is to develop a laboratory test protocol which can accurately reproduce goods 
forklift handling constraints. This protocol will permit to simulate vertical and horizontal constraints 
on a shipping simulation table. This protocol will help the development of packaging solutions which 
certify the integrity of pallets (compressive strength, pallets stability, no shift of the layers, etc.) Work-
ing on a vibration table permits to place sensors and to carry out measurements on under-development 
packaging systems. This is hardly workable with a forklift.

3	Execution of the Research

I carried out recordings on a forklift. The sensor is placed on the forks where the pallet is  taken. The 
forklift handles a “Euro” pallet weighing 405 kg. The forklift carries out the handling course of the 
American Society for Testing and Materials (ASTM) D4169-16 level II test protocol. The study con-
cerns two different operators and two different forklifts. The study is carried out in the vertical direc-
tion and in the forklift displacement lateraldirection.

4	Results and conclusions

The analysis of the records is achieved with mathematical tools such as the Power Spectral Density 
(PSD) and the Shock Response Spectrum (SRS). We highlighted different vibrations and shocks pro-
files (respectively PSD and SRS) which enable the piloting of our SEREME vibrations table. Each 
characteristic of time and frequency signals is detailed and argued.

5	References

[1] ASTM D4169-2016 - handling course – Test method D6055.



234

29th  IAPRI Symposium on packaging

Distribution Packaging

Distribution Packaging
Papers from the peer 

review stream



235

29th  IAPRI Symposium on packaging

Distribution Packaging

Investigation of the Effect of Column Stacked Corrugated 
Boxes on Load Bridging using Partial Four-Way Stringer Class 

Wooden Pallets.

Laszlo Horvath.
 Abstract:
Pallets are the foundation of the global packaging supply chain. They provide a way to store 
and transport products in an efficient manner. The load capacity of pallets greatly depends 
on the type of packages carried by the pallet; however, current pallet design methods do not 
consider the effect of packages on the load carrying capacity of the pallet. This results in 
excessive use of materials which reduces the sustainability of unit loads, drives costs up, and 
creates potential safety issues. The objective of this study was to investigate the effect of 
corrugated box size and headspace on pallet deflection and stress distribution on the top of the 
pallet as a function of pallet stiffness across multiple pallet support conditions. 

Data analysis identified that box size had a significant effect on the deflection of the pallet. 
This effect was only significant for warehouse racking across the width and length support 
conditions. As much as a 53% reduction in pallet deflection was observed for high stiffness 
pallets supporting corrugated boxes with 25.4 mm headspace when the size was increased from 
small to large. The redistribution of vertical compression stresses towards the supports as a 
function of the increasing box size was observed. The increased concentration of compression 
stresses on top of the supports and the resulting lower pallet deflection could significantly 
increase the actual load carrying capacity of some pallet designs.

The effect of box headspace was significant in some scenarios but inconsistent thus more 
investigation with a larger sample size is recommended.

Keywords:  Pallets, Unit Loads, Pressure Distribution, Load Bridging, Corrugated 
Boxes

Paper from the peer review stream, will be published in Packaging Technology & Science
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An evaluation of distribution practices in the retail supply 
channels for CPGs in India

Jay Singh*1, P. V. Narayanan2, Koushik Saha1
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2 SIES School of Packaging & Packaging Technology Center, Navi Mumbai 400706 India

Abstract: While it leads the global retail opportunity index as the greatest underserved market 
in the world, the Indian logistics/supply chain sector has yet to even meet the requirements 
of the urban population due to challenges such as such as supply chains built on slow transit 
networks fed by poor roads, ineffective ports, non-existent warehouse standards and minimal 
distribution infrastructure. The supply chain related distribution specific activities of thirteen 
CPG manufacturers, retailers and eCommerce companies were explored through this study. 
In India, it is common for manufacturers to first ship CPGs to their own depots (warehouses) 
from where they are moved to local distributors, wholesalers or stockists who then supply 
them to the retailers and smaller stores for sale to consumers. In some cases, where the 
manufacturer does not own their own depots, it deploys “carrying and forwarding” agents 
who then supply the products to the distributors. Aside from the unique supply chain models 
adapted by the CPG industry players, there were numerous related observations noted through 
this study for the traditional and eCommerce retail sectors. With the tremendous variability 
in the primarily unorganized retail sector of India, there seems to be one primary distribution 
testing standard, Indian Standard (IS) 7028. While IS 7028 provides individual hazard element 
related test procedures, there is currently no “pre-shipment” test protocol available for the 
Indian distribution simulation. Based on the experiences through this project and interviews 
with the packaging teams at the thirteen CPG related companies in India, it is the strong 
recommendation of the authors of this study that a pre-shipment standard, accounting for the 
evolving supply chain activities, be developed for the organized retail industry inIndia.

Keywords: India, Supply chains, CPG, Distribution, Pre-shipment testing

1 Introduction

The Indian retail market is considered to be in its nascent stage, with unorganized players accounting 
for 92% of the market in 2015 [1]. The retail sector is rapidly emerging as one of the largest in the Indi-
an economy due to numerous drivers such as - income growth, urbanization, nuclearization, prolifera-
tion of smartphones, expanded reach to lower tiered cities and attitudinal shift [2]�

Consumer Packaged Goods (CPG) are often referred to as Fast Moving Consumer Goods (FMCG) in 
Asia. Items in this category include all consumables (other than groceries/pulses) people buy at regular 
intervals [3]. The most common in the list are toilet soaps, detergents, shampoos, toothpaste, shaving 
products, shoe polish, packaged food, and household accessories and extends to certain electronic 
goods. These items are meant for daily of frequent consumption and have a high return.

*Correspondence to: Jay Singh, Packaging program, Cal Poly State University, San Luis Obispo, CA 93401, USA. E-mail:jasingh@calpoly.
edu
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Infrastructure sector is a key driver for the Indian economy. The sector is highly responsible for pro-
pelling India’s overall development and enjoys intense focus from Government for  initiating policies 
that would ensure time-bound creation of world class infrastructure in the country [1]. While India has 
already taken steps to expand road & rail networks and modernizing harbors & airports, its logistics 
infrastructure still has bottlenecks as reflected in Table 1 below[4]�

Table 1: India’s Core Logistical Bottlenecks [4]

From the perspective of eventually developing representative pre-shipment test protocols, this 
study documents the currently unspecified transportation modes, storage and handling methods 
involved in the distribution of CPG, including the “last-mile”, in the conventional Indian  supply 
channels. Currently, there is tremendous lack of published research related to measurement and 
analysis of the distribution environment in India [5]. Primarily focused on CPG related traditional 
and online retail companies, this study sought out leading brand owners and retailers towards this 
documentation.

2 Objectives

This study involved mapping the supply chains of thirteen regional/international CPG companies/
retailers/eCommerce companies in India between June-October 2016. The key
objective of this study was to map and document the representative CPG related traditional and online 
retail supply chains in India with an emphasis on related logistics, including the ‘last mile’ segment. 
Documentation of transportation modes, distribution, storage/handling methods and equipment is pro-
vided in this report.
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Table 2 provides a list of the companies included in this study.

Table 2: CPG Related Companies Observed

Compa-
ny

Product/Category

1 Aditya Birla Retail Limited Retailer
2 Amazon India Ltd. B2C eCommerce
3 Cipla Inc. Pharmaceuticals
4 FieldFresh Foods Pvt. Ltd (Del Mon-

te)
Processed food

5 Future Consumer Limited Processed & non-processed food
6 Gits Food Processed food & dairy
7 Godrej Consumer Products Limited Personal & home care
8 Marico Limited Health and Beauty
9 Mondelez India Foods Private Limited Processed food
10 Parle Products Pvt. Ltd Biscuits & confectionary
11 Pidilite Industries Limited Adhesives & sealants
12 Reliance Retail Ltd. Retailer
13 Ruchi Soya Industries Pouch-packs of edible oils

3 Intended Supply Chains

As mentioned, the Indian retail market is in its nascent stage with unorganized players accounting for 
92% of the market in 2015. It is also estimated that there are over 15 million “mom-&-pop” stores. As 
a result, large companies often have to rely on dispersed supply chains to achieve a national penetra-
tion for their products. As reflected in Table 3, the general intended supply chains observed in India 
are fairly unique. While quite a few of the companies included in this study follow adapted versions 
of western supply chain models, a majority rely on adaptions of such models. It is common for man-
ufacturers to first ship CPGs to their own depots (warehouses) from where they are moved to local 
distributors, wholesalers or stockists who then supply them to the retailers and smaller stores for sale to 
consumers. In some cases, where the manufacturer does not own their own depots, it deploys “carrying 
and forwarding” agents who then supply the products to the distributors.
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Table 3: Intended Supply Chains for Companies Observed

Compa-
ny

Supply 
Chain

Aditya Birla Retail Limited Manufacturing units - plant storage hub - regional DC- DC - hyper market and
supermarket - consumer

Amazon India Ltd. Manufacturer - road (mixed consignment) or sea or air (depending on
urgency/requirement) - fulfillment center - delivery center - consumer

Cipla Inc. Manufacturing units - bonded storage - nearest national warehouse - regional
warehouse – stockist - chemist - consumer

FieldFresh Foods Pvt. Ltd 
(Del
Monte)

Manufacturing units - regional central warehouses - regional distributor
warehouses - customer warehouse/ retail shops

Future Consumer Limited Manufacturing units - in-house packaging & storage - regional DC - DC -
retailer/wholesaler - consumer

Gits Food Manufacturing units - 3rd party warehouse - distributor - retailer/wholesaler -
customer

Godrej Consumer Products
Limited

Manufacturing units - plant warehouse - regional warehouses - clearing and
forwarding agency (CFA) – distributors - retailer and wholesalers - consumer

Marico Limited Manufacturing units - filling center - warehouse - own buffer depots - fulfil-
ment
center - retail depots - retailers - consumer

Mondelez India Foods Private
Limited

Manufacturing units - storage house - depots/distributor – redistributor - retail-
ers
- consumer

Parle Products Pvt. Ltd. Manufacturing units - bondage storage area – depot – wholesalers - retailers
Pidilite Industries Limited Manufacturing units - mother plant - regional DC - wholesaler & stockist -

retailers - consumer
Reliance Retail Ltd. Manufacturing units - central hub - distribution centers - retail - consumer
Ruchi Soya Industries Manufacturing units - in-house warehouse – depots – dealers - retailers

The basic definitions of the unique supply chain players in India as mentioned in Table 3 are provided 
below:

a� Clearing & Forwarding Agency: a replacement agency for company owned depots/warehous-
es that is primarily responsible for maintaining storage (stock) of the company’s products and 
forwarding SKUs to the stockist onrequest

b� Stockist: a dealer who undertakes to maintain stocks of a specified product at or above a certain 
minimum in return for favorable buying terms granted by the manufacturer of theproduct.

c� Chemist: A retail outlet where medicinal drugs are dispensed and sold, and in which toiletries 
and other medical goods can bepurchased

d� Depot: A warehouse type facility where goods are temporarilydeposited
e� Buffer Depot: Depots that hold buffer/safety stock intended to reduce the occurrence or severity 

of stock-out situations and thus provide better line continuity and/ or customerservice
f� Retail Depot: Depots/DCs owned byretailers
g� Central Hub: A central warehouse owned by manufacturer where CPGs are consolidated for distri-

bution
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4 Field Observations

The initial consultations with key personnel from each company regarding permissions and details for 
visits to observation locations were made at their corporate offices. Figure 1 identifies a breakdown of 
the eighteen observation locations included for this study. In terms of the shipment locations observed, 
50% were outbound, 22% were inbound and 28% were both.

Figure 1: Breakdown of Observation Locations for the Study (N=18)

Using a handheld temperature & humidity data logger (Omega Engg. Inc., Model RH80), multiple 
ambient environment observations were collected at each observation location. Figure 2 provides a 
summary of temperature and humidity values observed. The overall averages for these observations 
was 26.49 ⁰C (79.68 ⁰F) & 68.42 %RH.
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Figure 2: Average Temperature and Humidity Values Observed at Various Locations

Figure 3 provides a breakdown of the secondary packaging observed for the CPGs in India. Corru-
gated fiberboard containers and trays were the primary secondary packaging observed.

Figure 3: Secondary Packaging Types Used for CPGs Observed

The total loaded weight of the trucks and containers is summarized in Figure 4. A majority (82%) of 
these “Full Truck Loads” were distributed using truck-trailers with leaf-spring suspensions. Air sus-
pension trailers (18%) were primarily deployed for sensitive CPGs such as chocolates.
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Figure 4: Total Loaded Weight (kg) in Cargo Trucks (N=16)

As observed, a majority of the shipping units loaded into containers and truck-trailers were in the 11-
20 kg weight category (Figure 5).

Figure 5: Estimated Weight (kg) of Shipping Units (N=16)

The estimated free fall drop heights per the observations for all CPGs in this study are provided in 
Figure 6 below. Approximately 79% of all estimated drop heights were between 0.91-1.68 m.



29th  IAPRI Symposium on packaging

Logistics and supply chain

Figure 6: Estimated Free Fall Drop Heights during Handling (N=17)

With a majority (70.6%) of the packages anticipated to be handled 4-7 times (Figure 7), the estimated 
majority storage time for these packages was 0-4 weeks (82%) as shown in Figure 8.

Figure 7: Anticipated Number of Handling Events During Distribution for CPGs (N=17)
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Figure 8: Estimated Storage Times for CPGs (N=17)

A majority of the CPG packages observed in this study were handled manually (53%) or using semi-au-
tomated methods (41%). Automated handling was deployed for 6% of the CPG packages.

5 Conclusions

The supply chain related activities of thirteen CPG manufacturers, retailers and eCommerce compa-
nies were explored through this study. As discussed in this report, the general intended supply chains 
observed in India are fairly unique. While quite a few of the CPG companies included in this study 
follow western supply chain models, a majority rely on adaptions of such models. It is common for 
manufacturers to first ship CPGs to their own depots (warehouses) from where they are moved to local 
distributors, wholesalers or stockists who then supply them to the retailers and smaller stores for sale to 
consumers. In some cases, where the manufacturer does not own their own depots, it deploys “carrying 
and forwarding” agents who then supply the products to the distributors.

Aside from the unique supply chain models adapted by the CPG industry players in India, there were 
numerous related observations noted through this study.

• Varying substantially in comparison with the US standard environmental conditions adapt-
ed for distribution testing, the average ambient temperature and relative humidity values 
observed were ~27 ⁰C (80 ⁰F) and ~68%respectively.

• While corrugated fiberboard shippers are commonly used in India, depending upon the 
product they may also be enveloped in shrink wrap or woven sacks.

• With only 18% of all observations accounting for it, deployment of air-ride suspen-
sion-based trucks is fairly uncommon in Indianlogistics.

• While a majority (88%) of the shipping units loaded into containers and truck-trailers 
weighed up to 20 kg, some (6%) were observed to be as high as 31-45kg

• While a majority (90%) of the estimated free fall drop heights for CPGs ranged between 
0.51-1.22 m, 68% were over 0.91 m with 10% over 1.52m.

• With a majority (~71%) of the CPG packages anticipated to be handled 4-7 times from 
manufacture to retail, the estimated majority (82%) storage time for these high demand 
products was 0-4 weeks. Due to the country’s unpredictable distribution network, many 
manufacturers and retailers maintain higher inventories than would otherwise be required 
and may store the same for over 12weeks.
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• A majority of the CPGs packages observed in this study were handled manually (53%) 
or using semi-automated methods (41%). Automated handling was restricted to 6% of al 
lobservations�

Primarily due to the tremendous demand for CPG products accompanied by logistical limitations, 
the Indian B2C eCommerce sector is increasingly adopting hyper-local delivery services through the 
deployment of services of regional and intra-city logistics players including India Post, employing the 
services of neighborhood stores and shipping directly from the merchant if the buyer is in the samere-
gion/city.

With the tremendous variability in the primarily unorganized retail sector of India, there seems to be 
one primary distribution testing standard called Indian Standard (IS) 7028. This standard varies in its 
last revision between 1987 to 2002 and seems to be commonly accepted by the Indian packaging in-
dustry. While IS 7028 provides individual hazard element related test procedures, there is currently no 
“pre-shipment” test protocol available for the Indian distribution simulation.

Based on the experiences through this project and interviews with the packaging teams at the thir-
teen CPG related companies in India, it is the strong recommendation of the author of this report 
that a pre-shipment standard, accounting for the evolving supply chain activities, be developed for 
primarily the organized retail industry in  India.  Targeting  the  unorganized retail sector towards the 
development of a “standard” procedure at the onset may not be practical and could require substantial 
resources due to the diverse distribution practices involved. As the country evolves and standardizes its 
supply chains, modern test procedures developed for the organized retail sector should become widely 
adapted by the major CPG players and will impact the unorganized retail industry sector aswell.
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Abstract: This research will share pharmaceutical challenges within the elderly community 
in relation to smart packaging, safety, e-commerce options, and reducing vulnerabilities in 
relation to cost, autonomous delivery, and disposal expectations. Pharmaceutical packaging 
safety for elders is an area that must be explored and exploited without violating the integrity 
of the industry’s ability to prevent potentially harmful or dangerous situations from occurring 
within their community. As the elderly community continues to grow, their involvement with 
e-commerce will continue to expand. Identifying technologies to enhance their experience 
from cradle-to-cradle without insulting them is critical to a healthy supply chain relationship. 
The best strategies to reduce vulnerabilities in relation to cost, autonomous delivery, and 
disposal expectations involve implementing procedures that deal with risk associated with cost-
effective solutions. The physical and logistical challenges facing pharmaceutical packaging 
are complex for the elderly community. We will share why packaging and logistics network 
flow are critical to developing, designing, and delivering packaging products that meet the 
logistical supply chain system for the elderly community.
Keywords:  Smart Packaging, Safety, E-Commerce, Vulnerabilities, Cost, Autonomous, 
Delivery, Disposal, 

1 Introduction

This paper covers a comprehensive review and recent trends in medical packaging and logistics. While 
logistics and medical packaging are advanced applied fields of business and science, they require a 
thorough understanding of utilizing the various needs of the elderly population as a whole or disabled 
soldiers or veterans whose needs have been limited or compromised to deliver and meet medical 
needs. Therefore, the functions of good packaging and a complete understanding of the logistical 
delivery process jointly provide the end user with satisfaction and ease. The intent of this paper is to 
improve the dialogue and research in bringing forward new technologies that enable such deliverables.

For the elderly and the disabled, interacting with packaging and medical devices can be a difficult task. 
Many elderly and disabled people are homebound and require assistance for a wide variety of tasks, 
however, they do not always have quick access to help, which can result in undelivered treatment and 
poor health outcomes. Packaging and devices that incorporate accessible design principles to the el-
derly and disabled while incorporating better and smarter communication and ease-of-use will be more 
usable, ultimately improving health outcomes, quality of life, and reducing health care costs associated 
with hospital visits and outpatient services.  
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2 Review of Recent Technologies and Products

There are a wide variety of technologies and devices that enhance accessibility, communication, drug 
delivery mobility. These innovations allow the elderly and the disabled to reduce their dependence on 
others, which helps improve quality of life and patient medication adherence.

A number of products have been developed to account for reduced grip strength. If an elderly or dis-
abled person is unable to open a pill bottle, for example, they will not have access to their medication. 
There are two commonly used types of pill bottle caps: a simple flip-top cap, and a screw cap with a 
child-resistant mechanism. The flip-top cap, shown in Figure 1, is the easiest to remove, and is easiest 
for people dealing with reduced grip strength, however, this cap is not child resistant. 

 
Figure 1. Pharmaceutical container with flip-top cap

There are multiple types of child-resistant caps, which generally require two dissimilar motions for 
removing the cap, for example, a twisting motion to unscrew the cap combined with a simultaneous 
push down on the cap. The trade-off between ease-of-use and keeping drugs out of reach for unin-
tended users, specifically children, traces its roots to the Poison Prevention Packaging Act of 1970, 
which requires prescription drug packaging to be “significantly difficult for children under 5 years of 
age to open”1 and “not difficult for normal adults to use properly”. To meet the requirement of this law, 
packages must pass a human performance test2 with a 20% upper bound for the percentage of children 
under the age of four that are able to open a package in two separate five-minute periods. The second 
requirement of the law is that adults also need to be able to open the package; however, the human-per-
formance tests, until 19983, only required the testing of adults aged 18-45. For the first 25 years of 
this regulation, packaging professionals placed the highest priority on making packages child-resis-
tant, which led to the exclusion of many older people and people with disabilities. The updated test 
protocol, which went into effect in 1998, included a “senior-adult panel”, which required 50% of the 
participants to be 60-70 years old. As a result, a variety of innovative packaging has been developed to 
assist people dealing with reduced hand strength. Shown below in Figure 2 is a pill bottle that requires 
a random push down while turning. While this bottle is child-resistant, it can be difficult for seniors and 
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people with disability to consistently open without help. Today, a commonly used bottle for prescrip-
tions, shown in Figure 3, has a child-resistant cap that requires a twist and simultaneous holding down 
of tab, and also has a reversible cap with a thread that allows for re-use of the cap with a simple twist 
motion, however, it is important to note that the reversed side of the cap is not child-resistant. Many 
seniors, for instance, are not in the presence of children, and so do not need the child-resistant feature 
on a daily basis. Other creative innovations have allowed for more accessible use of pharmaceutical 
products. One such product is the Purrfect Gripper™ developed by B.A. Maze, Inc., shown below in 
Figure 4, which has a number of uses. The underside rubber combined with the wide diameter makes 
it easier to simultaneously press and grip child-resistant bottle caps, the indentations provide an easier 
way to split pills from pill packages, and the “tail” of the product makes it easier to remove cotton from 
pill bottles. For bottles that require an alignment of two points and then a push up on a tab, there is the 
OpenAid Cap Remover, shown in Figure 5, which helps provide more torque, making the cap removal 
process easier for aging people and people with disabilities. For people that are only able to use one 
hand, or who have reduced grip strength in one hand, the manufacturer Easy Open Vials offers a bottle, 
shown in Figure 6, that can be opened by applying pressure on two opposite sides of the bottle with a 
single hand, which causes the top to flip open.

Figure 2. Pharmaceutical container with push down and turn mechanism
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Figure 3. Pharmaceutical container with reversible child-resistant cap

Figure 4. Purrfect Gripper™ (B.A. Maze)

Figure 5. OpenAid Cap Remover

   

Figure 6. Easy Open Vial
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Devices that include reminders, such as pill planners, clocks, and alarms help people suffering from 
memory loss or dementia to remember their prescription regimens. According to the World Health 
Organization, 50 million people currently have dementia, and this number is projected to grow to 82 
million by 20304. There are number of products that aid those suffering from memory loss, with the 
most simple being a pill planner, such as the Medi Planner II, shown in Figure 7. This container allows 
patients to separate their prescriptions by day, thereby reducing the likelihood, as it relates to a patient 
forgetting, of taking more or less than the prescribed amount. An innovative version of the pill planner, 
the Pocket Pillbox manufactured by e-pill® and shown in Figure 8, has a digital display and vibrating 
alarm. Pill bottles that have notification capabilities allow patients to set alarms, and see when they 
last took their medication. One such product, manufactured by e-pill® and shown below in Figure 9, 
has an automatic “last opened” indicator, which shows the time and day of week that the cap was last 
put on the bottle.

 
Figure 7� Medi Planner II

Figure 8. Pocket Pillbox manufactured by e-pill®
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Figure 9. Multi-Alarm Time Cap manufactured by e-pill®

New metered-dose inhalers (MDIs) count the dose, which helps people suffering with asthma to main-
tain proper usage. Studies have shown non-adherence to prescribed asthma treatment ranging from 
30% to 70%5. Patients are receptive to dose counters because they allow patients to see the number 
of remaining doses in their inhalers. Without a counter, patients have to guess how many doses re-
main, which often leads patients either to throw away an MDI that still has an acceptable amount of 
metered-doses remaining, or to use an MDI that does not have the correct dosage amount. The dose 
counter also helps prevent patients from unexpectedly running out of medication. The FDA recom-
mends that drug manufacturers of metered-dose inhalers integrate a dose-counting system into their 
MDI product6. MDI dose-counters that are based on mechanical technology sometimes have numbers 
that are hard for patients to read, and lead to miscounting. A mechanical dose-counter is shown in 
Figure 10. In the last couple of years, manufacturers have developed, such as Aptar with their “eDose 
counter” shown in Figure 11, MDIs that display legible digits for a wide range of ages. The display 
also has the capability to give patients reminders, feedbacks on use, and end-of-life warnings.

Figure 10. MDI with Mechanical Dose Counter
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Figure 11. Aptar-Dose Counter for MDIs

Caretakers and family members have a number of options for providing assistance. For caretakers or 
family members of seniors and people with disabilities, care packages are often a way to bring com-
fort and social inclusion. When putting together a care package, special attention should be paid to 
the needs of the recipient, such as dietary restrictions, as well as fragile items, or anything that could 
present a safety hazard. In some environments, such as an assisted living facility, items such as candles 
for example, are restricted, so it is best to check to see if the recipient has any restrictions based on 
their living arrangement. The best items to include are often things that the person enjoys but does not 
have access to, especially if the items have a personal touch. For helping with medication, caretakers 
and family members can help with the use of innovative products such as Pillsy, a smart pill bottle, 
functions as a digital assistant that allows for remote assistance through the use of a smartphone app 
that is connected to the pill bottle, which creates the ability to monitor medication usage and support 
full adherence. Shown below in Figure 12 is the Pillsy smart pill bottle and a screenshot of what the 
family member or caretaker will see on their screen.

Figure 12. Pillsy, a smart pill bottle with smartphone app

Unmanned Aerial Vehicles (UAVs), colloquially known as drones, could improve accessibility of med-
ication for people with reduced mobility.  Prescription drugs, for example, could be delivered directly 
to the patient’s home, which could increase likelihood of adherence. However, FAA regulations 
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put in place in 2016-limited use of UAVs for use in U.S. airspace7. These restrictions have led early 
innovators to conduct testing outside of the United States; however, some restrictions have been lifted 
for testing within the United States. The FAA gave joint-approval to NASA, Virginia Tech, and Flirtey, 
a drone manufacturer, to test drone delivery of prescription drugs from an airport in rural-Virginia to a 
local clinic.  The drone used, shown in Figure 13, is capable of carrying 5.5 pounds, and can travel 20 
miles before the battery dies.  Project Wing, a drone project being done by Alphabet, the parent com-
pany of Google, has been testing drone delivery in the New South Whales region, with their drones 
delivering many different types of products, including medicine to participants in a trial. The Project 
Wing drone, shown below in Figure 14, can travel 120 km/h and can deliver packages to a spot the 
size of a doorstep.

Figure 13. Flirtey drone carrying medical supplies

Figure 14. Project Wing drones carrying medical supplies
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3. Recommendations and Guidelines

A set of guidelines that packaging professionals should use as a reference can be found in Design Prin-
ciples to Accommodate Older Adults8. As people age, they experience a number of physical and func-
tional changes. Because these changes are normal and expected, having practical guidelines to accom-
modate the aging population is a necessity. Having design that is good for older adults is often good 
design for the rest of the population as well, and this is one of the main tenets of Universal Design. 
One of the earliest signs of aging is visual impairment. As the lens of the eye starts to stiffen and the 
pupil gets smaller the near point focus gets further away, more illumination is needed to see sharply, 
and color perception is diminished, especially in the violet-blue-green section of the visible spectrum. 
It is important to note that older people are better able to differentiate between bright, warm colors 
(red/yellow) than cool (blue/purple). Loss of hearing for aging people will require sound signals of at 
least 60dB with frequencies in the range of 500-2000 Hz, and the use of a simultaneous notification 
through another sensory channel, such as vibration that works in tandem with sound, is more effective. 
Olfactory impairment will lessen the ability to detect warning odors, or other spoilage indicators other-
wise detectable by smell. Other sensory impairments occur as people age, such the perception of touch 
and pressure, in addition to the increased likelihood of reduced coordination, weakened grip strength, 
and hand tremor. As a result, large diameter caps should be used in place of smaller caps, flip top lids 
are likely to be easier than screw tops, and textured surfaces are more easily perceived than smooth 
surfaces. Other cognitive biological changes require products that require less memory, and that are 
simple, intuitive, slow-paced, and only contain relevant information. 

4 International Standards

It is important for the industry to harmonize the development of new technologies on an international 
platform that is complimented with uniform consensus standards. The ISO/IEC Guide 71 provides 
guidance for International Standards on how to accommodate the needs of the elderly and persons with 
disabilities. The guide aims to help facilitate the development of standards that cover products, ser-
vices, and environments in all aspects of daily life. As of 2002, this guide has been available in braille, 
a system of writing and printing for the blind, to not only provide access to the visually impaired, but 
also to raise awareness for the demand for products, services, and environments that utilize principles 
of accessible design. This includes autonomous technologies that transport pharmaceuticals within a 
degraded environment.

Figure 15. Drones in the medical supply chain
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5 E-Commerce Delivery

Smart packaging has been available over the past decade on numerous channels. While traditional 
retailers of pharmaceuticals offer these either OTC or through prescription as applicable and provide 
pharmacists to counsel with to the usability, the vast number of packaging forms discussed in this 
paper are also readily available through e-commerce channels. Enhanced end-to-end relationship be-
tween the Doctor, Pharmacist, and Patient improves the effectiveness/efficiency from pharmacy to 
patient ensuring support and confidence. Allowing for direct to customer or patient delivery.

6 Conclusion

Many older people feel younger than their chronological age. While they may experience a loss of cer-
tain physical attributes, they still want to maintain a high quality of life that is predicated on indepen-
dence, productivity, and social inclusion. With the innovations and technology using drones can meet 
medical challenges for elderly, however it needs oversight and medication management so misuse and 
wrongful access to prescription drugs does not cause harm (Figure 16).

Figure 16. Medication Management
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                     Abstract
This paper takes on the challenge to integrate packaging in a concept of four-dimensional 
concurrent engineering (4DCE). The purpose is to explore a conceptual model and empirically 
evaluate the specific performance of packaging in interrelation with product and processes 
in the Supply Chain (SC). The objectives are to better understand the concepts of packaging 
logistics and logistics management in the SC. The conceptual model 4DCE is developed based 
on the three-dimensional concurrent engineering theories.

The tool Packaging Scorecard is applied to evaluate the concurrent performance of packaging 
throughout the SC. Thepackagingsysteminvolvesmanyactorsthatareintegratedintothe4DCE-
frameworkwithfocusoninteraction of SC and logistics in relation to packaging and product, 
with the overall aim to operate as effectively and efficientlyaspossible.Inordertoexplorethepo-
tentialofthe4DCEframework,empirical verification and testing of the concept has been carried 
out. The process has been done through multiple in-depth, action-oriented case studies in three 
different industries on the Swedish market. The case studies covered holistic aspects on the 
packaging system.

The concept 4DCE contributes to packaging logistics theory by providing a framework for 
assessment incorporating complex and dynamic interactions between product, packaging, 
logistics and SC. Furthermore, the holistic packaging development concept is ensured by 
increasing knowledge of the packaging system and how it interacts with actors and performs to 
fulfil requirements along the SC. The 4DCE provides valuable data for packaging development 
processes in the cases, however there is a need for broader studies in different industries.

Keywords: packaging logistics performance, concurrent engineering, packaging scorecard, 
4DCE, redesign

1 Introduction

supply chain management strategies in order to minimise costs and create effective supply network op-
erations, to provide customer value (Hsuan et al, 2015). Further, the Supply Chains (SCs) are moving 
toward managerially coordinated initiatives to increase overall efficiency, continuous improvement and 
competitiveness (Bowersox et al., 1996). While increased competitiveness and efficiency have great 
potential for the companies, complexity as the number of interactions involved in co-ordination and 
collaboration increases (Bode & Wagner, 2015). In order to improve packaging logistics performance, 
this paper explores the potential of integrating packaging, with the concept of concurrent development 
of product, process and SC. This research takes on the challenge to integrate packaging in the concept 
of four-dimensional concurrent engineering. In this paper we propose and explore a conceptual model 
that will be empirically evaluated. 
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The specific performance of packaging in the SC is the result of an interwoven network of aspects, 
often unknown in the system, but valuable for all the actors involved the SC.
The objectives of this paper are - (1) to contribute to a deeper understanding of the concepts of packag-
ing logistics and logistics management in the SC; (2) to develop and apply concurrent engineering with 
packaging integrated; and (3) to present a conceptual model for concurrent development. The paper 
will commence with a literature review to develop a conceptual model for concurrent development 
with a packaging logistics related perspective. Thereafter three case studies and concluding remarks 
with some directions for future research will be presented..

2 Literature review

The role of packaging has gained strategic importance as it covers both customer-value enhancement 
and cost efficiency aspects (Lochamy III, 1995; Saghir, 2004). The overall increase in trade of prod-
ucts has led to an immense demand for efficient packaging to perform, functionally and commercially 
at the right time (Blackwell, 2000) and in the right part of the SC. Another aspect is the sustainability 
role of packaging (Smorch, 2010; Welcome, 2009; Saghir, 2004; Prendergast and Pitt, 1996). Efficient 
performing packaging increases logistics efficiency (Chan et al., 2006; Paine, 1990). In the process of 
packaging development, it is common that each actor is only requiring specific instant performance 
(Chan et al., 2010). Consequently, it is difficult to monitor the overall performance of the packaging 
system. Small modifications in the packaging system could have a greater impact across the SC. How-
ever, such impacts are not always easy to detect, can cause inefficiencies and may create unnecessary 
waste and product damages and costs (Fugate et al., 2006). Packaging is an important component in 
the SC (Lockamy III, 1995) which facilitates efficiency for the companies directly involved in SC 
activities by increasing safety and protection for the product, as well as providing added value by 
passively selling the product (Dischter, 1957; Pilditch, 1961). Thus involves many considerations, 
and often brings with it conflicting or at least challenging demands and requirements. (Vernuccio et 
al., 2010; Twede 1992). Zacharia et al. (2004) have a view that from a process perspective in the de-
velopment of new products, logistics processes have a strategic role to play. Chapman et al. (2003) 
concluded that, by increasing knowledge-sharing with logistics functions and/or providers in the SC, 
the achievement of greater efficiency, increased customer satisfaction and better strategic planning can 
lead to more flexibility and adaptation to market changes, rapid and flexible SC management processes 
enabling rapid innovation capabilities. Coles and Beharrell (1990) state that “with high distribution 
costs, increased profitability from product or packaging innovation can be wiped out immediately if 
new packaging units do not fit with existing distribution systems”. As a result, rethinking processes 
in distribution and logistics opens up an innovation potential for packaging by focusing on handling, 
delivery, hand-over and service to the customer/consumer. In line with this suggested rethinking, Fine 
(1998) presents the concept of three-dimensional concurrent engineering (3DCE), in which the prod-
uct, process and SC are designed in parallel (Fine (1998), Fine et al. (2004), Ellram et al. (2007),Ellram 
and Stanley (2008)). Dominic et al (2000, pg. 98-102) and Bramklev (2007) suggests an integrated 
product and package development procedure model. They state that it is preferable to consider the 
function decomposition of product and package when specifying the product, whereby Dominic et al. 
focuses on the product strength versus packaging mechanical protection properties. Bramklev states 
that integrative aspects will be heavily dependent upon product area, whereby modeling oof product 
and package leads to technical, organizational, process and goal oriented implications. This means that 
when the product area is known, relevant measures for the integration of product, package, logistics 
and SC at operational level could be outlined. Based on Bramklev and Dominic et al 2003 it is sug-
gested to integrate packaging as the forth dimensions in concurrent engineering. Figure 1 present an 
illustration of four-dimensional concurrent engineering (4DCE) combining an integrated approach on 
product, packaging, logistics and the SC
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Figure 1 A conceptual illustration of four-dimensional concurrent engineering (4DCE)

3 Methods

The tool Packaging Scorecard (PSC) (Olsmats et al., 2003) was designed to identify the concurrent 
performance of packaging in a SC. The focus here is on conflicting yet crucial criteria for the actors 
involved in SCs. The aspiration level of packaging performance criteria i for actor j is denoted as γiτji 
where γi is the weighted value for performance criteria i. The model was designed to systematically 
evaluate performance criteria and indicate performance on a holistic level as illustrated in Figure 2. 
The objective function of the model is thus:

In equation (1)
AN Actor N involved in the SC

γ Performance criteria weight

τ Performance score

Figure 2. Bar charts indicating packaging performance based packaging criteria
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The packaging system involves many actors both inside and outside the SC, and adequate perfor-
mance at every stage is desired for the system. Figure 2 and equation 1 visualise how the packaging 
system is performing within the SC. It does this by registering requirements divided into Techno-
logical, User-interaction, and Business performance, and determine whether these requirements are 
fulfilled in the SC. The requirements are summed up as a whole to identify overall performance as it 
is presented in the Packaging Performance Chart illustrated in Figure 2. Consequently, the interac-
tion between packaging, product, processes and the SC will all be considered and integrated in the 
creation of the 4DCE.

4 Four dimensional concurrent engineering (4DCE)

In order to increase the efficiency of the SC, alignment between the logistics processes, product and 
the packaging system is suggested and conceptualised in the 4DCE framework developed. The 4DCE 
framework has a focus on interaction of SC and logistics in relation to packaging and product, with 
the overall aim for the SC to operate as effectively and efficiently as possible. SC actors therefore need 
to work together, through deliberate co-ordination and through self-organisation, to satisfy customers’ 
and consumers’ requirements and needs. At the same time each actor is often primarily interested in 
making their own processes efficient, which means that they only make demands on the level of pack-
aging they interact with. This also applies to packaging suppliers since they are often involved in only 
one or two levels of the packaging system. Consequently, when it comes to the packaging system, no-
body has a holistic approach regarding the SC and nobody owns or controls the total packaging system 
or the logistics processes (Dominic, 2006); only a part of them. For the SC actors working with a focus 
on packaging issues, concurrent tasks will emerge and these are often solved instantly. The problem 
is that the solutions are rarely developed in the broader context of the overall SC. Hence, in order to 
achieve 4DCE, the approach needs to facilitate the interaction between actors focusing on improving 
the overall efficiency of the flow in the SC. Consequently, in order to emphasise the content and the 
processes the 4DCE starts with the evaluation of the packaging and packaging system downstream 
in the SC. In this evaluation Packaging Scorecard is used in gathering input on the packaging perfor-
mance, and each actor’s requirements and needs are assessed. The assessment results are then used in 
the interaction with other actors, the aim being to create increased efficiency through reflection, dis-
cussion and creation of packaging modifications, process improvements and/or SC set-up changes. By 
facilitating focused meetings with SC actors based on packaging assessments, improved performance 
in processes can thereby be incorporated. From this interactive process, outcomes emerge concerning 
modifications and reengineering as well as outcomes which testify to increased understanding and 
knowledge-sharing among the actors. Hence, the development of the SC is increased as participants 
become integrated within the SC.

5 Case study

In order to explore the potential of the 4DCE framework, empirical verification and testing of the 
concept has been carried out. The verification and testing process is an important element in frame-
work development according to Eisenhardt and Graebner (2007). The process has been done through 
multiple in-depth, action-oriented case studies. The case study methodology has been considered ap-
propriate here based on the findings by Yin (2003). The case studies were carried out in three differ-
ent industries acting on the Swedish market (the brewery industry, the vitamin-producing industry 
(non-pharmaceutical) and the fresh food industry). Each case study has served as a distinct experiment, 
providing rich data for further quantitative and qualitative analysis or as Dubois et al. (2002, pg.555) 
state, a relationship between ”everyday language and concepts”. We have used three case studies as 
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discrete experiments which together with our theoretical foundation have converged into the theoreti-
cal contribution of 4DCE. Based on the time frame for the case studies, snowball sampling (Goodman, 
1961) was modified and applied to select the case studies and data providers. The initial data provid-
ers were packaging and logistics managers who introduced informants involved in solving strategic 
and operational tasks in the SC. The participant organisations provided multiple data sources for the 
studies. The data for the PSC assessment has been collected by in-person visits through a series of un-
structured and semi-structured interviews lasting approximately an hour each. In the case presented in 
this paper, the informants (packaging and development manager, SC and sourcing manager, transport 
and operation manager, technical manager, and sales and marketing manager) in the SC were inter-
viewed. Each interview was recorded, transcribed and finally documented in a written report. The key 
informants of the participant companies were asked to verify that case data were accurate and possible 
uncertainties were subsequently clarified by telephone. The interviews were thematically analysed in 
accordance with the PSC criteria described in Figure 2 and an assessment of the packaging system per-
formance was conducted by the researchers. A report and presentation material were created as input 
to the subsequent meeting with SC actors. In all cases the meetings were held as workshops, where 
participants were given information about the PSC assessment results beforehand. The workshops then 
focused on identifying and prioritising improvement potential in the SC from a packaging and product 
perspective. The workshops were documented by one of the participating researchers and analysed 
afterwards based on content, process and outcome. In the next section the case studies are presented.
The case study from the fresh food industry in which the holistic packaging development concept has 
been used (see Table 1) is first presented here. Insights from the other two case studies are briefly in-
troduced and then highlighted at the end of the section. Findings were similar in all three cases insofar 
that improved SC performance based on 4DCE has been obtained. In addition, improved integration 
among the SC actors has been achieved. This is largely because this is the first time the SC actors have 
come together with a common focus.

Table 1. Case study packaging systems studied from 3 industries

The primary package from the fresh food case was a plastic trough with lid, sealed with a label which 
provided information both for logistics activities and about the product. Secondary packaging was a 
reusable tray and tertiary packaging consisted of plastic pallets. The performance value is the current 
performance of the packaging system measured applying PSC.
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The retail SC for the fresh food product was a network consisting of a sequence of different stages: 
packaging suppliers, product fillers, distribution centers, warehouses, convenience stores, supermar-
kets and megastores (see Figure 3). A reusable system for plastic pallets was implemented. The prod-
uct filling actor adapted multiple sourcing strategies in order to avoid disruptions in the product-filling 
process and to guarantee a continuous flow. The actors involved were connected by physical transport 
systems between two actors. The materials for the packaging systems were supplied by various sub-ac-
tors. There were reverse logistics systems to reuse or recover secondary and tertiary packages. The 
diagram in Figure 3 present a snapshort of the current consolidated flow of how packaging is filled and 
assembled at the product-filling actor’s, re-packed by the distributor, and disassembled at the customer. 
The related actors are presented in rectangular boxes.

Figure 3 Packaging system is mounted and interactions with the SC
Figure 4 presents the results of packaging system for fresh food by consolidating the performance for 
each actor in the SC.

Figure 4. Aggregate results for the fresh food case study

The bar charts in Figure 5 show the normalised criteria sorted in descending order for all the criteria 
which were weighted by the three main actors. The packaging performance scores indicate a value for 
each criterion on a SC level.
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Figure 5. Aggregate values for fresh food case study, sorted by most important criteria and on a 
weighted level

Figure 5 shows that selling capability, product protection, reverse packaging management and stackability were 
considered important criteria. The performance indicator values for selling capability and product protection 
were slightly low compared to the targeted value of 3.0. The reason for this underperformance was that primary 
packaging was not fully adapted to the number of products being sold and was not completely suited to second-
ary packaging. Moreover, pallets caused problems when they were manually handled, while reverse packaging 
management (3.2) and stackability (3.2) over performed slightly. Stackability, packaging waste, handling and 
packaging cost criteria were met satisfactory.
As illustrated in the previous section, when the concept of holistic packaging development is applied the PSC 
tool provides specific packaging data from the different SC actors and the processes involved. This data was 
used as a starting point for the concurrent development of product, package and logistics processes. The anal-
ysis was carried out in a workshop where the participants were the primary packaging supplier, product filler, 
brand owner and retailer specifically involved in the study. The purpose of the workshop was to systematically 
understand the performance of packaging systems in the SC, and to establish stronger links among the actors 
interacting within the SC. The idea was to rethink not only packaging but its interaction with processes and 
structures in the downstream SC. During the workshop several issues and problems were elaborated on, and 
suggestions for redesigned packaging solutions and logistics processes were made. Each participant expressed a 
long-term view towards increasing efficiency along the SC. However, it was also found that the main driver for 
these actors to participate in this workshop was cost reduction achieved by reducing handling, material waste 
and product damage.
The analysis carried out by the participants indicated that there was a problem at the distribution centre with the 
packaging system packed with mixed products that required extra time for resorting. To solve this problem, it 
was suggested that secondary packages be clearly labelled with labels of different colours in order to make the 
distribution actor’s task easier. Figure 6 illustrates how packages containing different products were placed. The 
colour-coded labels were pasted onto the trays and this helped in the process of re-sorting the trays. Each colour 
on the labels illustrates how the packages were placed on the pallet before and after colour labels were attached. 
This small adjustment led to reduced re-packing time at the distribution actor by half an hour per load carrier
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Figure 6. The trays labelled white (figure on left) show the unsorted fresh food packages arriving at 
the distribution centre. Coloured labels (middle figure) made it easier to sort and re-pack the system 

(figure on the right)
By implementing colour-coded labels the performance indicator values were raised by an average of 
15 per cent. Figure 7 presents the details before and after the concept of 4DCE was used. This small 
change in the system contributed to a major change in the downstream SC.

Figure 7. Performance before and after holistic packaging development stages

The case study for vitamin and brewery packages gave similar results with an average improvement 
of 12 %. By requiring design modification on the primary packaging the space utilisation and us-
ability for vitamin packages were improved. For the third case study the product damages during 
transport were reduced after the modifications, and hence SCperformance was improved by an av-
erage of 15%.

6 Discussion

The study covered both holistic aspects and detailed studies of the packaging system. The 4DCE starts with an 
evaluation of the packaging system in each logistic process in order to obtain and assess each actor’s require-
ments and needs. These intermediate evaluations provided data to rethink the packaging design, and seemed 
to be an appropriate step towards a more holistic product and packaging development process. Our results are 
in line with previous results by Olsmats & Dominic (2000), indicating that the PSC can be a useful tool for 
analysing how a packaging system can contribute to increased efficiency in the SC. A workshop was conducted 
to elicit input from the actors in the SC. The representatives from the majority of SC actors (e.g. customers and 
product filling) discussed various business issues which are then transformed into requirement specifications 
communicated to the other actors (e.g. distribution and packaging supply actors). Until this separation of tasks 
happens it is difficult to talk about integrated SCs. For the 4DCE integrative activities are essential as they are 
the core of development if SC performance is to be accomplished, based on packaging and its related processes. 
Emergent outcomes concerning modifications and innovations are the results of this interactive process, as well 
as increased understanding and knowledge-sharing among the actors.
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7 Conclusions

In this paper an approach for 4DCE has been presented. The concept utilises the PSC and is a further devel-
opment of the concept of three-dimensional concurrent engineering, integrating also the packaging dimension. 
The 4DCE contributes to packaging logistics theory by providing a framework for assessment incorporating 
complex and dynamic interactions between product, packaging, logistics and SC. The case studies indicate that 
this approach requires a holistic view on the SC and relevant actors need to actively participate in workshops 
to improve overall efficiency. As presented in previous research (Bramklev, 2007; Klevås and Saghir, 2004) it 
is often found that small changes in a packaging system can lead to major changes for the entire SC, thereby 
impacting SC efficiency. Furthermore, the holistic packaging development concept is ensured by increasing 
knowledge of the packaging system and how it interacts with its actors and performs to fulfil requirements along 
the SC.
This research has certain limitations, e.g. applicability in different business sectors, which can be addressed in 
future studies. Even though the case studies indicate that the 4DCE provides valuable data for packaging de-
velopment processes, there is a need for broader studies in different industries: indeed, further research should 
strive to extend the analysis of the concept. Moreover, it might be interesting to develop studies which consider 
applying new technologies such as rapid prototyping to present at the workshops involving SC actors in order 
to generate innovative packaging concepts in a product, process and SC context.
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                      Abstract : 
X-PLY corrugated paperboard is a kind of a corrugated paperboard with three layers  of 
orthotropic corrugated sandwiches structure. This paper explores the relation between the 
edgewise compression strength of X-PLY corrugated board and the strength of base paper. In 
theory, the edgewise compression strength of X-PLY corrugated board of two directions is the 
sum of the ring crush strength of the base paper in identical direction simply. The researches of 
this paper only are aimed at the paperboard of BCA. It is found that the longitudinal edgewise 
compression strength of X-PLY corrugated is lower than that of ordinary corrugated paperboard, 
but the strength higher than the ordinary in transverse direction. And there are great gaps between 
the actual edge wise compression strength of ordinary corrugated paperboard and X-PLY with 
the sum of the strength of base paper by experiments. Base on the linear relation between the 
strength of ordinary corrugated paperboard and X-PLY with that of base paper, the correlation 
coefficients are obtained through the regression analysis in further experiments. Finally, the 
verification of the regression formula s show a good result by the comparison of the theoretical 
value with test date.

                               Keywords : X-PLY corrugated board；ECT；transverse compressive strength；regression equation

1. Introduction

Base paper is the raw material of the corrugated paperboard. The compressive properties of corrugated 
paperboard depends on the characteristics of base paper [1]. The structure of corrugated paperboard has a 
great impact on the properties of paperboard, including the flute shape and the flute type. Over the years, 
the researcher have devoted themselves to the research and development of new corrugated paperboard 
in order to improve the properties of paperboard both at home and abroad. And the strength character-
istics of formed paperboard boxes with different corrugated directions are different [2-3]. Panyarjun [4] 

studied the effects of structural parameters, edgewise compression strength and corrugation direction 
on the compressive strength of cartons, which shows that the edgewise compression strength is the main 
factor affecting the compressive strength. Xiao [5]  studied  the relation between the edgewise compres-
sion strength of corrugated board and the basic physical parameters of the base paper. Wang [6], Cao et al. 
[7] studied the mechanical behavior of multilayer corrugated sandwich structures under the impact load 
of heterogeneous  compression,  and revealed the interaction between adjacent layers. The compression 
deformation and cushioning properties of corrugated paperboard were studied by Fu [8] and Liu [9]. Li 
and Li [10] obtained the static compressive properties of vertical corrugated composite paperboard with 
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different flute shapes through experimental research and finite element analysis. Liu, Wang et al. [11-12] 

studied the compression load-bearing law of three-fold corrugated paperboard through experiments. Sun 
et al� [13] studied the effect of lamination mode and compression direction on the compression strength 
of laminated corrugated board.
X-PLY corrugated paperboard is a kind of a corrugated paperboard with three layers of orthotropic 
corrugated sandwiches structure, that is, triple wall corrugated paperboard. It is made by bonding 
three layers of corrugated core paper with paperboard in alternate vertical and horizontal arrangement. 
Because of its special structure, it has better strength than corresponding seven-layered corrugated core 
paper. Tao [14] and Li [15] made theoretical analysis and experimental study on the mechanical properties 
and static cushioning properties of X-PLY corrugated board. Zhu and Guo [16] studied the dynamic 
characteristics of X-PLY corrugated paperboard structure. As we all know, it’s through to meet the 
customer requirements for product quality by adjusting the ratio of base paper, flute type and layers at 
present domestic cartonenterprises.
The scholars have taken up researches on load-carrying properties, the law of the compression de-
formation, the mechanical model, the computational formula of compression strength in depth. Mckee 
et al� [17] deduced a simplified formula of the compressive strength of corrugated cartons based on the 
edgewise compression strength of corrugated paperboard. Wang [18], Duong V. H [19] and others revised the 
common formulas and obtained the estimation method of the compressive strength of cartons suitable for 
enterprises. Baum G.A [20] et al. put forward a test method for testing the edgewise compression strength. 
Huang [21] studied the mathematical model of the strength of corrugated paperboard under different tem-
perature and humidity, which provided a theoretical basis for the selection of corrugated paperboard. 
Zhang et al. [22] studied the relation between the comprehensive ring compressive strength of corrugated 
base paper and the compressive strength of cartons by experimental method.
Based on the existing research results of X-PLY corrugated paperboard, it is found that the strength of 
X-PLY corrugated paperboard derived from the strength of base paper has not been reported. In this 
paper, the compressive strength of X-PLY corrugated paperboard with corrugated sandwich layer as 
[90/0/90] and combination type as BCA is studied. The relation between the strength of X-PLY corrugat-
ed paperboard and the strength of raw paper is studied, which can provide the basis for the calculation of 
paper distribution for enterprises and facilitate the prediction of the strength of X-PLY corrugated paper-
board. In thispaper, the compressive strength of X-PLY corrugated paperboard with corrugated sandwich 
layer as [90/0/90] and composite type as BCA is studied. To study the relation between the strength of 
X-PLY corrugated paperboard and the strength of base paper , that can provide a basis for the calculation 
of paper distribution for enterprises to predict the strength of X-PLY corrugated paper boardeasily.
PLY corrugated paperboard belongs to heavy corrugated paperboard. It is seven-layered corrugated pa-
perboard, but it is different from ordinary seven-layered corrugated paperboard. The L direction of the 
common seven-layered corrugated board is the longitudinal direction of the corrugated core layer, which 
is perpendicular to the corrugated direction, and its laying mode can be expressed as [0/90/0/90/0] ， 
shown in Fig.1(a). X-PLY corrugated paperboard has symmetrical orthogonal layers. There are two lay-
ing modes, that is [0/90/0/0/0/90/0] and [0/0/0/90/0/0]. Here we study the laying mode of Fig.1(b).

                                         

Fig.1.(a)Ordinary seven-layered corrugated cardboard (b)X-PLY corrugated board in the form of 
[0/90/0/0/0/90/0]

The edge compression strength  of corrugated paperboard refers to the ability of the paperboard
to bear compressive load along the corrugated direction. The physical parameters of corrugated base 
paper and  the  structural  parameters  of corrugated  board have  a decisive influence  on  the edgewise 

(a) (b)
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compression strength of corrugated board [23]. In theory, the edge compression strength of corrugated 
paperboard should be the sum of the ring compression strength of the base paper.

Therefore, if the form of lamination is [0/90/0/90/0/90/0], the edge compression strength of ordinary 
seven-layered corrugated paperboard can be expressed as follows:

𝐸𝐶𝑇 = 𝑅11+  𝑅31+  𝑅51+  𝑅71+  𝑓1𝑅21+  𝑓2𝑅41+  𝑓3𝑅61                                                                                                                                                (2)

Similarly, the longitudinal edgewise compression strength of X-PLY corrugated paperboard in the form 
of [0/90/0/0/0/0/90/0 ] can be expressed as follows:

𝐸𝐶𝑇 = 𝑅11+  𝑅31+  𝑅51+  𝑅71+  𝑓1𝑅21+ 𝑓3𝑅61                                                                                                                 (3)

The transverse edgewise compression strength of X-PLY corrugated paperboard in the form of 
[0/90/0/0/0/0/90/0 ] an be expressed as follows:

𝐸𝐶𝑇 = 𝑅12+  𝑅32+  𝑅52+  𝑅72+ 𝑓2𝑅41                                                                                                                                (4)

Where 𝑅11, 𝑅31, 𝑅51, 𝑅71, 𝑅21, 𝑅41and 𝑅61represent the transverse ring crush strength of liner board, mid-
dle liner 1, middle liner 2, inner liner, corrugated medium 1, corrugated medium 2 and corrugated me-
dium 3 respectively, in units of KN/m; 𝑅12, 𝑅32, 𝑅52and𝑅72represent  the longitudinal ring crush strength 
of liner board, middle liner 1, middle liner 2, inner liner respectively, in units of KN/m ; 𝑓1, 𝑓2and 𝑓3are 

corrugated coefficients.
2. Experimental materials and testmethods

2.1 Experimentalmaterials
The B, C single-sided single-corrugated board, A, B double-sided single-corrugated board and starch 
adhesive used in the experiment are all from Baoyi New Materials Co., Ltd. The same size of B, C sin-
gle-sided corrugated paperboard, A and B double-sided single-corrugated paperboard were, arranged 
and combined, then bonded and dried, after coated . The combined seven-layered corrugated paper-
board of BBB, BAB, BCA and X-PLY corrugated paperboard of BBB, BAB and BCA were obtained. 
The quantities of corrugated base paper used in each kind of corrugated board and its ring compression 
strength are shown in Table1.

Tab.1
Basis weigh and RCT of base paper

Physical

parameters

Combination

type

Liner
board

Corrugated

medium (1)

Middle

liner (1)

Corrugated

medium (2)

Middle

liner (2)

Corrugated

medium (3)

Inner

liner

Basis 
weigh

（g/cm2）

BBB 110 130 130 130 110 130 110

BAB 110 130 250 170 230 130 110

BCA 230 130 170 130 130 170 190

Longitudinal 
ring crush 
strength

（KN/m）

BBB 1�159 1�678 1�674 1�803 1�098 1�678 1�159

BAB 1�159 1�678 5�251 2�588 4�992 1�678 1�159

BCA 1�765 1�235 0�903 0�890 1�156 0�718 2�852

(1)
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Transverse 
ring crush 
strength

（KN/m）

BBB 1�098 1�278 1�635 1�327 0�856 1�278 1�098

BAB 1�098 1�278 3�951 2�082 3�628 1�278 1�098
BCA 1�193 0�771 0�534 0�532 0�814 0�476 1�876

The combination type of paperboard refers to corrugated paperboard of X-PLY type and common type. 
The same materials are used in the same combination type of the common seven-layered corrugated pa-
perboard and X-PLY corrugated paperboard.

2.2 TestInstrument

The test instrument is from the packaging Engineering Laboratory of Jiangnan University. The main 
instruments and equipment include: LRX PLUS universal material testing machine, the constant tempera-
ture and humidity box, the vernier caliper, etc.

2.3 TestMethod

The test method shall be carried out in accordance with the provisions of the National  Standard of China.

1) Measuring the thickness of paperboard: using the vernier caliper to measure the 
thickness of each sample; using the average values of 10groups.

2) Sampling: 10 specimens were selected for each kind of corrugated  paperboard, with 
a width of 25 mm and a length of 100mm.

3) Pretreatment of samples: according to GB/T 10739-2002 <Paper, board and pulps 
Conditioing of samples and testing atmospheres>, the trimmed samples were put into a 
constant temperature and humidity box and treated for more than 24 hours at 23 C and 
50% relative humidity.

4) Testing: according to GB/T 6546-1998 <Corrugated fibreboard-Determination of 
edgewise crush resistance>, samples should be tested by LRX PLUS universal 
material testing machine within 5 minutes after removed from the constant temperature 
and humidity box. The speed of constant loading on corrugated paperboard is 12mm/
min. The test machine automatically stops and draws the curve graph after completion 
of the test. Repeat the experiment.

3. Results and Analysis

The longitudinal edgewise compression strength and the transverse edgewise compression strength of 
the seven-layered corrugated paperboard in form of BBB, BAB, BCA, are obtained and shown in Tab.2, 
as well as X-PLY corrugated paperboard. The theoretical values of the longitudinal edgewise compres-
sion strength and the transverse edgewise compression strength are respectively calculated by Eq. (2), 
Eq. (3) and Eq. (4). And the corrugated coefficients of Flute A, Flute B and Flute C are 1.59, 1.36, 1.40 
calculated from the experimental date.
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Tab.2
Test data of ECT

Combination

type

Board 
type

Longitudinal edgewise compression 
strength

（KN/m）

Transverse edgewise compression strength

（KN/m）

Test 
value

Rate of

increase 
%

Theoretical

value

Test 
value

Rate of

increase 
%

Theoretical

value

BBB Ordinary 9�218 -20.9 9�967 1�569 193�4 5�090

X-PLY 7�289 8�444 4�604 6�614

BAB Ordinary 16�012 -13.6 16�561 5�033 124�5 9�531

X-PLY 11�784 15�915 11�297 13�207

BCA Ordinary 6�459 -19.2 6�967 2�103 135�7 6�676

X-PLY 5�221 6�591 4�958 7�052

The stress-strain curves of edgewise compression strength of and corrugated paperboard of BCA are 
shown in Fig.2. There is a very obvious in the curve of the ordinary seven-layered corrugated paper-
board. But several failure stress are shown in the other of X-PLY, present a descending trend.  It proves 
that the certain compressive capacity remains in the early failure layer. In terms of mechanism, the advan-
tages of coordination and joint bearing capacity of each layer in orthogonal bonding should be brought 
into full play in the process of deformation.

Fig.2. ECT stress-strain comparison curve
In Tab. 2, it can be seen that the longitudinal edgewise compression strength of X-PLY corrugated paper-
board is lower than that of ordinary corrugated paperboard, while the transverse edgewise compression 
strength is much higher. The compression strength of two kindsof corrugated paperboard is closely relat-
ed to the laying direction of three layers of corrugated core paper. The longitudinal edge wise compres-
sion strength andthe transverse compression strength X-PLY corrugated paperboard has little difference 
in. On the otherhand, the experimentalvalues of corrugated paperboard are less than the theoretical values 
obviously. The average value of the relative error has reached 28.1% of the ordinary corrugated paper-
board. So there must be a big gap with the actual value of X-PLY if using the result calculated by Ep.(2), 
Ep.(3) and Ep.(4). The formula  needs to be further optimized.
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3.1 The Relation between the Strength of X-PLY Corrugated Board and the Strength of Raw 
Paper

The ordinary seven-layered corrugated paperboard and X-PLY corrugated paperboard made of ten dif-
ferent kinds of base paper are selected to further experiments. The BCA type is more used in the combi-
nation type of paperboard, chosen in the next experiments. The transverse and longitudinal ring compres-
sive strength of paperboard of different flutes are shown in Table 3.

Tab.3
Horizontal and longitudinal RCT of different materials of paperboard

Flute

Type

Ring crush strength of base 
paper

RCT（KN/m）

Linerboard Corrugated medium Inner liner

Transverse

direction

Longitudinal

direction

Transverse

direction

Longitudinal

direction

Transverse

direction

Longitudinal

direction

B1 / / 0�771 1�235 1�193 1�765
B2 / / 0�532 0�890 0�793 1�192

B3 / / 0�532 0�890 0�534 0�903
C1 / / 0�532 0�890 0�534 0�903
C2 / / 1�128 1�588 1�876 2�852

A1 0�814 1�156 0�476 0�718 1�876 2�852
A2 2�152 2�970 1�128 1�588 1�806 2�751

A3 1�876 2�85 1�128 1�588 1�876 2�852

The compressive strength  of the ordinary seven-layered corrugated  paperboard can be expressed as
𝐸𝐶𝑇 =  𝑅11+  𝑅31+  𝑅51+  𝑅71+  𝑓𝐵𝑅21+  𝑓𝐶𝑅41+ 𝑓𝐴𝑅61                                                                                                      (5) 

The longitudinal edgewise compression strength of X-PLY corrugated paperboard can be expressed as
𝐸𝐶𝑇 = 𝑅11+  𝑅32+  𝑅51+  𝑅71+  𝑓B𝑅21+ 𝑓𝐴𝑅61                                                                                                                                                                                                              (6) 

The transverse edgewise compression strength of X-PLY corrugated paperboard can be expressed as
𝐸𝐶𝑇 = 𝑅12+  𝑅31+  𝑅52+  𝑅72+ 𝑓𝐶𝑅41                                                                                                                             (7)
Where 𝑅11, 𝑅31, 𝑅51, 𝑅71, 𝑅21, 𝑅41and 𝑅61represent the transverse ring crush strength of liner board, 
middle liner 1, middle liner 2, inner liner, corrugated medium 1, corrugated medium 2 and corrugated 
medium 3, in units of KN/m; 𝑅12, 𝑅32, 𝑅52and  𝑅72,  represent  the  longitudinal ring crush strength of liner 
board, middle liner 1, middle liner 2, inner liner, in units of KN/m ; 𝑓1, 𝑓2and
𝑓3are corrugated coefficients, 1. 59, 1.36 and 1.40 respectively by experiments.
Through the analysis and collation of experiments data, the experimental value of the compressive 
strength of the ordinary corrugated paperboard are obtained, as well as the longitudinal edgewise com-
pression strength and the transverse edgewise compression strength of X-PLY corrugated paperboard. 
The theoretical values are calculated by using Ep.(5), Ep.(6) andEp. (7). The results are shown in Tab.4.
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Tab.4
Comparison of measured ECT values and theoretical values

Number Longitudinal edgewise compression strength

（KN/m）

Transverse edgewise compression strength

（KN/m）

Ordinary seven-
layered

paperboard

X-PLY X-PLY

Test 
value

Theoretical 
value

Test

value

Theoretical

value

Test 
value

Theoretical value

D1/ 
B1C1A2

8�642 9�272 7�691 8�896 6�671 8�765

D2/ 
B3C1A1

5�648 5�983 4�497 5�607 3�781 5�858

D3/ 
B1C2A2

10�759 11�448 9�624 10�845 8�925 10�941

D4/ 
B2C1A1

6�142 6�567 4�877 6�191 4�184 6�479

D5/ 
B2C1A3

8�212 8�666 7�048 8�290 5�921 8�175

D6/ 
B2C2A2

10�169 11�048 9�137 10�445 8�229 10�368

D7/ 
B2C2A3

9�725 10�842 8�934 10�239 8�196 10�351

D8/ 
B3C2A2

9�601 10�464 8�520 9�861 7�947 10�079

D9/ 
B1C2A3

10�401 11�242 9�439 10�639 8�765 10�924

D10/

B3C1A2

7�702 8�288 6�596 7�912 5�848 7�903

The relation between the edgewise compression strength of corrugated board and the ring crush strength 
of base paper is basically linear. Based on this, the linear regression model of the longitudinal edgewise 
compression strength and the transverse edgewise compression strength is established as follows.

𝑦 = 𝑎 0+  𝑎 1𝑥1+ 𝑎 2𝑥2                                                                                                              (8)
Where  𝑥1is the sum of the circumferential compressive strength of the surface liner,  𝑥2is the sum of the 
product of the circumferential compressive strength of the corrugated base paper and the corrugation 
coefficient, and𝑎 0, 𝑎 1and 𝑎 2are the regression coefficients.
The linear regression analysis are carried out by SPSS software, and the results are calculated by forced 
entry method and stepwise regression method respectively. Linear regression analysis was carried out by 
SPSS software, and the output was calculated by forced entry method and stepwise regression method re-
spectively [24]. Examine the significance of the regression equation by Statistical F [25]. The results of vari-
ance decomposition and test of regression equation show that F value are 314.234,351.819and2052.520, 
Pvalue is0.000,so the equation is very significant. Because multiple regression deals with multiple vari-
ables, the adjustment decision coefficient is used to evaluate whether the equation is ideal, and the ad-
justment decision coefficient are 0.986, 0.987 and 0.998, respectively. Therefore, the fitting performance 
of the model is better. The  formulas  for calculating the longitudinal edgewise compressive strength and 
the transverse edgewise compressive strength of ordinary seven-layered corrugated board and X-PLY 
corrugated board are obtained as follows:
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(1)	 The formula of the regression model of the edgewise compressive strength of ordinary 
seven- layered corrugatedboard：

𝐸𝐶𝑇 =  0.609 + 1.098（𝑅11+  𝑅31+  𝑅51+  𝑅71）+  0.529（𝑓𝐵𝑅21+  𝑓𝐶𝑅41+ 𝑓𝐴𝑅61）              (9)

(2)	 The formula of the regression model of the edgewise compressive strength of X-PLY 
corrugated board：

𝐸𝐶𝑇 = − 0.708 + 1.039（𝑅11+  𝑅32+  𝑅51+  𝑅71） +  0.723（𝑓B𝑅21+ 𝑓𝐴𝑅61）                 (10)

(3)	 The formula of the regression model of the edgewise compressive strength of X-PLY 
corrugated board：

𝐸𝐶𝑇 =  − 2.622 + 1.072(𝑅12+  𝑅31+  𝑅52+  𝑅72) + 0.908(𝑓𝐶𝑅41)                                                               (11)
 
Where 𝑅11, 𝑅31, 𝑅51, 𝑅71, 𝑅21, 𝑅41and 𝑅61represent the transverse ring crush strength of liner board, mid-
dle liner 1, middle liner 2, inner liner, corrugated medium 1, corrugated medium 2 and corrugated medi-
um 3 respectively, in units of KN/m; 𝑅12, 𝑅32, 𝑅52and 𝑅72, represent the longitudinal ring crush strength 
of liner board, middle liner 1, middle liner 2, inner liner respectively, in units of KN/m ; 𝑓1, 𝑓2and 𝑓3are 
corrugated coefficients.
It can be seen from the formula that the edgewise compressive strength of ordinary seven-layer corru-
gated cardboard and X-PLY corrugated cardboard depends large lyon the corrugated core paper. With the 
fewer layers parallel to the compression direction of the corrugated core paper, the greater the influence 
of the corrugated core layer on the edgewise compressive strength, which is consistent with the actual 
situation�
The calculated values in Table 5 are basically close to the experimental values by using regression Ep. 
(9),Ep. (10)and Ep. (11).The maximum deviation is not more than 5%. The calculated models meet the 
requirements with a high reliability.

Tab.5
Comparison of measured ECT values and calculated values

Number Longitudinal edgewise compression 
strength

（KN/m）

Transverse edgewise 
compression strength

（KN/m）

Ordinary seven-layered paperboard X-PLY X-PLY

Test
value

Theoretical
value

Relative
error %

Test
value

Theoretical
value

Relative
error %

Test
value

Theoretical
value

Relative
error %

D1 8�642 8�749 1�24 7�691 7�637 -0.70 6�671 6�652 -0.29

D2 5�648 5�192 4�68 4�497 4�650 3�44 3�781 3�891 2�92
D3 10�759 10�664 -0.88 9�624 9�662 0�39 8�925 8�848 -0.86

D4 6�142 6�197 0�89 4�877 4�919 0�87 4�184 4�201 0�41

D5 8�212 7�911 -3.66 7�048 6�772 -3.91 5�921 6�019 1�66

D6 10�169 10�05 -1.17 9�137 9�011 -1.38 8�229 8�234 0�06

D7 9�725 9�826 1�04 8�934 8�797 -1.53 8�196 8�215 0�24

D8 9�601 9�768 1�74 8�520 8�742 2�61 7�947 7�924 -0.29
D9 10�401 10�437 0�35 9�439 9�447 0�09 8�765 8�830 0�74

D10 7�702 7�853 1�96 6�596 6�717 1�84 5�848 5�728 -2.06
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3.2. Verification of Regression Formula
In order to verify the accuracy of the regression calculation formula, another five groups of ordinary sev-
en-layered corrugated cardboard and X-PLY corrugated cardboard of different base paper are selected and 
tested according to the test method described in 2.3. The measured values are compared with the calculated 
values of Ep. (9), Ep.(10) and Ep.(11)., and the relative error are calculated, shown in Tab.6.

Tab.6
Verification of results: ECT of seven-layered corrugated board

Number Longitudinal edgewise compression strength
（KN/m）

Transverse edgewise compression
strength（KN/m）

Ordinary seven-layered paperboard X-PLY X-PLY

Test
value

Theoretical
value

Relative
error %

Test
value

Theoretical
value

Relative
error %

Test
value

Theoretical
value

Relative
error %

D11/B3C1A3 7�474 7�627 2�05 6�485 6�503 0�28 5�842 5�709 2�27

D12/B3C2A3 9�678 9�542 -1.41 8�531 8�528 -0.03 8�102 7�906 -2.42
D13/B1C1A3 8�618 8�522 -1.11 7�284 7�423 1�91 6�524 6�634 1�67

D14/B2C1A2 8�101 8�137 0�45 7�246 6�986 -3.56 6�131 6�037 -1.52

D15/B1C1A1 6�689 6�808 1�78 5�421 5�570 2�75 4�758 4�815 1�21

The relative error between the calculated value and the experimental value of the regression formula is 
small, less than 4%. The comparisons between the calculated and experimental values shown in Fig.3 
(a), Fig.3 (b) and Fig.3 (c).The two kinds of value are close and the fitting effect is better, the regression 
formula basically meets the requirements.
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Fig.3.(a)Formula verification of the ECT of BCA (b) Formula verification of the ECT of X-PLY 
(BCA)(c) Formula verification of the transverse compressive strength of X-PLY (BCA)

4. Conclusion
The strength characteristics of ordinary seven-layer corrugated board and X-PLY corrugated board 
are analyzed by combining experiment with theory. The longitudinal edgewise compression strength of 
X-PLY corrugated board is lower than that of the ordinary seven-layered corrugated board, but the trans-
verse edgewise compression strength is much higher than that of the ordinary, with the same quantitative 
condition as the ordinary. The experimental data are input into SPSS software, through the experiments of 
seven-layered corrugated board and X-PLY corrugated board in form of BCA with different base paper. 
Then the ideal regression formulas of the longitudinal edgewise compression strength and the transverse 
edgewise compression strength are obtained by the linear regression analysis. In the actual production-
of corrugated cardboard and carton enterprises, the above regression formulas can be used to estimate 
the longitudinal edgewise compression strength and the transverse edgewise compression strength of 
ordinary seven-layered corrugated cardboard and X- PLY corrugated cardboard to meet the needs of 
customers. It also provides further theoretical research for the practical application and popularization 
of X-PLY corrugated cardboard.

Furthermore, the research on the relation between the strength of X-PLY  corrugated board and the strength 
of base paper is still in the preliminary stage. The research only take the form of BCA in
consideration in this paper. More further researches should be done to find the suitable calculation 
model for different combination types of X-PLY corrugated cardboard.
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Student sense of belonging in a large classroom introductory 
packaging course
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1 Michigan State University, School of Packaging, East Lansing 48823 Michigan, USA

Abstract
Introduction: Student retention and success in obtaining a college degree is dependent upon 
not only cognitive ability, but also interpersonal and intrapersonal competencies. Sense of 
belonging, which is strongly correlated to student success, is especially important for students 
from underserved groups pursuing degrees in STEM fields, such as packaging science.
Objective: To compare how differently structured formative assessments influence a feeling 
of belonging in the packaging discipline, as self-reported by students.
Methods: This study was conducted in a large, introductory packaging course. Questions 
measuring belonging were adapted from the Psychological Sense of School Membership 
(PSSM). To gauge belonging across the class, the complete PSSM was issued during weeks 1 
and 14 of the 16 week term. To investigate influence of formative assessments on belonging 
throughout the semester, directly following three types of formative assessment (in-class group 
activities (GA), individual iClicker questions (IQ), and peer discussion iClicker questions 
(DQ)), students responded to a truncated version of this survey via iClicker.
Results: Results calculated using Repeated Measures ANOVA indicate statistically significant 
differences in belonging between the pre-test and the post-test, as well as a significant effect 
of assessment type. Students (n=85) indicated the highest sense of belonging with the DQ 
(mean score of 3.760. S.E. .049) and GA assessments mean of 3.755, S.E. 0.052), and the 
lowest sense of belonging was reported directly after IQ, with a mean of 3.553 (S.E. 0.049). 
Two interpretations of the results are: formative assessments which allow for interactions 
with the instructor and peers have potential to influence students’ sense of belonging more 
than interactions with only the instructor, and the ability to hear that others in the class are 
struggling with the same concepts reassures students that they are not alone. Findings have 
important ramifications for how we structure our classrooms, particularly those that are large.

Abstract Topic: Packaging Education

1 Introduction
Former US Secretary of Education, John B King, Jr., once called higher education, “…the gateway to 
opportunity for all people,” [1] and college completion has been referred to as the “greatest socioeco-
nomic driver in the United States.” [1] Statements like these are supported by statistics that suggest 
that the typical American who acquires a Bachelor’s degree will earn an average of $ 1M USD more 
during the course of their lives than those without any post-secondary education. Additionally, people 
with a Bachelor’s degree are more likely to repay loans and less likely to be unemployed. Achievement 
in education has not only been linked with greater earning power, but also better health and greater 
levels of civic engagement.
Given findings such as these, ensuring that citizens have opportunities to engage and complete their 
education is critical to a successful, national economy [1]. Although US statistics suggest positive 
trends related to educational attainment (the highest level of completion in school)1, it has been esti-
mated that two out of five first-time, full-time students who enroll in a bachelor’s degree program don’t 
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graduate within six years [1].
Additionally, there are persistent disparities, or achievement gaps, in educational attainment for first 
generation students, students who come from low income families, and people of color. In light of all 
of this, “as part of a broader national [US] college completion agenda aimed at increasing college grad-
uation rates, higher education researchers and policy makers are exploring the role of intrapersonal and 
interpersonal competencies in supporting student success.”[2]

2 Literature Review

Herein, we use the definition of “student success” operationalized by the National Academies of Sci-
ence Engineering and Medicine (NAS) workgroup researching the effects of intrapersonal and inter-
personal competencies on student success in STEM fields. This definition states that, “persistence 
[retention] and success are reflected in such measures as retention from one semester or 1 year to the 
following semester or year, retention and/or success in STEM, grade point average (GPA), and grad-
uation”[3]. Each of the components that make up this definition of student success are objectively 
measurable by institutions, unlike other definitions of student success which include measures reliant 
on self-reports of perceptions related to success [4].
Student progress is supported, monitored and recorded in the form of formative and summative assess-
ments. Formative assessments serve the purpose of improving “the quality of student learning,”[5] by 
providing the instructor with timely information about how to improve the student’s experience in the 
classroom. Formative assessments are used in tandem with summative assessments, which evaluate 
and document the learning the student has accomplished. Together, the two serve to support and doc-
ument learning. Herein, we investigate how the form of formative assessments that were intended to 
engage learning understanding at varying points of the semester impacted their sense of belonging in 
the classroom and major.
Our interest in this stems from data produced by a working group at the NAS who identified eight 
interpersonal and intrapersonal competencies2 linked to objective measures of student success [3]. 
One of the eight intrapersonal competencies highlighted as strongly related to success which includes 
evidence of malleability, is a student’s sense of belonging [3]. In a review of belonging research of 
students from STEM disciplines, Strayhorn noted that women generally tended to report a lower sense 
of belonging than men in their discipline, but that intersecting identities, such a racial or ethnic identity 
or status as a first generation student, also affected men’s sense of belonging [6].

While Zumbrunn et al. (2014) indicates a link between instructors and student sense of belonging, 
work investigating how specific instructional decisions or actions taken by instructors in the classroom 
influence students’ sense of belonging is quite limited. Trolian et al. found that quality and frequency 
of student-faculty interactions had a positive effect on student motivation [7]; a review by Hoffman 
and coauthors further supports this, identifying an association between student-faculty relationships 
and academic achievement [8]. Specifically, the research team noted that the types of interactions (be-
tween students and instructors) mattered, as they were associated with increased student motivation, 
student self-efficacy, and student satisfaction.

1 The number of  25-29 years in the US with some college nearly doubled from 1971 (34%) as compared with 2017 
(66%), yet data from this same source suggest only 36% of  those assessed in 2017 successfully completed a degree 
(up from 17% in 1971)
2 The eight intrapersonal and interpersonal competencies identified by the NAS are: behaviors related to conscien-
tiousness, sense of  belonging, academic self-efficacy, growth mindset, utility goals and values, intrinsic goals and 
values, and positive future self  [3].
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Literature specific to pedagogy in packaging classes reinforces this notion, but also suggests that tech-
nology has the potential to connect students to instructors in large classes. The study, conducted with 
packaging students at Michigan State University, proposed that the utilization of an electronic student 
response systems increased student engagement, motivation, and interaction with both the instructor 
and course material [9]. Similar to the reviewed studies investigating instructor-student relationships 
and their effect on student motivation, research focusing specifically on international students also 
finds that professor-student interactions (both in the classroom and outside of the classroom) signifi-
cantly affect student sense of belonging [10].

Previous work investigating sense of belonging has tended to measure sense of belonging at a single, 
fixed point in time [11]–[13], rather than tracking changes across time. While this allows for broad 
exploration of the different components that make up a student’s sense of belonging, there is no ac-
counting for the changes in sense of belonging as a classroom community develops over time possible 
as the result of specific, pedagogical choices. Measuring student sense of belonging repeatedly over 
the course of a semester will enable insights into what types of effects formative assessments have on 
student’s sense of belonging in the class. As belonging is strongly correlated to student success, the 
objective of this study is to compare how differently-structured, formative assessments influence feel-
ings of belonging as self-reported by students in a large, introductory packaging course, in real time.

3 Methods

The belonging study reported herein consists of three parts: (1) the pre-test, (2) the interventional, 
formative assessments at three treatment levels (i.e. in class group activities (GA), individual iClicker 
questions (IQ), and peer discussion iClicker questions (DQ)), and (3) the post-test. The pre-test and the 
post-test included the same test items to measure students sense of belonging at the beginning and end 
of the semester, along with their beliefs about their performance in, and the relevancy of, the course to 
their degree program.

The intervention is designed to look at the effects of different styles of formative assessments on stu-
dent’s sense of belonging in the classroom, in real time. The three interventional assessment treatments 
were: individual -questions to test individual knowledge, iClicker questions with discussion with their 
peers encouraged by the instructor, and group activities, such as reading discussions, rough prototyp-
ing, or mini- projects, completed in groups of approximately 4-8 students. One instructor facilitated all
of the interventions and survey responses, which resulted in belonging data, were collected immedi-
ately after each of the assessments. Individual iClicker questions were posed to the classroom during 
lecture without additional instruction, discussion iClicker questions were presented to the class with 
the additional instruction of “talk to your neighbor before answering,” and for group activities students 
were provided instructions relative to the project, followed by the instructor walking around the class-
room to discuss with groups.
Students of all grade levels enrolled in the introductory packaging course in the Spring 2019 semester 
at Michigan State University were invited to participate in this research study approved by the IRB as 
Study 00001660. The study was introduced during the first day of class while discussing the syllabus 
and course structure; signed consent forms were collected from all interested parties.
Participants began by completing the pre-test on the Qualtrics survey platform that included: all 20 
questions from the Psychological Sense of School Membership (PSSM) adapted for college students 
by Zumbrunn Et al [14], 18 questions from the Motivated Strategies for Learning (MSQL)[15] which 
related to their expectations of the course material and its relevance to their educational program, fol-
lowed by seven free-response demographic questions intended to characterize them and their expected 
grade�
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Demographic questions specifically included, their: age, gender, ethnicity, class level, major, whether 
or not the class is required for their major, and the grade they expect to receive in the class.
To collect students’ sense of belonging regarding the three study interventions, over the course of the 
semester, belonging questions were incorporated into planned classroom activities. Students respond-
ed using their iClicker to questions taken from the version of the PSSM. directly following each of 
the three assessment interventions which were conducted throughout the semester. See figure 1 for a 
timeline of data collection Each time a PSSM item was posed, the instructor reminded the students 
that participation in the study is voluntary. The PSSM Questions were integrated into regular course 
lectures until students had been given a chance to respond to all 20 questions, one question at a time, 
directly following each type of intervention. A colleague who was unaffiliated with course instruction 
and, therefore, unable to influence students’ grades, de-identified student responses and then provided 
them to the research team for further analysis.

Figure 1. Timeline of data collection

Students were asked questions from the PSSM one at a time over the course of the semester until each 
item on the PSSM has been posed one time per intervention. A week after the final belonging questions 
were asked in class, students were asked to complete a post-test survey on the Qualtrics platform.
Anonymous data collected during the course of the semester was matched using student ID across 
surveys and then cleaned by removing incomplete observations. Incomplete observations were defined 
as students not completing both the pre and the post tests and at least some of the iClicker belonging 
questions. Additionally, because it was possible for a student to complete an observation affiliated with 
certain interventional assessments, but miss others, missing responses for individuals were replaced 
with the mode for the item in question. This selection was made to conservatively address concerns 
about missing data in consultation with statistical consulting.
Reverse scored items were re-coded to match the directionality of the rest of the observations, and then 
the means of each treatment sense of belonging were calculated. Repeated Measures ANOVA was uti-
lized to investigate if the type of intervention (individual iClicker question, discussion based iClicker 
question, and group activity) influenced student’s self-reported sense of belonging while simultane-
ously considering demographic characteristics (major, class level, and gender). The variable for race 
and ethnicity was not included in the final analysis because there were not enough observations to 
allow for inference.
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4 Results and Discussion
The entire class (n=246) was informed of the study and invited to participate, and
164  students opted to enroll in the study by returning the initial consent form. Additional attrition from 
the study occurred when students failed to complete the pre-test and post-test surveys. Students were 
required to complete the pretest by a published data occurring within the first week of the semester, 
and had a week after study completion to complete the post test. Of the 164 students who submitted 
consent forms, only 126 students completed the pre-test and 120 students completed the post test. Data 
from the pre-test and post tests were paired using student ID numbers, and students who completed 
only one of the two were dropped from analysis. The set of students (n=85) used in final analysis was 
comprised of students who completed the pre-test survey, the post-test survey, and responded to in-
tervention iClicker questions throughout the semester. The sample was 48.2% male (41) and 51.8% 
female (44). Eighty percent (68) were white, 3.5% (3) black, 4.7% (4) Asian, 4.7% (4) Hispanic, and 
4.7% (4) Middle Eastern. Two participants declined to provide their ethnicity and race. Table 1 sum-
marizes the demographic breakdown of students included in the final analysis. All of the students in 
the sample expected to get an overall course grade of 3.5 (out of 4.0) or higher. All demographic items 
were asked as free response questions.
Twenty-five of the students included in the analysis (29.4%) listed themselves as packaging majors 
at the beginning of the semester, while 70.6% (60) did not. This compares to the overall class com-
position of 20.4% declared packaging majors (as indicated in the instructor systems at the start of the 
semester). At the end of the semester, 34.1% (29) of students indicated they were packaging majors, 
and 65.9% (56) were not. In other words, a number of students who participated in the project changed 
their major to packaging from the semester’s beginning to its end. Post-test major status was used in 
for all analysis. It is important to note that the class could still be a required class (even for non-ma-
jors), such as Food Science with a food packaging concentration. Forty-one study participants (48.2%) 
were freshmen, 24.9% (22) sophomores, 25.9% (12) juniors, and 11.8% (10) seniors. This compares to 
the overall class make up of 38.8% freshmen, 27.2% sophomores, 17.6% juniors, and 16.3% seniors. It 
is important to note these differences between the sample and the class population as we hypothesized 
that major, and class level could have a significant effect on sense of belonging students experience in 
the classroom.

Table 1. Frequency of Respons-
es
Population

Related to Demographic Characterization of Participant

Descriptive Sample Percent 
(n)

Classroom Population Percent 
(n)

Total 100% (85) 100% (245)
Male 48.2% (41) 68.6% (168)

Female 51.8% (44) 31.4% (77)

Major at End of Se-
mester

Packaging Major 34.1% (29) 20.4% (50)

Non-packaging major 65.9% (56) 79.6% (195)

Race and Ethnicity

White 84.6% (72) 76.7% (188)

Black 3.5% (3) 4.9% (12)
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Asian 4.7% (4) 4.1% (10)

Hispanic 4.7%(4) 4.1% (10)

Two or more races 0% (0) 2.0% (5)

Hawaiian or Pacific Island-
er

0% (0) 0.4% (1)

Not reported or other 0.2% (2) 7.8% (19)

Class Level

Freshmen 48.2 % (41) 38.8% (95)

Sophomores 48.2% (22) 27.2% (67)

Juniors 25.9% (12) 17.6% (43)

Seniors 11.8% (10) 16.3% (40)

Analysis revealed significant differences in sense of belonging as self-reported by students when re-
sponses collected immediately after each of the  three interventions were compared (see table 2). Pair-
wise comparisons conducted to compare treatments reveal the following. The individual iClicker ques-
tions (IQ) treatment, with a meanof3.553 (S.E. 0.049) resulted in a significantly lower reported sense 
of belonging than the peer discussion with iClicker questions (DQ) with a mean of 3.760 (S.E. 0.049) 
and the Group activity (GA) treatments with a mean of 3.755 (S.E. 0.052). The DQ treatment mean 
and the GA treatment mean yielded no evidence of significant difference when compared(α=0.05). 
Additionally, when the post and pre test responses were compared a significant difference was also 
apparent�

Findings support the literature which suggests that connection with both their peers and the instructor 
is important to sense of belonging. [8], [16], [17] A potential interpretation of the finding is that it is 
important for students to interact with their peers and connect (even relatively superficially) with the 
instructor. Implications for this interpretation are that instructors need not dedicate blocks of class time 
to group activities to foster a sense of belonging; allowing students to respond to clicker questions as 
a group appears to have the same impact on overall sense of belonging as do the more involved group 
activities�

Table 2. Multiple Comparisons and Estimated Means
Belonging Mea-
sure

Estimated Mean Standard Error 95% Confidence
Interval

Pre-test 3.242 A* 0�051 3.14-3.345
Individual Ques-
tion (IQ)

3�553 B 0�049 3.455-3.651

Discussion 
Question 
(DQ)

3.760 C 0�049 3.662-3.858

Group Activ-
ity (GA)

3.755 C 0�052 3.651- 3.858

Post-test 3.812 C 0�072 3.662-3.963
*Means followed by the same letter are not significantly different from each other at
the α=0.05 level using a multiple comparison with a Bonferroni adjustment.
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When we compared “longitudinally” across the semester, there was also a significant increase in the 
reported sense of belonging for each of the categories as compared to the pre-test score. This suggests 
students developed a sense of belonging over the course of the semester. See figure 2. for an illustra-
tion of this trend; of specific interest is how the pre-test and post test results compare. This postulation 
is strengthened by the post-test belonging mean of 3.812 (S.E. 0.072) being the greatest mean sense 
of belonging out of all of the observations. As all of the pedagogical treatments had higher senses of 
belonging than the pre-test, it is possible that implementation of the belonging study naturally led to 
a greater sense of belonging as the students. It is possible that they assimilated the notion that the in-
structor cared enough about their sense of belonging in the classroom and how changes in approach 
influenced it to take the time to investigate it formally. Since all three of the treatments were measured 
over the course of the semester, the comparison between treatments is unbiased by the effect of time.

Figure 2. Estimates Marginal Means of Sense of Belonging for Interventions.
Differently filled bars signify a statistically significant difference in the estimated marginal means for 

the interventions at α=0.05.

Figure 3. Estimates Marginal Means of Sense of Belonging for the pre-test and the post-test.. 
Differently filled bars signify a statistically significant difference in the estimated marginal means for 
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the interventions at α=0.05.
No significant differences in sense of belonging were evident when values were examined considering 
gender, class level, or major. Graphing the sense of belonging of students by demographic features 
demonstrated that trends mentioned in the literature (e.g. gender) [6] exist in these areas, but the sam-
ple is likely under-powered to detect differences that might exist. Graphs demonstrating these trends 
are included as Figures 2,3, and 4. Non-significant trends of particular interest for future research in 
this area are: that male and female students started the semester with similar levels of belongingness,
but that male students reported a higher level of belonging at the end of the semester, and that non-pack-
aging majors reported less belonging when responding to questions individually, but a greater sense of 
belonging when working in group for a class activity when compared to packaging majors.

Figure 4. Estimated Marginal Mean Sense of Belonging by Gender. Differently filled bars signify a 
statistically significant difference in the estimated marginal means for the interventions at α=0.05.

Figure 5. Estimated Marginal Mean Sense of Belonging by Class Level. Differently filled bars signify 
a statistically significant difference in the estimated marginal means for the interventions at α=0.05.
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Figure 6. Estimated Marginal Mean Sense of Belonging by Major. Differently filled
bars signify a statistically significant difference in the estimated marginal means for the interventions 

at α=0.05.

5 Conclusion
In conclusion, the evidence suggests that how instructors structure formative assessment in large 
classrooms has the potential to significantly affect students’ sense of belonging. This has important 
implications; particularly for educators who are assigned large classes. Instructors should consider 
implementing formative assessment measures in the classroom that allow for students to interact in 
small groups and use their peers as a resource for learning what they do or do not know in addition 
to providing opportunities to engage directly with the instructor. As discussion and interaction with 
classmates during group work was shown to have a greater positive influence on sense of belonging 
than answering the instructor’s questions on one’s own, if an instructor wants to facilitate a sense of 
belonging in a packaging classroom, use of formative assessments that allow for interactions with both 
the instructor as well as with peers rather than one or the other should be included in the curriculum.
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Nanocellulose as materials reinforcement and its potential for 
packaging applications.

Pilar Albaladejo Sánchez, Rafael Sánchez Serrano, Soraya Sánchez Ballester, Jose María Alonso 
Soriano and Miriam Gallur Blanca.

Abstract:
Agricultural wastes could be an abundant and cheap source of lignocellulosic feedstocks. In 
this study, the evaluation of different agricultural wastes (cereals, tomato plant, etc.) to obtain 
cellulose high value-added additives has been explored. The potentiality of those sources to 
produce nanocellulose, becomes a real opportunity for using nanocellulose as reinforcement 
to improve biodegradable packaging materials properties, such as paper, cardboard and 
bioplastics�
In this work, two main objectives were addressed: a) the production of “low-cost nanocellulose” 
through a tailored-made process; b) their application as additive to improve polymeric and 
paper packaging materials properties.

Keywords: packaging, nanocellulose, biomaterials, barrier properties, toughness, 
sustainability, circular economy, agroindustrial wastes, paper, coatings.

1 INTRODUCTION 

Packaging materials
Nowadays, one of the main concerns in Europe is the problem of packaging waste, because of this 
sector consumes large amounts of coated paper and cardboard and oil-based plastics. In addition, of 
which about 40% of the total world packaging production is simple-use packaging.
In 2016, the generated European packaging waste reached above 86.7 million metric tons, being paper 
and cardboard (41%), plastic (19%), glass (19%), wood (16%) and metal (5%) the most common types 
of packaging wastes [1]. To overcome this environmental issue, a lot of research has been done to im-
prove bio-based, biodegradable and compostable materials. Replacing the synthetic petroleum-based 
packaging materials with bio-based packaging materials is not only an option to be more sustainable 
than conventional ones; also this research will give brand owners a greener image but also competitive 
advantage due to improve the technical properties of the commercial current ones and maintain shelf-
life of food [2-3].
Food packaging is a very conservative business in terms of materials for good reasons: first, because 
of the Food Safety, such it is a major concern for producers and consumers. And the second one, the 
introduction of more sustainable materials. The introduction of new sustainable materials would there-
fore need the involvement of brand owners, food producers and consumers.
Due to the high quantities of raw materials that must be used in the production of paper and plastic 
packaging and that the packaging must meet the consumers, product and industry requirements, it is 
necessary to look for new alternative sources to produced biodegradable packaging materials solu-
tions. One of the ways to improve those biodegradable materials is to use cellulose nanofibers as a 
reinforcing agent. The current developments show that producing MFC composites it is possible to 
enhance paper and polymers properties, making them more competitive and thus be able to replace 
conventional ones�
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Nanocellulose

The increase in the amount of waste has become a major concern throughout the world. Therefore, the 
development of new strategies to valorize all kind of waste is necessary to be aligned with the circular 
economy and the bio-economy[4]�

Following this trend, lignocellulosic residues are rich in cellulosic fibres which are an attractive raw 
material for the production of nanocellulose and their application in multiple industry sectors.

Nanocellulose is a material composed predominantly of cellulose fibrils with any external dimension 
in the nanoscale with a high aspect ratio (length to width ratio). Typical fibril widths that make up the 
nano cellulose are between 5–20 nano meters and the fibril lengths could vary from 20 nanometers to 
several micrometers. Nano cellulose can be obtained by chemical and/or mechanical processes, pre-
senting different characteristics depending on the obtaining process.[5]

The most common type of nanocellulose is called microfibrillated cellulose or MFC (where fibrils´ 
width is nanosized and fibrils´ length is microsized). MFC offers some interesting properties, such as 
biocompatibility, massive surface area, high strength, recyclability and low density. Because of these 
unique characteristics, MFC may be applied as reinforcing additive, rheology modifier or stabilizer, 
among others [6]�
The use of MFC to improve materials could contribute to solve the problem related to the use of oil-
based materials for packaging applications and the environmental hazards due to the amount of gen-
erated packaging waste.[7-10]

The main objective of this work is to obtain MFC from different agroindustrial wastes and its use as  
reinforcement materials to improve the properties of two of the most important materials for the sector 
packaging: paper and card board and new biodegradable material, such as bioplastics.

2 MATERIALS AND METHODS 

Materials
The raw materials used in this work to produce MFC are: oat husk, wheat bran, spelt, potato peel 
wastes, tomato plant wastes and sawdust. To study the improvements in mechanical properties of pa-
per substrates, recycled pulp as main matrix was used. To develop barrier coating, MFC was added to 
biodegradable matrices, such as polylactic acid (PLA).

Agricultural wastes characterization
Agricultural wastes were characterized according to TAPPIstandards (Technical Association of the 
Pulp and Paper Industry) in order to determine their chemical composition. Acid-insoluble lignin 
(TAPPI T222 om-98), holocellulose (Wise Method), α-cellulose and hemicellulose content (Rowell 
Method) were evaluated.[11]

MFC production
The obtention of the MFC from the different agricultural wastes was achieved through the application 
of a combination of chemical and mechanical treatments; several steps were performed:

1� Cooking: The agricultural wastes was subjected to a chemical treatment with NaOH. The 
suspension was heated with continuous stirring into a digester. This process removed a 
great percentage of the lignin and the hemicellulosefraction.
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2� Bleaching: The solid residue obtained in the previous stage was adjusted with water to a 
consistency of 10 %. After, the bleaching reagents were added in the appropriate propor-
tion and the mixture was heated with continuous stirring, in order to remove the residual 
lignin�

3� Disintegration: Cellulose pulp obtained in the previous stages was adjusted to the proper 
consistency with water and inserted into the grinder to produce the fibrillation of the cel-
lulose. The process was repeated until the gel-consistency was reached.

Figure 1 shows MFC production scheme from agricultural wastes.

Figure 1. MFC production scheme.

To produce MFC from different agricultural waste, this mechanical treatment was selected, because it was ver-
ified internally that the production costs of mechanical MFCs are lower than the chemical or enzymatic ones..

MFC characterization

- MFC suspensions were characterized according to the Simplified Quality Index (SQI) assays. The 
SQI is a multianalytical approach proposed by researchers of the Université Grenoble Alpes that 
represents the quality of the MFC by an unique numerical punctuation (the higher the value is, the 
better the MFC is), allowing the comparison between distinct types of MFC [12-13]. For this pur-
pose, the following assays were carried out:

- - Nanosize fraction determination: MFC suspensions were centrifuged and the supernatant obtained 
was dried at 105°C. The ratio between the concentration of fibers in the supernatant and the initial 
concentration of the suspension indicates the amount of material comprised in the nano-scale range.

- - Turbidity analysis: the scattered light (860 nm at 90⁰) of MFC suspensions were measured using a 
Lovibond TB 300 IR portable turbidimeter, evaluating the scattered.

- - Young’s Modulus characterization: sheets of paper from MFC (nanopapers) were obtained from 
a Rapid Köthen sheet former were conditioned according to ISO 187:1990. Next, they were cut 
(10cm long, 15mm wide) and subjected to a tensile test using a universal Testometric machine 
M350-20CT.

- - Macroscopic size determination: images of the MFC suspensions were acquired using an optical 
microscopy Leica, equipped with a digital camera. Once obtained, pictures were analyzed with the 
ImageJ software with the purpose of obtaining the average size of the macro particles of the MFC 
suspension�
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Paper composites production

MFC was used as reinforcement to improve paper properties; for this purpose, different hand-sheets 
were produced through a Rapid Köthen sheet former, and in accordance with ISO 5269-2.
Two amounts of microfibrillated cellulose (MFC) (5% wt, 10% wt) were added to recycled pulp by 
means of a disintegrator. Sheets with 120 g/m2 of grammage were obtained. The operations conditions 
were 1500 rpm during 10 min. Schopper Riegler Degree (°SR) was determinate to evaluate the drain-
age time of the different slurries.
Finally, the improvement of the mechanical (compressive strength-short span test and tensile index) 
and barrier properties of recycled pulp were evaluated according to ISO 5270 and ISO 5636-3:2013 
standards, respectively.

Biodegradable coated composites production

To developed high barrier coatings, as pecific formulation of MFC composites using PLA asamatrix-
was produced. The aqueous MFC solution was adequately diluted to different consistency ratios to 
evaluate the right viscosity for being use as a coating solution. The formulation of a queous MFC solu-
tions with other polymeric solutions (PS) was evaluated to provide an enhanced behavior in function 
of the substrates to be coated and a PLA film has been used as asubstrate.
The application of coating has been carried out at laboratory scale using an automatic film applicator 
TQC (Figure2).

Figure 2. Automatic filmapplicator TQC

Different polymeric composite solutions were produced by varying the MFC percentage (10 wt, 20% wt and 30% wt of 
MFC was added onto the polymeric matrix). These solutions have been coated onto the PLA matrix at different thick-
nesses. To produce the different thicknesses the following rods were used (30, 100 and 200 μm).
In order to improve the adhesion between the PLA matrix and the MFC coating, a corona treatment was performed by 
using a RK Rotary Coater (shown in figure 3).
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Figure 3. Equipment corona treatment RK Rotary Coater.

3  RESULTS

MFC production: Agricultural wastes characterization and process yields.

Raw materials characterization: Chemical analysis of the samples was carried out following the pro-
cedures and standards of TAPPIT200 series ”Fibrous materials and pulp testing”. Results are presented 
in Table1:

Table 1: Chemical composition of the agricultural wastes

Determination Oat husk
(%)

Wheat 
bran
(%)

Spelt
(%)

Po-
tato
(%)

Tomato
(%)

Saw-
dust
(%)

Acid-insoluble 
lignin

27±4 15±2 27.8±0.7 11± 
3

11.25 ± 
1.09

25.6 ± 
0.5

Holocellulose 51±4 34±5 52.2±1.5 30±4 57.96 ± 
5.19

62.4 ± 
3.9

α-cellulose 29.5±0.3 8.5 31.4±0.5 28.5 32.22 ± 
0.41

44.3 ± 
0.6

Hemicellulose 21.5±0.3 25.6 20.8±0.5 2.4 25.7 18.2

As can be observed, except for wheat bran, the percentage of cellulose of the different samples was 
very similar.
The yield reached in each stage was calculated considering the amount of material (solid content) at 
the beginning and at the end of each stage. Results are presented in Table 2:

Table 2: Yield achieved for each raw material in the different stages of the process.

Wheat 
bran
(%)

Oat 
husk
(%)

Spelt
(%)

Pota-
to

(%)

Toma-
to
(%)

Saw-
dust
(%)

Cooking 7 38 31 44 97.6 57.3
Bleaching 66 56 61 56 84.1 52.2
Disintegra-

tion
95 97 96 98 95 98

The yield in the cooking process is the lowest of the whole process as, in this stage, a great part of 
the compounds of the feedstock are solubilized in the black liquor. In the bleaching process, colored 
compounds are removed, so there is also a loss in the weight of the product. Finally, the yield in the 
last stage (mechanical treatment) is very high as there is no compounds removal.
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MFC characterization: Quality Index.

The comparison of the MFC obtained from each agricultural waste was carried out by obtaining the 
Simplified Quality Index. The results obtained in each trial are detailed in Table 3

Table 3: Results obtained in the assays included in the simplified quality index

Wheat-
bran

Oat husk Spelt Potato Toma-
to

Saw-
dust

Nanosize fraction (%) 45 21 31 9 84 30
Turbidity (NTU) 557 596 548 182 618 292

Young’s Modulus 
(GPa)

8.9 -* 10.4 12.1 6.6 8.7

Macroscopic size 
(µm2)

9 11 24 26 11.2 4.1

Quality index 60.7 34.2 53.4 59.0 62.9 68.1
* Could not be determined, to obtain the quality index was taken as zero value.

According to the results, the sawdust has the highest punctuation (68.1), although the quality index of 
the wheat bran, tomato and potato are quite similar (60.7, 62.9 and 59.0, respectively), which implies 
comparable qualities. The quality offered by oat husk value is clearly the lowest(34.2).Regarding spelt,  
the punctuation obtained indicates a medium quality. Considering that the punctuations obtained by 
commercial suspensions of MFC were comprised between 60-80, it is demonstrated that the quality 
offered by both MFC (commercial and the obtained with alternative sources) are comparable.

Paper composites: Mechanical and barrier properties.

In order to evaluate the improvement of mechanical and barrier properties, the two best MFC, accord-
ing to IQ were evaluated (tomato and sawdust).
The results obtained for mechanical properties and permeability are presented in table 4.

Table 4: Results obtained for mechanical properties (SCT and tensile index) and permeability

Permeability Bendtsen(mL/min) SCT(kN/m) Tensile index(Nm/g) 

Reference recycled 
pulp

535.50 ± 43,32 2.70 ± 0,17 0.45 ± 0,02

MFC Tomato 5% 135.25 ± 33,16 3.81 ± 0,33 0.52 ± 0,04
MFC Tomato 10% 69.63 ± 19,14 4.07 ± 0,23 0.63 ± 0,06
MFC Sadwust 5% 231.00 ± 20,29 3.44 ± 0,33 0.47 ± 0,03

MFC Sadwust 10% 225.13 ± 33,97 3.96 ± 0,34 0.57 ± 0,03

The results are shown in the table 4. It is observed that both, the mechanical and the permeability 
resistance are increased as the percentage of MFC increases. Comparing the different matrices, toma-
to´s MFC improves paper properties more than sawdust´s MFC.
In figure 4 the percentages of improvement compared to base material were represented.



29th  IAPRI Symposium on packaging

Novel Packaging

Figure 4: Mechanical and barrier properties compared to the recycled pulp without additive

The highest improvement of the different mechanical properties and permeability was produced by the 
addition of 10 % wt of Tomato´s MFC. This effect is due to its higher length which promotes a better 
crosslinking with the rest of the fibers [14].
On the other hand, drainage properties are of key importance in the papermaking processes, because 
if the drainage is too slow, the dewatering time increase and this effect on the capacity of production. 
The addition of MFC on papermaking slurries increased Schopper Riegler Degree (°SR) and that fact 
has been reported in previous works [15-16].
The results obtained for Schopper Riegler Degree of papermaking slurries with different amounts 
MFC as additive are presented in table 5..

Table 5: Results obtained for Schopper Riegler Degree of different papermaking slurries

 Schopper Riegler Degree(°SR)
Reference recycled pulp 28

MFC Tomato 5% 60
MFC Tomato 10% 76
MFC Sadwust 5% 59

 MFC Sadwust10% 70 

Table 5 shows that the Schopper Riegler Degree (°SR) increased considerably by adding MFC as a re-
inforcing additive, and this affects the paper production because when increasing the Schopper Riegler 
Degree (°SR) the greater the drying time of the paper sheet.
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MFC based coatings: Barrier and adhesion properties.
The results obtained for OTR and WVTR of the different coatings are show in the table 6.

Table 6: Results obtained for OTR and WVTR of the different coating

Sample Coating composition OTR (mL/m2·-
day)

WVTR (g/m2·-
day)

Substrate 
film

PLA 124.5 ± 3.7 121.5 ± 8.7

1 MFC/PS (30 µm, PS 30%) 65.79 ± 6.29 90.20 ± 3.30
2 MFC/PS (200 µm, PS 30%) 8.65 ± 1.87 98.43 ± 0.42
3 MFC/PS (200 µm, PS 20%) 11.45 ± 10.00 87.59 ± 23.21
4 MFC/PS (200 µm, PS 10%) 22.97 ± 11.72 84.22 ± 6.23
5 MFC/PS (100 µm, PS 30%) 37.14 ± 9.03 95.42 ± 5.71
6 MFC/PS (100 µm, PS 20%) 70.22 ± 11.31 111.0 ± 6.1
7 MFC/PS (100 µm, PS 10%) 118.7 ± 3.0 96.66 ± 1.23

According to the results, OTR and WVTR values decrease respect to the substrate film.

The greatest reduction of the OTR has been achieved for the sample 2 which the OTR decreased 93%. 
On the other hand, for the WVTR the greatest reduction occurred in the sample 4, which the WVTR 
decreased 30%.

4 CONCLUSIONS

The production of microfibrillated cellulose from different types of agricultural wastes has been eval-
uated. These under-valorized residues can be used to obtain high quality MFC, contributing to the 
decrease of agricultural wastes. An extraction method basedon the combination of chemical and me-
chanical treatments has been designed, this method will allow the industry to produce MFC of quality 
comparable to commercial ones with a lower cost than commercial MFC. The distinct types of MFC 
were characterized using the simplified quality index. Results obtained showed that the highest quality 
was obtained by the wheat bran (60.7), followed by the potato (59.0), which offered similar results.
Spelt (53.4) obtained lower values,while oat husk obtained the worst punctuation (34.2). In conclusion, 
it has been demonstrated that distinct types of waste may be valorized to obtain high quality MFC.

The improvement of the properties of the recycled paper by using only MFC as additive were achieved. 
These results show that MFC additives could being able to replace conventional chemical additives. 
The best results were obtained with tomato´s MFC at 10%wt, achieving a reduction of 87% in the 
Bendtsen permeability and an improvement around 50% and 40% of the SCT and tensile index, re-
spectively compared to neat recycled paper.
On the other hand, the trials performed with the biodegradable coating material selected forthisstudy-
showanenhancementof93%intermsofOTRdecreaseand30%ofWVTR decrease. These results reach 
high barrier values like the ones obtained with conventional polymers and multi layer structures.

These results demonstrate that the new developed materials will be a possible substitute for LDPE 
coated papers for fresh food or PE film for ready-food trays, among others packaging materials.

Summarizing, these results can effectively contribute to mitigating the environmental impactof
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waste,moving towards a bio refinery concept. Furthermore, the use of MFC for improvebio-based-
materials will impact on the packaging industry providing sustainable alternatives to conventional 
packaging�

ACKNOWLEDGMENTS
Authors would like to thank SINSOST (FEDER/IVACE,nº IMDEEA/2017/144), PULPACKTION 
(H2020-BBI-PPP-2015-2-1, nº 720744) and AGRIMAX (H2020-BBI-
PPP-2015-2-1, nº 720719) for the financial support.

REFERENCES (15-20)
[1] Eurostar Statistics Explained, 2019. https://ec.europa.eu/eurostat/statistics- 

explained/index.php/Packaging_waste_statistics#Waste_generation_by_packaging_material (Last 
time accessed May2019)

[2] Shakeel ahmed. Bio-based materials for food packaging. Green and sustainable advanced 
packaging materials. Springer(2018).

[3] L. F. Ballesteros. Food applications of lignocellulosic-based packaging materials. Biobased 
Polymers(2018).

[4] Fristsch C., Staebler A., Happel A., Cubero M.A., Aguiló I., Abadias M., Gallur M., Cigognini 
I.M., Montanari A., López M-J., Suárez F., Brunton N., Luengo E., Sisti L., Ferri M., Belloti G. 
Processing, valorization and application of bio-waste derived compounds from potato, tomato, 
olive and cereals: a review. Sustainability 2017; 9(8), pp.1492.

[5] Organisation International de Normalisation (ISO), 2019. https://www.iso.org/obp/
ui/#iso:std:iso:ts:20477:ed-1:v1:en (Last time accessed May2019)

[6] Sánchez R., Espinosa E., Domínguez-Robles J., Loaiza J.M., Rodríguez A. Isolation and 
characterization of lignocellulose nanofibers from different wheat straw pulps. International 
Journal of Biological Macromolecules 2016; 92, pp.1025-1033.

[7] Berglund L., Noël M., Aitomäki Y., Öman T., Oksman K. Production potential of cellulose 
nanofibers from industrial residues: Efficiency and nanofiber characteristics. Industrial Crops and 
Products 2016; 92, pp.84–92.

[8] GarcíaA.,GandiniA.,LabidiJ.,BelgacemN.,BrasJ.Industrialandcropwastes:Anewsource for 
nanocellulose biorefinery. Industrial Crops and Products(2016).

[9] Li F., Mascheroni F., Piergiovanni L. The Potential of Nanocellulose in the Packaging Field: A 
Review. Packag. Technol. Sci.(2015).

[10] Vargas F., González Z., Sánchez R., Jiménez L., Rodríguez A. Cellulosic pulps of cereal Straw as 
raw material for the manufacture of ecological packaging. BioResource 2017; 7(3), pp.4161- 4170.

[11] EspinosaE.,TarrésQ.,Delgado-AguilarM.,MutjéP.,rodríguezA.SustabilityofwheatStraw 
semichemical Pulp for the fabrication of lignocellulosic nanofibers and their application to 
papermaking slurries. Cellulose 2016; 23,pp.837-852.

[12] Desmaisons J., Boutonnet E., Rueff M., Dufresne A., Bras J. A new quality index for 
benchmarking of different cellulose nanofibrils. Carbohydrate Polymers 2017; 174,pp.318-329.

[13] Kangas H., Lahtinen P., Sneck A., Saariaho A.M, Laitinen O., Hellén E. Characterization of 
fibrillated celluloses. A short review and evaluation of characteristics with a combination of 
methods. Nordic Pulp & Paper Research Journal 2014; 29,pp.129-143.

[14] Espinosa E., Domínguez-Robles J., Sánchez R., Tarrés Q., Rodriguez A. The effect of pre- 
treatment on the production of lignocellulosic nanofibers and their application as a reinforcing 
agent in paper. Cellulose 2017; 24, pp.2605-2618.

[15] Vallejos M.E., Felissia F.E., Area M.C., Ehman N.V., Tarrés Q., Mutje P. Nanofibrillated cellulose 
(CNF) from eucalyptus sawdust as a dry strength agent of unrefined eucalyptus handsheets. 
Carbohydr Polym 2016; 139, pp.99–105.

[16] Boufi S., Gonzalez I., Delgado-Aguilar M., Tarres Q., Pelach M.A, Mutje P. Nanofibrillated 
Cellulose as an additive in Papermaking Process: A review. Carbohydrate Polymers 2016; 154, 
pp.151-166.



29th  IAPRI Symposium on packaging

Novel Packaging

Novel Packaging
Posters



29th  IAPRI Symposium on packaging

Novel Packaging

METHODOLOGY FOR DISCRETIZING THE DESIGN 
PROCESS

Laura Esteban - Escobedo1. Jose Ignacio Garrigós – Forcada1. Patricia Navarro - Javierre1�

1. ITENE. Packaging. Transport and Logistics Research Centre. Tel/Fax: +34961820232.laura�
esteban@itene.com; jose.garrigos@itene.com; patricia.navarro@itene.com

Abstract:

The project focuses on the definition of a packaging development methodology that allows 
consumers’ perceptions to be incorporated into the design process in order to increase 
their potential capacity to present and sell the product, increase their competitiveness on 
supermarkets’ shelves and improve their position in the market compared to their competition. 
The methodology developed links perceptual stimuli to the different characteristics of the 
target audience, such as design forms, colours, ergonomics, etc. In this       way, the packaging 
design will cease to be the result of the designer’s individual intuition, subjectivity and 
experience, discretizing the process to standardize it, which can be transferred to the group of 
people involved in the different phases of creating a package and, therefore, reproduced in a 
systematic way, reducing the time and costs of theprocess.

Keywords: design methodology, consumer, consumer perception, packaging design, 
ergonomics etc.

1 Introduction

The present project proposes the development of a packaging methodology that allows the consumer’s 
perceptions to be incorporated into the process in order to increase their potential capacity to present 
and sell the product, increase their competitiveness on the shelves and improve their position in the 
market compared to their competition. In this way, the design of these perceptive containers will cease 
to be the result of the individual intuition of the designer, becoming a standardized process that can 
be transferred to the group of people involved in the process of creating a container and, therefore, 
reproduced in a systematic way. Within this methodology, it is important to highlight the importance 
of the validation process, for which easy, affordable techniques must be developed to reduce time and 
associated costs�

The novelty of the project is the opportunity to propose a methodology that analyses the packaging 
influence in the users, each of the elements that we consider important in creating the user experience, 
focusing on packaging�
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2 Goal of the research

The specific objectives that are expected to be achieved with this project are oriented towards: 
Development of the design methodology that includes the consumer’s perception in the choice of 
purchase.

✓ Development of a methodology to incorporate consumer perceptions into the design 
and development ofpackaging.
✓ To carry out an in-depth investigation of the consumer’s perception when choosing a 
package�
✓ It will be defined which sector(s) the methodology is applied; it is intended that the 
study has a multisectoral scope to cover betterresults.

✓ Study the modification of packaging to meet the needs of theuser.
✓ Establish design and development criteria so that the packaging is no longer the result 
of the designer’s individualintuition.
✓ To carry out a validation process for which it is necessary to develop simple, afford-
able techniques that allow reducing time and associated costs.
✓ To obtain a clear correlation between the results obtained in the validations and the 
changes in the design, reaching the optimal design in each one of thepackages.

3 Execution of the Research

In order to development a design methodology that includes consumer perception in the choice of 
purchase, the following task has been done:

1. Compilation of existing methodologies on how packaging affects consumer feel-
ings and methodologies on emotional product design that can be applied to packaging. 
In order to develop this methodology, in-depth research must be carried out into consumer 
perception, consumer purchasing habits, current perceptive packaging, market trends, with 
emphasis on ergonomics, not only in the area of packaging but also related to lifestyles, cul-
tural and generationalaspects�

2. Case study; design Packaging requirements.
As a starting point it is necessary to know the requirements that the packaging has to meet 
from the point of view of the consumer (who would like, needs the consumer) product re-
quirements (conservation, dosage, etc.), marketing requirements, environmental require-
ments, derived from the manufacture of the packaging, product distribution, point of sale, 
etc�
3. Case study: design process (conceptual and detail design).
The development of the methodology has been carried out through the carrying out of the 
case study, therefore they are two tasks that have been carried out in parallel (taking as a 
base the information gathered and analyzed in the previous tasks). The designer in the case 
study is incorporating, testing, possible improvements in the traditional design methodology, 
which allows to incorporate the perception of the consumer.

4. Design methodology developed.
Finally, the phases of the methodology that incorporates consumer perception are estab-
lished. These phases have been developed and validated with the case study worked in this 
research.
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4 Results and conclusions:

Development of a design methodology that includes consumer perception in the choice of purchase. 
The steps carried in order to develop the new methodology are described:

1. Compilation of existing methodologies on how packaging affects consumer 
feelings and methodologies on emotional product design that can be applied to 
packaging.

- The following design methodologies are currently being studied, which may directly or indi-
rectly incorporate consumerperception:

- Kansei Engineering (Nagamachi1974)
- Cognition in design (C-K of Hatchuel and Weil 1999 and 2002)
- Morphological tables (zwickg 1947 and Norris1963)
- 1954 AttributeList
- Fucnional innovation (Jewkes, Sawers & Stillerman 1958; Jones1966)
- Quirk’s Index ofAdjustments
- Classification and weighting (Hall 1962; Sanof1968)
- FuzzyLogic
- Fundamental Design Method (MFD)1966
- AIDA (Analysis Interconected Decision Areas) Lukman1967
- Creative Problem Solving (CPS) (Osborn1979)
- Controlled Convergence or DATUM
- Conceptual maps (Novak, Gowin & Johansen1983)
- KanoMethod
- Roadmaping
- Kinetic design (Intelligent Kinetic Systems)
- TaguchiMethodology

The most relevant techniques and recommendations obtained from the study and analysis of these 
techniques are being used in the development of the case study and the final design methodology.
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2 Design Packaging requirements.
The design methodology is being developed from the development of the case study, selected in the 
project. The case study focuses on the design of a take away packaging system for soups, which is 
served by a vending machine. In order to achieve this, the main objective of this design has been to 
take into account the consumer’s perception of the packaging, since the objective of its design, is that 
despite being a take away, it is a product:

• healthy,
• homemade
• handcrafted
• traditional
• appetizing, tasty etc.
• eco-friendly packaging, easy tore cycle
• product / packaging easy and convenient to dispose of (vending machine) and to use 
while taking it (user experience)
• safe packaging for food safety
• resistant packaging against possible breakage
• etc�

It is therefore necessary for the packaging to enable the consumer to perceive these sensations at the 
time of his choice and during his use (consumer experience). In addition to be a healthy, handcrafted 
product, etc. the company needs the packaging to convey the idea that it is eco-friendly through the 
selection of the materials of constitution and also through the appearance that the material has to have. 
On the other hand, the design of the packaging has to transfer its functionality to the consumer: easy 
to dispose of automatically, during the consumption/use stage (it adapts to the needs of the consumer), 
who has little time to consume it and not always in comfortable conditions to be able to take it. In 
addition, the design and its material must transmit to the consumer safety in terms of food legislation, 
or resistance in the usestage...

In order to be able to identify those design characteristics that induced the feelings indicated in the 
consumer, through the package and its material of constitution, a market study has been carried out of 
the existing packages for this type of products or similar as well as the process by which the consumer 
perceives them.

Therefore, the methodology is being built on the basis of the steps that are being followed to be able 
to design the indicated case study, which has the complexity / objective of wanting to compete with 
other products traditionally issued by vending machines (sandwiches, salads, macaroni, etc.), through 
the influence of the packaging on the consumer’s perception.
When the case study is finished, the methodology justifying the packaging design will be developed 
in order to achieve the objective. In the development of the case study, all design techniques directly 
or indirectly related to including the consumer’s perception in the packaging, identified in the search 
for the state of the art, are being taken into account, as well as practical cases of success, where the 
consumer’s perception has been effectively incorporated into the design,etc.

It should be pointed out that in the case study described, it has been necessary to previously carry out 
a study of the target public for which this type of take away product is aimed, in order to identify the 
sensations that the packaging design has to convey to the consumer, who, logically, is likely to buy it. 
It is therefore essential as a first step to establish a social positioning - cultural, habits, trends etc.
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3 Case study; design process (conceptual and detai ldesign).

Functional prototype of packaging generated and validated through the methodology developed. By 
In the following figure of detail, conceptual design examples were developed to achieve the objective 
of the case study:

Fig 1. Conceptual design stage.
Below are some of the designs selected, based on the previous designs.

Fig 2� Packaging selected�

In order to validate the packaging designs in their different states, consumer dynamics have been car-
ried out periodically, in order to validate the advances in the design, propose improvements, etc. Below 
is an image as an example of the dynamics carried out in this new perception design method:
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4 Case study: design methodology developed

1. TO KNOW THE USER: To carry out an analysis of approximation to the knowledge of the target 
for how they understand the products, their mental representations, as well as their needs: age, type of 
culture, studies, purchasing level,etc.

2. HAVE CLEAR PRODUCT OBJECTIVE: This process serves to approximate and understand 
how the mental representation of users is in relation to this type of product. It will be necessary to select 
10 people who often consume the product, who have not carried out any kind of dynamics in at least one 
year, and the methodology called Laddering will be carried out. This technique is based on the market re-
search theory called Means-Ends-Chain. According to this theory, consumers learn to choose products that 
have certain attributes (means) and that are the instrument to achieve the consequences they want (ends) 
(Reynolds and Gutman, 1988). Thus, the Laddering technique consists of interviewing the consumer to 
determine, from the attributes of the products, which personal values and which benefits these attributes 
and therefore these products provide. In this way, it allows to know the perception of consumers about 
products and therefore their opinions in the purchasing processes.

The advantage of this technique over other qualitative techniques lies in the fact that the answers 
are relevant on a personal level, so that they offer consistent results on consumers’ preferences when 
choosing certain products.

Development of the test

To carry out this technique, an interview is conducted with each of the participants consisting of a 
question for each product category.

After the corresponding affirmative or negative answer, the reason for said answer was asked, and two, 
three or four successive questions were asked until the final answer was archieve the one that reflected 
the value or benefit that each participant observed in the product.

Note: All next user tests must be performed with them.
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3. PRODUCT REQUIREMENTS: Do not forget that a container is a container and must cover the 
main functionsas:

a. To contain theproduct

b. Protect from any type of distrubutiondamage

c. Preserving the properties of theproduct

d. Easy handling andfuncionality

e. Communicate, not only the story we want to tell, but also the information of the product it con-
tains, what it is made of, how it should be used and soon.

4. DESIGNERS’ BRAINSTORMING+ WORD ASSOCIATION

1.1.	 DESIGNERS’ BRAINSTORMING: This is a group technique that promotes the development 
of new proposals about a certain issue. In order to carry out the interaction of the members of a group, it 
must be carried out during two days, minimum two designers, in a relaxed environment and generate at 
least 5 different and representative ideas.

1.2.	 WORD ASSOCIATION: With the 5 designs obtained in the previous phase. It is very useful be-
cause it is a fast and efficient method for obtaining information on consumer perception. It is based on 
researching the non-verbal messages conveyed by products and packages.

Development of the test

To perform this technique, each participant is asked to observe a specific product or image and imme-
diately write down the first four words, ideas or images that come to mind on a piece of paper and then 
discuss it in a group of 10 people�

5. CONCEPTUAL REDESIGN + CATAQUESTIONS

1.1.	 CONCEPTUAL REDESIGN: The designs already presented must be modified according to the 
suggestions made by consumers. At least two designers must spend 2 days working again on the design 
of thepackage.

1.2.	 CATA QUESTIONS: This technique allows us to explain in a simple way why a consumer may 
or may not like a certain product, avoiding more laborious methodologies such as open-ended questions 
or hedonicscales.
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Development of the test

A list of pre-determined words or phrases is presented and each participant is asked to select all the 
options that they consider appropriate to describe a particular stimulus/product. The terms included 
should be easy for consumers to understand and should be generated in preliminary studies.
No scalar intensity measures are required and if a term is not relevant it can be ignored. In addition, 
the provision of a list of words may be useful for respondents who find it difficult to verbalize their 
perception. It will be carried out with the same 10 consumers as always

Fig 3. Example of attributes of CATA QUESTIONS

6. DETAILED DESIGN + FOCUS GROUP

1.1.	 DETAILED DESIGN: In this step, the design must be more concrete and closer to the final re-
ality. Even in this step, 3D printers should be used to obtain a package very close to the final one, but 
with another type of material. The consumer will be able to get a dimensional and conceptual idea of the 
package�

1.2.	 CONSUMER DYNAMICS: is a tool that can be understood as a dialogue between a group 
of people and a product or service. It is to test how an audience reacts to an element shown to them. 
That element will be normally new and the objective will be to observe their attitude towards that new 
element.

Phases of an interview

- Heating

- Body of the interview

- Cooling

Useful Considerations

- Uses questions of less than 20words

- One theme/appearance at atime

- Ask concrete questions related to the interviewee’s experience.

- Limits questions that force memory to be used
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- Uses a language familiar to the interview

- Uses neutral terms and phrases

In this methodology, various perception tests are carried out with the users to guide the design from 
the beginning and reduce the probability of failure of the product in the market. Because 8 out of 10 
products in Europe fail in their first three months of launch.

Fig 3. Example of attributes of CATA QUESTIONS

7. DESIGN FOR MANUFACTURING: This section will finish polishing the design tocarry it 
out�

It was decided that the methodology would have a scope only up to manufacturing, but future 
methodologies are considered once the package is placed on the market and be able to monitor it.
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Abstract

Sustainability in packaging has co-evolved with the incorporation of sustainable development 
principles in economic, environmental, and social aspects of various industrial and 
organizational platforms. Today, the packaging industry is confronted by the impact of 
packaging on the environment which has manifested itself in the form of visible plastic-related 
pollution, other packaging waste, declining air, and water quality, and climate change. Value 
chain complexities of incorporating more sustainable packaging can discourage companies 
from the implementation of more sustainable solutions. For this reason, many sustainable 
packages never make their way into the marketplace. However, positive consumer attitude 
towards more sustainable packaging can ensure the return on investment into more sustainable 
packaging and motivate the industry to employ next-generation sustainable packaging. 
Thus, a better understanding of consumer dynamics towards sustainable packages such as 
environmental-friendliness, material origins, and recycling is of primary importance. The 
objective of the present review is to provide direction for industry and researchers exploring the 
arena of more sustainable packaging and guide the implementation of sustainable packaging.  
This is done with a review of what is known of consumer views on sustainable packaging and 
by identifying, opportunities, strategies, and research gaps. 

This study summarizes strategies to communicate sustainability to consumers, opportunities, 
and research needs based on previous research on consumer attitudes and behaviors on 
sustainable packaging. Consumer-research approaches to re-align industry strategies and 
consumer behaviors at the time of purchase and post-consumption disposal are discussed. The 
critical discussions in this presentation are expected to provide guidance for the packaging 
industry for the consumer aspects of sustainable packaging applications. 

Keywords: Sustainable packaging, Consumer research, Attitude. Behavior
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1� Introduction 

The role of packaging is complex with multifaceted functions such as ensuring food quality and safety, 
facilitating transportation and logistics, and enabling communication in the value chain. Sustainability 
is now a fundamental aim of the package as well. Even though there have been a variety of successful 
advancements in sustainable packaging in the past decades, there are still opportunities for continued 
development. Sustainable packaging initiatives that improve economic growth with environmental 
and social considerations have become one of the major initiatives that characterize the early 21st 
century. Thus, the packaging industry is critical, creating more sustainable post-consumer packaging 
with economic value. More sustainable packaging can be accomplished using various means including 
increasing package recyclability, developing more sustainably sourced materials, reducing and reusing 
packaging. This challenge is particularly evident with polymer-based food packaging which, when 
is ill-disposed of as litter, results in the visible environmental pollution in waterways and eventually 
oceans1� 
Sustainable packaging efforts have increased as the constraint of resources has grown more acute. 
Contemporary issues, including shortages of water, land, and earth’s resources along with declining 
air quality and increased populations and climate change, put the food packaging industry at a 
crossroads. The two paths - one to employ more sustainable food packaging systems and the other 
not to address making packaging more sustainable and instead focus efforts on motivating consumers 
to appreciate more food packaging – is a conscious choice with a far-reaching impact. The second 
path of not reducing the environmental impact of food packaging can result in increased regulations, 
bans, and forced value chain constraints. Moreover, since consumers are gaining familiarity with what 
more sustainable packaging looks like, consumer expectations for more sustainable packaging are 
increasing. The consumer lack of appreciation for food packaging spurred on by scenes of ocean 
plastics is palatable. While the packaging industries of metal, glass, plastics, and paper advancing their 
sustainability benefits to consumers may well be accurate, this has led to consumer confusion, and lack 
of trust in food packaging sustainability claims 2–4� 
Design and selection of packaging components and materials is a substantial investment of resources 
and sometimes capital. Packaging material alternatives are weighed against criteria including cost, 
time, and, the environmental impact. At times, a packaging decision to employ a more sustainable 
package is more expensive than a less sustainable package. Increasing pressure from consumers for 
more sustainable packaging has motivated companies to incorporate higher amounts of sustainably 
sourced and more recyclable and recycled content, leading to observable statements on the packages, 
as such in the Coca-Cola’s green leaf logo 5. Companies and policymakers have responded to consumer 
interest in more sustainable packaging with sustainability initiatives. These are primarily based on the 
realization that shared value is needed. For example, in 2018, McDonald’s, Nestle, Unilever, Kraft-
Heinz, and others have announced action plans and presented packaging-inclusive sustainability 
commitments such as the sustainable sourcing of materials to use of recycled content materials. Such 
commitments require a great deal of time and effort with the expectation of an increased market and 
consumer satisfaction. And, compliance with regulations that address migration from packaging into 
food is critical. The research addressing the advantages and disadvantages of implementing sustainable 
packaging for decision-making bodies is scarce. De Koeijer et al.6 assessed the tradeoffs between 
sustainability considerations for marketing and packaging development teams at companies, material 
suppliers, and consultants. Results suggested that the primary challenges for decisionmakers were 
cost, time-to-market and technical difficulties, and cross-team alignments. These factors represent a 
formidable hurdle if for implementing more sustainable packaging that is not proven to drive sales or 
reduce costs. As a result, many sustainable packaging solutions without favorable economics and time 
parameters are not implemented 7� 
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To motivate investment in more sustainable packaging, a business case is needed. Making the business 
case for sustainable packaging involves first assessing the primary function of food packaging – that 
of protecting food. Once options for food protection are defined, sustainable packaging options can be 
assessed more viably. This is in deep contrast to focusing on the use of packaging material and then 
adding elements to protect the food. This latter approach often results in higher costs and less safe 
product, resulting in food waste. As stated in the ReFED roadmap report, more sustainable packaging 
decreases food waste since food waste often has a more environmental impact than packaging waste 
8. Clear messaging to consumers, the connection between sustainable packaging and decreased food 
waste is needed. In the absence of that communication, consumer dissatisfaction with food packaging 
is increasing. Corporations and NGOs that invest in sustainable packaging need direction on how 
to effectively communicate the advantage of this packaging with consumers. However, motivating 
consumers to prefer sustainably packaged products is challenging due to the consumers’ incomplete 
understanding of both the role of packaging and sustainable packaging. This confusion on the part 
of consumers leads to package choices that consumer believe are sustainable; but, in reality, are not 
9”container-title”:”Journal of Cleaner Production”,”page”:”286-298”,”volume”:”162”,”source”:”Scie
nceDirect”,”abstract”:”Building on theories of cue utilization, this paper investigates whether and how 
packaging sustainability influences consumer perceptions, inferences and attitudes towards packaged 
products. A framework is tested in an empirical study among 249 students using soup products varying 
in packaging material and graphics. The findings show that (packaging. A better understanding of the 
current consumer drivers associated with environmentally-conscious purchase decisions would aid 
stakeholders to develop strategies to encourage consumer behaviors that enable a more sustainable 
value chain. To meet shared value goals, a consumer-inclusive packaging sustainability strategy is 
essential� 

Designs and materials with sustainable packaging solutions for the industry have gained attention. 
Although numerous awards are given for sustainable food packaging designs and materials, few 
manifestations of these awards are commercialized. Factors contributing to the lack of success of 
sustainable packaging in the market are related to poor consumer acceptance of unknown technologies, 
costs, regulatory issues, lack of viable food product protection (such as moisture barriers), inability 
to manufacture the packaging material (due to sourcing constraints or material properties) and 
competitive disadvantages 10. Since commercializing more sustainable packaging pulls resources from 
the entire value chain, a solid business case to convert to more sustainable packaging is needed. This 
multifaceted business case requires consumer feedback, logistical assessment, as well as financials. 
While sustainability awards may spark ideas, they also create confusion by overpromising or simplifying 
the complexities of implementation. For example, when ocean-degradable plastics receive awards, 
packaging professionals often need to explain to internal project leaders why these polymers are not a 
viable option or sustainable for a particular product within their company. LCAs of ocean degradable 
plastics are simply not favorable and contaminating the ocean with degradative by-products is not 
environmentally sound. Importantly, the shift to awarding commercialized sustainable packaging such 
as recycle-ready packaging that allows for ease of label removal at recyclers and the employment of 
EVOH compatibilizers (by DowDuPont) is beneficial.

The complexities of food packaging alternatives, consumer interest in more sustainable packaging, 
increased packaging regulations, and a realization that a business case employing shared value is 
essential are the primary reasons why consumer research on sustainable food packaging is needed. 
Next section summarizes authors’ takeaways from available research, case studies, and professional 
experience on consumer research on sustainable packaging.



29th  IAPRI Symposium on packaging

Packaging Design, ergonomics and human factors                                                   

 
2� Opportunities

In this section opportunities deduced from the recent consumer research were presented: 

• There is an opportunity to build a business case for more sustainable packaging. Providing con-
sistent, tangible information is critical to motivating consumers to switch to a more sustainable 
package.  For example, voluntary carbon-footprinting (UK) and How2Recycle labels, and EPR 
fees linked to packaging disposal guide consumer decision making in a meaningful manner.  An 
agreed-upon uniform assessment tools such as this gauge the sustainability of a package are nec-
essary to communicate sustainability to consumers.  

• Municipalities wishing to increase low recycling rates can gain insights from countries in which 
high group sustainability norms result in high recycling rates.  In the US, 66% of recyclable 
packaging is not recycled.  In the EU, where high sustainability norms exist, only 35% of recy-
clable packaging is not recycled.  Applied efforts on how to create group norms of recycling and 
proper disposal are needed�

• Alignment between municipalities and business can be best seen when companies comply in ad-
vance with regulations, fine-tune of suppliers, develop sustainable products and services, develop 
new business models, and create best practice platforms. 

• There is an opportunity to connect sustainable packaging to low-income populations. 275 million 
tons of plastic waste was generated by primarily low-income coastal countries 11. Ten rivers - two 
in Africa and the rest in Asia - discharge 90% of plastic marine debris.  The Yangtze River alone 
carries 1.5 MT a year. 

• There is an opportunity to provide jobs and income as well as add innovation in efforts to fuel the 
circular economy in low and middle-income regions.

• For small and medium-sized companies, the packaging is not regarded as a major issue, and 
packaging systems are not reconsidered and updated in the light of advances in materials devel-
opment. The fact that packaging not only has an environmental impact but directly affects the 
budget of the company, leads one to give packaging optimization for granted: this is not always 
true. For sectors such as the beverage industry, where packaging represents the highest environ-
mental impact (and a significant cost for producers), packaging reduction and, in particular, the 
minimization of the PET parison weight, covers strategic importance: any change in the packag-
ing material and/or design, however, should not affect the CO2 retention performance, which is 
the critical parameter determining the shelf life of the product 12–14

• Specific price determining factors govern decision making on what packaged food to purchase 
for low-income populations and creating affordable as well as sustainable packaging is essential.

• Consistent definition for sustainability should be adopted across the industry so that the industry 
can essentially police itself.

3� Strategies for Sustainability Communication

In order to communicate sustainability to consumers effectively, several strategies need to be adopted:

• Package design is an avenue worthy of innovation in communicating sustainability to consumers.  
This is because cue utilization has demonstrated that graphics, materials, verbal text, and colors 
do not communicate well individually to consumers on sustainability.  

• Sustainable criteria, much like clean label criteria, can be used to communicate aspects of sus-
tainability that resonate with consumers.  For example, checklists such as recyclable, made of 
recycled content, reduced package volume, etc. may resonate with consumers



29th  IAPRI Symposium on packaging

Packaging Design, ergonomics and human factors

• Companies with socially responsible corporate values will be more credible to target consumers 
only if environmental claims have substance. 

• A comprehensive LCA that encompasses an assessment of the packaging and its ability to de-
crease food waste 

• Category-wide initiatives to switch to a lower volume container, more sustainable design or ma-
terial force provide leadership that consumers need in sustainability

• Linking sustainability data with smartphone technology that informs consumers on recycling in 
the area in which the product is purchased and lets consumers track their recycling would provide 
much-needed directions and connection for consumers

• Incorporate consumer food waste and recycling behaviors in packaging LCA studies and commu-
nicate of the social and economic impacts

• Identify the most important product features and don’t sacrifice them for sustainability

• Learn about the most effective packaging design cues relating the eco-friendliness in your prod-
uct category (packaging value is high category specific) 

• Promote behaviors generating positive spillover effects and avoid those causing negative

• Promote actions supporting consumers’ self-perception and making them look more socially 
desirable

• Design universal (not culture-specific) labels or markings for identifying reusable and recyclable 
packaging 
4� Research Needs 

Gaps in the research after a thorough literature review were summarized as below:

• Consumer willingness to pay (WTP) for sustainability features are not offset when consumers are 
informed that sustainable packaging enables less food waste and less money lost on spoiled food.  
Research on how to reverse the consumer willingness to lose money by wasting food is essential 
to achieve a more sustainable food supply.

• Gain a better understanding of consumer dynamics, such as recycling and environmentally-con-
scious purchase decisions.

• Learn about the most common misconceptions about packaging for educating your consumers 
and meeting shared value goals.

• Increase the knowledge of pro and neutral-environmental consumers for sustainability behaviors 
on the packaging.  Research on how male purchases toward more sustainable packaging can be 
increased is needed since the male population is less likely to purchase sustainable packaging.

• Define consumer attitudes as a function of low, lower middle, and upper middle populations to 
allow sustainable packaging that resonates with these sizeable populations.

• Internalize consumption of food and packaging with consumers. For truly more sustainable food 
supply, food waste and sustainable packaging are best assessed in unison. The environmental 
costs of consuming food and its packaging are not internalized in the costs of packaged food.  For 
example, meat consumes more resources and generates more greenhouses gases per nutrient than 
many pulses. However, the environmental impact is not experienced by consumers who consume 
foods grown and manufactured far away from where they are consumed.  For example, a Chinese 
consumer consuming canned beef grown in Brazil does not experience the environmental impact 
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of cattle feedlots in Brazil.  Moreover, likewise does not experience the impact of bauxite mining 
in Brazil. Problematically, the environmental costs of cattle raising and bauxite mining are not 
internalized in the costs of beef and aluminum for food and canning, respectively. Internalizing 
these environmental costs within the packaged product is important to guide decision making and 
enable consumers to make informed decisions.  This is the beginning.  For example, China’s reg-
ulation requiring more purity in the importation of recycled plastics reduced the environmental 
impact of recycling plastics in China and thereby has raised the costs of recycling plastics as well 
as promoted the separation of plastics destined for recycling at their origin.

• Assess the motives for recycling specific material types — time and effort to recycle on con-
sumer recycling rates 5. Studies on increasing the knowledge of pro and neutral-environmental 
consumers for sustainability behaviors on the packaging are needed 15�
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Abstract: Historically, curricula of American universities offering baccalaureate degrees in 
packaging have been largely based on a “technology/science” model in which design thinking 
struggles to find a place. In a broader context, it is well documented that students in scientific/
technical-oriented disciplines find it challenging to achieve good levels of innovation when 
exposed to design problems. Research indicates the need for implementing alternative 
pedagogical approaches in technical curricula that enhance students’ creative skills. The 
purpose of this article is to describe the implementation of a cross-disciplinary pedagogical 
approach based on the Stanford Design Thinking model with a focus on teaching innovation 
in the field of packaging engineering at a university in the United States. A Design Thinking 
Project-Based Learning (DTPBL) approach was used to improve the levels of innovation 
in student work. Its outcomes were compared with those of a Traditional Project-Based 
Learning(TPBL) approach. The implementation of DTPBL a cross several courses took place 
between 2015 and 2018. TPBL was the norm in these courses between 2009 and 2014. National 
and international student design competitions were used to assess the level of innovation of 
student work externally. Statistically significant differences were found in levels of innovation 
of student work between approaches. DTPBL projects placed higher in design competitions, 
and they were recognized more often by independent expert judges than TPBL projects.At a 
national level, TPBL generated 172 projects in 11 instances, obtaining 12 awards. DTPBL 
produced 65 projects in seven instances, and student work was recognized with 25 awards.At 
a global level, student work created with TPBL was never recognized, while student projects 
generated using DTPBL received seven recognitions in three participation instances. This study 
provides evidence that a Design Thinking Project-Based Learning (DTPBL) approach can be 
a successful pedagogical strategy to enhance students’ creative skills and produce innovative 
packaging design solutions�

Keywords: packaging engineering pedagogy; innovation; design thinking; project-based 
learning; capstone course

1 Introduction

The activity of designing requires the use of most cognitive dimensions (i.e., remembering, 
understanding, applying, analyzing, evaluating, and creating). A revised version of Bloom’s taxonomy 
defines the cognitive process of creating, the most complex cognitive activity, as “putting elements 
together to form a novel, coherent whole or make an original product”[1]. Over theyears, the authors 
have noticed that packaging engineering students find the creation and
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development of new concepts for packaging systems challenging. Many students struggle with achieving 
good levels of innovation in their design proposals. The root cause of the problems may be related to 
different stages in the design process; difficulties building empathy, rigid problem-framing, narrow 
exploration of different design solutions, and lack of in-depth exploration of each solution. produce 
a solution that should fit specific functions and satisfy different requirements and constraints[2]. This 
problem-solving process in design has been described as grounded on an iterative dialectic between 
framing and solving a problem[3]–[6]. During problem framing, designers refine design goals and 
specifications, and with doing so, reformulate their mental representation of the problem. During 
problem-solving, designers elaborate solutions and test them against different criteria and constraints. 
Consequently, a combination of convergent and divergent thinking is needed to continue the iterative 
dialectic�
Prior research has shown that the treatment of design problems is different depending on the level 
of expertise of the designers and their occupational group. When comparing how novel and expert 
designers approach design problems, prior research shows that the cognitive treatment of data 
is performed differently depending on the designers’ level of expertise[7]–[9]. Experts have hours 
of deliberate practice and training and can engage in analogy-making to solve the design problem. 
In contrast, novice designers have few reference cases to deal with and tend to have a much more 
restricted space of research of innovative ideas. Research comparing learning preferences between 
students in design and design-related disciplines has shown that science and technology students tend 
to use convergent thinking, a logical and analytical approach towards
a right answer[10]. This type of thinking, which moves towards the known and the specific, does not 
seem to be prolific in idea generation and creativeness. Therefore, tools that facilitate the search for 
ideas can be of great value to novice designers in scientific and technological fields. When evaluating 
the quality of a design, the creativity of the design is one of the most important criteria. As Dieter 
Rams suggested in his ten principles for good design, good design is always innovative[11]. However, 
research of creativity in the design process has shown that certain kinds of information in the problem 
data tend to spur a similar creative concept[5]. In other words, there are early ideas that are easy steps 
in originality. The use of tools that encourage continuous and iterative improvement, such as those 
used in Design Thinking approaches, can reveal hidden needs and opportunities for designers and help 
them move beyond these obvious ideas. 
The use of alternative pedagogical approaches in engineering design has been strongly suggested 
in the last fifteen years[12]–[21]. In the United States, since The Engineer of 2020 report[13] was 
published, many programs have aspired to prepare their students to develop skills in human centered 
design, learn research skills such as prototyping and testing, develop creativity and adaptability skills 
through design thinking, and interact with multiple disciplines and backgrounds through teamwork[22], 
[23]. A national initiative, The Mudd Design Workshop series,has created a prolific forum for sharing 
experiences and discussing design competencies that should be taught at engineering programs[14]. At 
a global level, the O-CDIO (Observe, Conceive,
Design, Implement, Operate) initiative aims to incorporate human-centered design approaches and 
system thinking into the CDIO framework[19].

Initiatives to implement Design Thinking tools within engineering courses have also been reported[15], 
[16], [18]. Zoltowski et al. used phenomenography to develop an outcome space to describe the ways 
in which engineering students experience human-centered design[16].
Mohedas et al. examined how engineering students use ethnographic research techniques and 
suggested areas where pedagogical effort should be placed. Researchers found that students struggled 
with conducting effective interviews, recognizing opportunities to involve stakeholders, synthesizing 
large amounts or conflicting information, and identifying the correct stakeholders[18]. Oehlberg et al. 
described the impact that multidisciplinary collaboration experiences have on students and, among 
others, concluded that these experiences help students communicate better with their collaborators in 
their careers[15].
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Other researchers have shed some light on the topic of student creativity in engineering courses[17], 
[24]. After analyzing a sample of engineering courses to identify evidence of pedagogy for creativity, 
Daly et al. suggested that further instructional techniques are required to avoid premature closure, to 
teach divergent thinking skills, problem exploration, and increase reflection[17]. Similarly, Genco et 
al. found that freshman engineering students can be more innovative than senior students. Authors 
suggest that additional studies need to be done to investigate the effect of design curricula and skill 
acquisition on students’ innovation capability[24]. Mabogunje et al. even argued that Design Thinking 
is ready to become a foundational science of engineering programs alongside traditional subjects such 
as physics, chemistry, and biology[25].
Still, many current pedagogical practices in disciplines that require problem-solving design oriented 
skills (e.g., engineering, architecture, packaging, marketing) seem to assume that good design outcomes 
will happen just by integrating knowledge in project-based learning (PBL) models. As Dym et al. 
suggested more than ten years ago, there is a general feeling that “the intellectual content of design is 
consistently underestimated”[12].
The underlying hypothesis of this study is that creativity and innovation of student work in engineering 
design courses can be improved by developing and providing them with a Design
Thinking Project-Based Learning (DTPBL) model. This hypothesis was tested and validated.
The results of the process, the quality of the packaging system designs, was conceived of as a
criterion which determines the success of the process.

1�1 Packaging Education at the College Level in the UnitedStates

In the United States, the discipline of packaging is taught in several higher education institutions. 
The programs are housed in a wide diversity of colleges such as business, art and design, agriculture 
and natural resources, engineering, technology, and applied science and technology to name a few 
(Table 1). Regardless of their alma mater, graduates from these programs will most likely end up with 
packaging engineering jobtitles.
Michigan State University (MSU) became the first university in the world to offer a Bachelorof 
Science degree in Packaging, beginning in 1952, and the first to create a dedicated school for the 
field. Similar programs followed in other universities adopting curriculum models similar to those 
developed at MSU[26]. Historically, packaging curricula have mainly been based on a “technology/
science” model. A typical curriculum includes both packaging andnon-packaging courses. The latter 
category includes courses in the areas of arts and humanities, communication,  mathematics, statistics, 
physics, chemistry, life sciences, and business. An analysis of packaging courses in current curricula 
of baccalaureate degrees in packaging at major American institutions reveals the following six areas 
ofstudy:

• Packaging design (e.g., 2D design, 3D design, CAD systems, prototyping, innovation, 
development, pre-press software, prototyping).

• Packaging materials (e.g., polymers, metals, glass, composites, fiber-based,material 
testing).

• Packaging technology (e.g., machinery, converting, manufacturing,research).

• Packaging for specific industries and special topics (e.g., foods, perishables, pharmaceuti-
cals, medical devices, regulations, seminar, cooperative education experience, internships).

• Packaging and supply chain (e.g., supply chain, distribution packaging, protective 
packaging, packaging performance testing).

• Packaging fundamentals (e.g., introduction to packaging, packaging fundamentals, 
principles of packaging, basic skills, orientation, career preparation).
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Based on current course catalog information, the percentage of units of required packaging courses that 
fall within each of these six areas for each packaging program was calculated (Figure1). It can be seen 
that, although programs vary on their focus, design-related courses are present in all programs with a 
significant occurrence ranging from 17% to 61%. On average, 28% of the required packaging courses 
are design-related. The average percentage drops to 25% if the Fashion Institute of Technology’s 
program is excluded. This is the only packaging program housed in an Art and Design Department 
and focuses heavily on design. Still, design-related courses would rank first on average. Based on this 
over view, it can be inferred that design skills are considered to be a fundamental part of the training 
of packaging professionals�

Figure 1. Percentage of units of required packaging courses that fall within the categories of design, 
materials, technology, special topics, supply chain, and fundamentals for each packaging program in

the United States. Averages across all programs are highlighted on the bottom of the chart.
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Table 1. Major institutions in the United States offering degrees in the field of packaging, listed in 
alphabetical order.

1�2 The Packaging Innovation Problem: A WickedProblem

Reference to design problems as wicked problems was first formulated by Rittel in the 1960s[27].
The first published report defined wicked problems as a “class of social system problems which are ill-
formulated, where the information is confusing, where there are many clients and decision makers with 
conflicting values, and where the ramifications in the whole system are thoroughly confusing”[28]. In 
Rittel’s view, most design problems are indeterminate, as there are no definitive conditions or limits 
to them, they are ill-defined problems and therefore, wicked problems. Buchanan provided a practical 
example[6]. A good design brief will include requirements and constraints to be considered in resolving 
the design problem. However, it will not specify in great detail the particular features of the solution, 
as this would take the “wickedness” out. Removing the wickedness could seem like a good idea, but in 
practicality, removing the “wickedness” would narrow the possibility of innovative outcomes.

Packaging may often be associated with boxes or waste, but in reality, packaging systems operate at 
different levels (i.e., primary, secondary, tertiary) and affect numerous stakeholders whose
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needs are often conflicting (i.e., end users, retailers, converters, manufacturers, fillers, distributors, 
regulators)[29]. Generating innovative design systems in packaging is a complex task. It requires 
understanding and considering a broad diversity of factors such as market opportunity, consumer insights, 
three-dimensional structure, functionality, aesthetic appeal, communication, product protection, 
materials, manufacturing processes, supply chain and distribution, sustainability, regulations, and cost.

Therefore, a packaging design problem could be considered a wicked problem, in which the packaging 
design engineer has to perform trade-offs and balancing acts to reach a good solution.  A Design 
Thinking approach in packaging engineering design can provide useful tools totackle this type of 
problems effectively.

1�3 Design ThinkingModels

Regardless of the model used, several characteristics make Design Thinking an excellent tool for 
solving wicked problems[6]. Design Thinking can be defined as a human-centered discovery process, 
followed by iterative cycles of prototyping, testing, and refinement[30]. Design Thinking models 
started as a way of explaining how designers think and operate, and have become effective and unified 
frameworks for innovation that connect creative thinking, technology, and business[30]–[33].
The methodological approach for this study was based on the HPI Stanford five-stage model[34].
Each of its phases is very clear and can be taught and communicated easily to students in design related
disciplines. The five modes have their objectives and requirements, and they can be
performed iteratively and not necessarily in sequential order, namely:

1. Empathize: The process of understanding the human’s needs and building empathy to
discover more profound needs.
2. Define: The process of framing and determining a unique problem from a large, unorganized
set of information.
3. Ideate: The process of idea generation.
4. Prototype: The process of developing models intended to elicit qualitative and quantitative
feedback�
5. Test: The process of evaluating and incorporating feedback

1�4 Objectives

The underlying hypothesis of this study is that creativity and innovation of student work in design-
related disciplines can be improved by developing and providing students with a Design Thinking 
Project-Based Learning (DTPBL) framework. More specifically, it is hypothesized that packaging 
design quality and innovation levels would improve when implementing a methodology that includes 
the following characteristics:

• Cross-disciplinary collaboration: The use of teams with educational background diversity 
will foster innovation that happens at the intersection of disciplines.

• Human-centered: Students will be able to discover opportunities and problems by focusing 
on stakeholders’ needs.
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• Iterative: The use of a systematic iterative process of divergent and convergent thinking with 
continuous use of physical prototyping will improve the variety and depth of the design solu-
tions�

• Experiential: The overall collaboration will provide a fulfilling learn-by-doing experience.

2 Methods

Cal Poly Packaging Program had been using a traditional project-based learning (PBL) approach to 
teaching packaging design in classrooms until 2014. The experience presented in this article aimed to 
improve the pedagogical approach by incorporating essential elements of Design
Thinking to a traditional PBL approach. Both PBL approaches share core characteristics such as pro-
viding hands-on experience through a quarter-long team collaboration that involves the application of 
knowledge in the packaging field to solve a problem, providing resources (i.e., physical space, prototyp-
ing equipment, material substrates), and encouraging the use of prototyping.
However, in Traditional Project-Based Learning (TPBL), packaging design is assumed to be a conse-
quence of combining software skills, materials knowledge, and manufacturing processes
to solve a problem. In TPBL, projects are framed in isolation within one discipline (i.e., packaging), and 
the project development is envisioned linearly, with a problem-framing phase and a problem-solving 
phase. Contrary, in Design Thinking Project-Based Learning (DTPBL), packaging design is understood 
as a willing and active search for solutions that attempts to fulfill stakeholders needs. Projects are framed 
in a collaboration between two disciplines (i.e., graphic design and packaging), and the project develop-
ment is envisioned as an iterative model with co evolution
of problem/solution spaces[5].

The following sections describe the different steps that were taken to implement the DTPBL ap-
proach, namely:

1. Establish a cross-disciplinary partnership between courses.
2. Devise a methodology based on a Design Thinking model.
3. Secure support resources to students and faculty.
4. Implement the pedagogical approach multiplet imes.
5. Validate the results using external, independent actors.

2.1 Cross-Disciplinary Partnership

Working at the intersection of disciplines tends to create a synergy that is difficult to achieve by working 
as separate silos[35]. The first step included finding professors with the adequate, diverse backgrounds 
that were willing to collaborate. The partnership for implementing the new pedagogical approach was 
established between professors at California Polytechnic State University (Cal Poly); one professor 
from the Art and Design Department (College of Liberal Arts), and two professors from the Industrial 
Technology and Packaging Area (Orfalea College ofBusiness). These professors teach several courses  
in at the Graphic Design Concentration (Art and Design Department), and Packaging Concentration 
(Industrial Technology and Packaging) respectively.
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The Graphic Design Concentration (Art and Design Department) emphasizes creative problem solving 
while creating a solid foundation in basic design, typography, branding design, illustration, user 
interface design, and art and design history. An important focus of the concentration is the preparation 
of a professional portfolio that showcases the creative and conceptual design abilities of the students[36]�

The Packaging Concentration (Industrial Technology and Packaging Area) offers a holistic approach to 
the entire packaging value chain and includes disciplines such as engineering, materialscience, design, 
and business. It provides students with a solid foundation on packaging materials, sustainability, supply 
chain management and logistics, and packaging design[37]�

Cal Poly operates in a quarter system; the academic year consists of Fall, Winter, and Spring quarters. 
The cross-disciplinary partnership was, therefore, a 10-week long collaboration between two courses 
from different colleges offered during the same quarter. Graphic design students and packaging students 
worked in teams to develop a fully functional innovative packaging system. The partnership was 
established between different combinations (see Implementation section) of four senior-level courses.

2.2 Methodology

The authors devised and managed the DTPBL approach that, given its flexibility, was adapted to 
solve multiple specific design problem statements for each collaboration. Table2 summarizes DTPBL 
approach’s critical elements and characteristics. Class projects were divided into five phases: research, 
opportunity identification, concept exploration, concept refinement, and final concept (Figure 2). A full 
detailed description of each methodology’s component can be found in de la Fuente et.al.[38]

2.3 Implementation

DTPBL was implemented in eight quarters between 2015 and 2018. These eight instances represent 
collaborations between students and faculty of a packaging course and a graphicdesign course. They 
are referred to as Winter and Spring collaborations. Winter collaborations were focused on packaging 
innovation using paperboard. During these collaborations, a quarter-long projectwasdevelopedbycross-
disciplinaryteamsofstudentsenrolledintheITP408Paperand Paperboard Packaging course and graphic 
design students enrolled in the ART 437 Graphic Design III course (on Winter 2017 and 2018) and ART 
400 Special Problems for Advanced Undergraduates (on Winter 2015 and 2016). Spring collaborations 
were focused on packaging innovation in general, without any constraint regarding packaging materials. 
During these collaborations, a quarter-long project was developed by cross-disciplinary teams of 
students enrolled in the ITP 485 Packaging Development course and graphic design students enrolled 
in the ART 400 Special Problems for Advanced Undergraduates course(onSpring2017and2018) and 
ART 437 Graphic Design III (on Spring 2015 and Spring2016).
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Table 2. Elements and critical characteristics of the Design Thinking Project-Based Learning 
(DTPBL) approach.
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Figure 2. Project development phases, design thinking modes, deliverables, and duration. The 
broadening and narrowing of each development phase’s space represent the creation of choices 

(diverging) and the making of decisions (converging) respectively.

2.4 ExternalValidation

Validating a pedagogical approach to teaching packaging design is challenging and may take years of 
continuous application. The assessment of creativity in design work typically relies on expert judges[39]� 
One way to measure the effect on the quality of the work is through external student design competitions. 
These competitions reward feasible design innovation and creativity. In particular, the authors used 
design competitions in which Cal Poly Packaging Program students had been participating for a while, 
so it was possible to make a comparison in performance between both pedagogical approaches, TPBL  
and DTPBL.

Cal Poly Packaging Program has regularly been participating since the early 2000’s in three 
packaging design competitions; namely the Paperboard Packaging Alliance Student Design 
Challenge (PPA SDC), AmeriStar Student Package Awards Competition (AmeriStar SPAC), and 
theWorldPackagingOrganisationWorldStarStudentAwards (WorldStarSA).CalPoly’sentries to these 
competitions up to 2014 were designed following the TPBL approach. Entrie ssubmitted from 2015 
until date were designed following the DTPBL approach. Figure 3 shows examples of student work.
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Figure 3. Examples of student work: a) SticKit, b) Vera Cruz, c) La Habra,
d) Tea Stems, e) Niu, f) Monster Bites.
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3 DataAnalysis

Data were analyzed using JMP® Proversion14.0.0 (Cary, NorthCarolina,USA)[40]. A weighted score 
based on placement was calculated to measure the level of recognition achieved in each competition. 
Tables 7, 8, and 9 show the weights used to calculate the final weighted scores. Two-sample t-tests were 
calculated to examine potential differences between these scores for both pedagogical approaches, 
TPBL andDTPBL.

4 Results andDiscussion

The comparison between the total number of awards received by DTPBL and TPBL student
projects reveals, that despite having been implemented over a shorter period, DTPBL has already
yielded a greater number of awards. In other words, DTPBL yielded student work with overall
higher levels of innovation, as recognized by independent national and international judging
panels (Figure 4 and Table 6). At a national level, TPBL generated 172 projects in 11 instances,
obtaining 12 awards. DTPBL produced 65 projects in eight instances, and student work was
recognized with 25 awards (Figure 4a). At a global level, student work created with TPBL was
never recognized, while student projects generated using DTPBL received seven recognitions in
three participation instances (Figure 4b).

When comparing weighted scores, the average overall score for DTPBL projects washig her than for 
TPBL projects for all three design competitions (Figure 5). The differences between approaches for 
PPA SDC and WorldStar SA were statistically significant. These scores indicate that DTPBL projects 
placed higher in competitions and that they were recognized more often. The next sections describe the 
specifics of each design competition.

Figure 4. Total number of awards received by student projects developed under Traditional Project-
Based Learning (TPBL) and Design Thinking Project-Based Learning (DTPBL).

a) National level (PPA SDC and AmeriStar SPAC), b) International level (WorldStar SA).
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Figure 5. Comparison of average scores obtained by student projects in three design competitions 
and developed under Traditional Project-Based Learning (TPBL) and Design Thinking Project-Based 

Learning (DTPBL). Error bars represent standard error.
Statistical significance: *= p≤0.05, ***=p≤0.001.

Paperboard Packaging Alliance Student Design Challenge

The Paperboard Packaging Alliance keeps detailed records of all participating schools andteam 
member since 2009. This information available on their website[41] was used to draw a comparison 
between editions that took place before and after implementing DTPBL (Table7).

Atwo-samplet-test was conducted to compare PPASDC scores of both pedagogical approaches 
(Figure 5a). A significant increase in performance of students projects developed underDTPBL 
wasfound(t(8)=4.84,p≤0.001). The means core for the performance of TPBL projects was0.67 
(sd=1.63), and the mean score for the performance of DTPBL projects was 11.50(sd=5.26).

During the period in which TPBL was employed, Cal Poly submitted 57 student projects throughout 
six years of participation (2009-2014). Cal Poly’s student entries never met the standards for a top 
three award. The best, and only, mark achieved was a runner-up in the 2011 competition.

DTBPL was implemented in four instances (2015-2018) and produced 32 student projects. Eleven 
projects received recognition; this represents 34% of the projects. During this period, entries have 
placed in the top three on three editions (i.e.,2015,2017,and2018), being 2018 the year of most 
significant success for Cal Poly’s students with four entries receiving recognition.
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Table 6. Course combinations used for Design Thinking Project-Based Learning (DTPBL), submitted 
projects, design competitions, and awards received.

These projects are AmeriStar winners or PPA winners
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AmeriStar Student Package Awards Competition

The AmeriStar Student Package Awards Competition winners are announced every year at the Institute 
of Packaging Professionals’ website[42]. The full list of winning entries for the last edition can be 
found in video format at the mentioned website. A list of the winners from 2011 to 2017 can also be 
found on the organizations’ website. Information from the IoPP website, together with Cal Poly’s 
submission records were used to ad raw a comparison between editions that took place before and after 
implementing DTPBL (Table8).

An independent-samples t-test was conducted to compare AmeriStar SPAC scores of both pedagogical 
approaches (Figure 5b). The average score of student projects developed under DTPBL was 
significantly higher than the average score of projects developed under TPBL (t(7)=1.96,p≤0.05).
ThemeanscorefortheperformanceofTPBLprojectswas13.20(sd=9.65), and the mean score for the 
performance of DTPBL projects was 24.50(sd=7.00).

Between 2011 and 2015, when TPBL was used as a pedagogical approach, Cal Poly typically had a good 
record of placing at least one award at the competition. A total of 115 projects were submitted receiving 
a total of 11 awards. Projects submitted to the 2016, 2017, 2018, and 2019 editions were developed 
using DTPBL. A total of 33 student projects were submitted, 14 of which received recognition. This 
represents 42% of the projects. After the implementation of the new approach, Cal Poly had a complete 
sweep on three occasions (2016,2017,and 2019), taking all available awards. To our knowledge, no 
other teaching institution has swept the student competition twice in a row before. More importantly, the 
increase in overall quality achieved by DTPBL projects allowed Cal Poly to submit more competitive 
entries to the global competition, WorldStar SA, and obtained unprecedented results�
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Table 8: Summary of participation in the Ameristar Student Package Awards between 2011 and 2019.

WorldStar Student Awards

This global competition has been held since 2005 until today. It started with only six participating 
countries; in the 2017 edition, twenty-two countries participated. A comprehensive list of the winners 
from 2006 to 2017 can be found on different organizations’ websites[43], [44]. This information can 
be used to evaluate the role of American schools in the competition, and to measure the impact that 
DTPBL has had on the global recognition of Cal Poly’s students work.
An independent-samples t-test was calculated to compare WorldStar SA scores of both pedagogical 
approaches (Figure 5c). A significant increase in performance of students projects developed under 
DTPBL was found (t(6)=3.45, p<0.05). The mean score for the performance of
TPBL projects was zero (sd=0), and the mean for the performance of DTPBL projects was 20.7
(sd=14.2).
Before DTPBL was implemented, Cal Poly student projects had never received expertrecognition at a 
global level. After implementation, every year at least one student entry has been  recognized as a top 
13 in the world. In 2017, all four Cal Poly student entries placed within the top 13 in the world (Table 
9). Cal Poly became the first university in the world to place two top winners in the same competition 
edition (2017 edition). Other countries have placed more than one winner in the same edition, such as 
China (2006, 2011), Turkey (2012, 2013), and the United Kingdom (2018) but different institutions 
submitted these entries. Thanks to the new pedagogical approach, Cal
Poly is the American university with most awards at this global competition. A total of seven awards; 
one save food award in 2018, two top winners in 2017, and a total of four certificates of merit from the 
2016, 2017, and 2018 editions. Other American universities have been recognized globally over the 
years: The University of Wisconsin-Stout received one top winner in 2011,
Clemson University received one certificate of merit in 2010, and the University of Cincinnati obtained 
one certificate of merit in 2011.
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Table 9. Summary of participation in the WorldStar Student Awards between 2011 and 2018.

5 Conclusions

This study provides evidence that a Design Thinking Project-Based Learning (DTPBL) approach 
can be a successful pedagogical strategy to enhance students’ creative skills and produce innovative 
packaging solutions. An external and independent validation process based on the awards received 
at several national and international packaging design competitions was used to quantify the effect 
of the implementation. It is difficult to speculate on which factor of the new pedagogical approach 
contributed most to the boost in student work quality. However, the authors attribute the success to the 
combination of the following factors:

Cross-disciplinary Collaboration
Multi-disciplinary brainstorming sessions and guidance yielded large numbers of innovative concepts 
due to the synergy that is created at the intersection of disciplines. The cross disciplinary environment 
in the classroom simulated real-life collaborations that are the norm in the industry. Packaging 
professionals most commonly work as part of a team with professionals with different backgrounds; 
structural design, graphic design, marketing, printing production, manufacturing, and supply chain..

Human-Centered
Students were able to discover opportunities by focusing on stakeholders’ needs. The use of ethnographic 
research in the early stage sled to the unveiling of hidden needs and problems with existing products. 
This research, together with the retail audits, helped provide an overview of the state of the art of the 
product category at hand and identify niche opportunities.

Iterative
The iterative nature of the approach and the use of different levels of prototyping techniques facilitated 
continued improvement, so the results were better (graphically and structurally), and the final package 
solutions had better integration of graphics and structure.

Divergent/Convergent Thinking
The alternating nature of the process and the use of Design Thinking tools increased both the number 
of opportunities, ideas, and the in-depth exploration of these ideas.
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Management and Facilitation
By guiding teams through a series of well-designed steps with clear milestones, the bad praxis of 
leaving work for the end was eradicated. Face-to-face weekly meetings were vital to the success of the 
approach. They kept the team’s focus and worked as a tool for effective decision making.

For the students, the experience represented an awakening call where they saw first-hand their 
immense creative potential. Besides learning fundamental problem-solving skills, students enriched 
their portfolio with quasi-professional pieces. These portfolio pieces are seen by students and potential 
employers as excellent talking points during interviews to land an internship or a first job. There is a 
learning curve to working in projects with people with diverse backgrounds. The experience prepares 
students for collaborative industry jobs by improving their communication skills. Student winners 
were provided the opportunity to gain money prizes, professional acknowledgment, and entrance 
into a career as a packaging professional. For the academic programs, the experience improved the 
number of good projects and the overall quality of student work. The different cross-disciplinary 
interactions between graphic design and packaging students have taken learn-by-doing to a new level. 
Some competitions provide money prizes to programs; which help the programs build resources and 
offer a better learning experience to future generations. For faculty facilitating the experience, the 
collaborations kept the courses fresh and exciting. Even though the organization and implementation 
were challenging and time-consuming, the final result has been gratifying and inspirational.

The findings from this study also generated several questions for future research. The research suggests 
that a framework such as Design Thinking Project-Based Learning encourages creativity and overall 
quality of student’s design work. On the other hand, it seems clear that the elements of this kind of 
approaches have associated costs (e.g., weekly face-to-face meetings, the involvement of multiple 
faculty members, small class groups) and it could become even more challenging with larger classes. 
However, actual economic research would need to be made to determine the opportunity cost for 
society resulting from low investment in design pedagogy[12].

Implementing pedagogical changes to include Design Thinking in actual courses is challenging.
It requires of faculty members interested in and capable of teaching design in specialized fields.
The question remains if technical and engineering schools would be willing to incorporate
Design Thinking as part of the curriculum.
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Abstract: Malnutrition is a major concern for hospitalised older adults (≥65 years) due to its 
high prevalence (10-60%)[1] and negative impact upon patient outcomes. Studies have 
identified many barriers that influence dietary intakes by hospitalised older adults including
illness, the extent of food and beverage packaging, lack of assistance at mealtimes, meal-time 
interruptions, and unpleasant eating environments. This paper explores the experiences of 59 
inpatients (≥65 years) at a large teaching hospital in the ACT, Australia, with the food and 
beverage packs supplied by the hospital food service� Measures included nutritional status, 
video observation data of mealtimes and interviews. Of the 59 participants, only two were 
adequately nourished. Margarine, cutlery and fruit cups were the top three problematic 
packaged items requiring the longest times and highest number of attempts to be opened, 
while questionnaire results indicated that cutlery, juice cups and water bottles were the most 
difficult packs to open. These findings provide useful information to packaging designers and 
manufacturers – gaining insights from real users in real settings to inform improved design�

Keywords: food and beverage packaging; openability; older adults; hospital food service

1 Introduction

The ageing global population has direct impacts on healthcare systems as older people have 
more heath conditions and require more services than their younger counterparts.  In 
Australia, older people (65+ years) accounted for 42% of hospitalisations in 2017, compared 
to 39% in 2013[2] although they represent only 15% of the general Australian population[3]�
One of the major issues for older people is malnutrition, both in the community and in 
hospital with many entering hospital already at risk or malnourished [4]�  Malnutrition is 
considered a ‘wicked problem’ in this age group as it is associated with many adverse 
outcomes including functional decline, increased susceptibility to infection, poor wound 
healing, increased length of stay in hospital and increased healthcare costs[5-7]� Once older 
people are in hospital, they rely on the food service to provide nutritious meals to promote 
healing and recovery[8-10]� However, there are a number of barriers to older people receiving 
adequate nutrition in hospital. These include issues with the food service system (e.g. lack of 
assistance, placement of trays out of reach, timing of meals)[11-13]; a poor eating environment 
(e.g. smells, noise, position of patient); and the use of single serve food and beverage
packaging which patients and staff find difficult to open[14, 15]�
Past research has had small numbers of participants or been conducted with well older adults 
in simulated hospital settings [15-17]. This research moves the focus to the actual hospital with 
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1   Introduction
The ageing global population has direct impacts on healthcare systems as older people have more 
heath conditions and require more services than their younger counterparts. In Australia, older people 
(65+ years) accounted for 42% of hospitalisations in 2017, compared to 39% in 2013[2] although they 
represent only 15% of the general Australian population[3]. One of the major issues for older people 
is malnutrition, both in the community and in hospital with many entering hospital already at risk or 
malnourished [4]. Malnutrition is considered a ‘wicked problem’ in this age group as it is associated 
with many adverse outcomes including functional decline, increased susceptibility to infection, poor 
wound healing, increased length of stay in hospital and increased healthcare costs[5-7]. Once older 
people are in hospital, they rely on the food service to provide nutritious meals to promote healing and 
recovery[8-10]. However, there are a number of barriers to older people receiving adequate nutrition 
in hospital. These include issues with the food service system (e.g. lack of assistance, placement of 
trays out of reach, timing of meals)[11-13]; a poor eating environment (e.g. smells, noise, position of 
patient); and the use of single serve food and beverage packaging which patients and staff find difficult 
to open[14, 15].
Past research has had small numbers of participants or been conducted with well older adults in 
simulated hospital settings [15-17]. This research moves the focus to the actual hospital with
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inpatients - exploring the experiences of food and beverage packaging used in hospital food 
service at a large teaching hospital in the ACT, Australia with 59 participants aged 65 years 
and over, using interviews and analysing video footage of 18 participants opening their lunch 
time meal. The aim was to: (1) determine the time and attempts needed to open food and 
beverage packages at the lunch meal and (2) describe how participants rate different pack 
types with regard to ease of opening.

2 Methods

Participants
Fifty-nine participants were recruited across a two orthopaedic wards. Inclusion criteria
included being aged 65 years and above, English speaking, on a full textured diet, having no 
cognitive impairment, adequate vision and use of both upper limbs. Demographic details were 
collected to andnutritional status was measured using the MNA®-SF[18]�

Video Recording
Researchers recorded a sub-sample of 18 participants opening their lunch meal using a camera 
on a tripod. Video footage of participants’ hands and meal tray were reviewed by student 
researchers in order to determine the time required and number of attempts to open a food or 
beverage package. The start of pack opening was measured during the first grip of the pack 
and the end of opening was determined by the release of pack[17]�

Questionnaire
A questionnaire based interview was conducted with each participant. The questionnaire asked 
the participant to answer ‘yes’ or ‘no’ for opening ability; and then rate the ease of opening
from ‘easy’, ‘some difficulty’, ‘difficult’, and ‘impossible’ and lastly, factors for difficulty 
opening, this include ‘vision’, ‘hand strength’, ‘hand tremor’, ‘hand pain’, ‘range of motion’, 
‘fiddly package’ and ‘unsure how to open’�

Data Analysis
Descriptive statistics were used to analyse the demographic data, time, attempts and 
questionnaire data�

Ethics
Ethics approval was obtained from the ACT Health Human Research Ethics Committee (ETH 
3.17.046) and written consent was obtained from voluntary participants�

3 Results

Participants
Sixty percent of participants were female and 22% of inpatients were malnourished, while 75% 
were at risk of malnutrition. Falls and fractures were the most common reason for admission.  
Most participants had been in hospital for a long period (Mean of 43.5 days), while one 
participant had been hospitalised for 289 days.  See Table 1 for the demographics summary.
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Table 1. Demographic data for the study participants (n=59)

Characteristic Count
Gender Female

Male
35
24

Age (years)
 

Mean
SD
Range

76�5
7�8

65-99

MNA®-SF Malnourished
At risk
Nourished

13
44
2

Length 
of Stay 
(days)

Mean
SD
Range

43�5
55�4

3 – 289

Time and Attempts to Open Packaged Items (n=18)
The length of time and number of attempts required to open lunch packaged food and beverage 
items were calculated from the samples of lunch meal video footage� Figure 1 outlines the 
mean time needed to open an item. Results indicated that margarine (min. 6 sec, max. 98 sec), 
cutlery (min. 3 sec, max. 73 sec) and fruit cups (min. 9 sec, max. 27 sec) were the three items 
that took the longest mean time for participants to open. These three packages also required 
more attempts to open as can be seen in Figure 2 with margarine (min. 2, max. 24 attempts), 
cutlery (min. 1, max. 11 attempts), fruit cups (min. 4, max. 5 attempts). While these items 
required extra time and attempts to access, all participants were able to open the items by 
themselves. 
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Figure 1. Median time taken to open a packaged food or beverage item 

Figure 2. Median attempts taken to open a packaged food or beverage item 

Questionnaire 
Fifty-nine questionnaires rating the ease of opening of the food and beverage packs indicated 
a range of issues for the participants� Cutlery (23/59), juice cups (22/59) and water bottles 
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(16/59) were the three items rated to be the most difficult to open. These items had a score 
ranging from ‘some-difficulty’ to ‘impossible’ to open. Participants reported the reasons for 
the difficultly were mainly related to fiddly packaging, followed by reduced hand strength.
Many participants reported using utensils or their teeth to open the more difficult packs with 
one participant reporting:
‘Most are hard so I just stick a fork in that part I’ve opened which should be easier but 
sometimes I can’t open them.’ (F, 81yrs).

While another participant with a sight impairment noted:
‘With being sight-impaired, I can’t see where you’re supposed to tear it and of course you start 
tearing and it won’t go and there’s a splodge and it’s all over the tray.’ (M, 82yrs).

Food Items
A range of packaged food and beverage products were supplied at lunch-time meals (see 
Figures 1, 2).  Figure 3 shows a typical lunch-tray�

Figure 3: Typical lunch-tray

Discussion

Hospital food service relies on single serve food and beverage items for portion control, cost 
containment and overall efficiency[8, 19]. However, these very same food products can either 
enhance the patient experience with its packaging and ‘openability’, or create frustration when 
the packaging is difficult or unable to be opened [20, 21]� Hospital food should aid in the supply 
of energy and nutrients that are necessary for recovery. Yet, when patients are incapable of 
getting access to their food, it can result in a negative impact on their health and worsen their
nutritional status� [15, 17, 22]. This study explored problematic lunch packaged items and patients’
ratings and views on food and beverage packaging in a real hospital setting at the Canberra 
Hospital.        
Margarine, cutlery and the fruit cups were the three most problematic packages for time to 
open and number of attempts, while participants reported cutlery, juice cup and water bottles
as the most difficult packs to open overall� Margarine had the highest mean time of opening; 
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approximately 52 seconds and participants manipulated the package 12 times. Most of the 
participants repeatedly turned the pack in various directions, suggesting the pack was not 
intuitive in its opening� Additionally, as it is small, the pack required high levels of dexterity 
to open; participants also found it difficult to grip the package and peel back the seal�  
The flow wrapped cutlery had the second highest mean opening time (20.33 seconds) and 
mean opening attempts (4.67 times). Even though this pack is not a food or beverage item, it
is indispensable to eating� A few participants had to tear open the packaging using their teeth. 
Participants commented that “fiddly packaging” was the major reason for the difficulty 
opening these packs, while “hand strength” and “unsure how to open” were other common 
reasons given� Previous research [11] has also found that plastic flow packaging (such as 
biscuits wraps) needed greater pinch strength to open and presented challenges to older users�
Fruit cups ranked third with a mean opening time of 16.33 seconds and mean opening attempt 
of 4.5 times with participants struggling to hold onto the pack to peel open the lid� “Fiddly 
packaging” was also the main reason participants gave to the difficulty opening the juice cups. 
Two participants commented they took care to open these packs as had experience of juice 
spilling as the juice cup was too full. Furthermore, one participant mentioned the plastic 
covering was too tight and there was not enough to grip on due to the small tab size. Our 
previous study had similar findings [15] showing little has changed in the design of these 
frequently used items.  
Similar to previous studies, however, was the problematic nature of the water bottle[11, 23]�
While no video footage was reviewed for water bottles, “Fiddly packaging” was the most 
common reason for the difficulty, followed by “hand strength”. The rated level of difficulty 
range from “some difficulty” to “impossible”.  A few participants were unable to open the 
water bottles, and would not ask for help because they ‘did not want to bother food service 
staff or nurses who were busy (with ward tasks)�’ This was also one of the reasons some
participants had a number of unopened bottles of water stored on their bedside table� In 
addition to food, sufficient fluid intake and hydration is essential for recovery. If patients were 
unable to open the bottle, they might not be meeting their daily fluid requirement and 
consequently affecting their recovery progress. 

Conclusion 

Malnutrition is an ever-present problem for older people, both in the community and in 
hospital. The provision of adequate nutrition and hydration for older people in hospital is a 
core purpose of the hospital food service system. This study provides information on how 
older patients interact with the food and beverage packaging supplied within that food service 
at a major teaching hospital in the ACT, Australia. Difficulties opening a number of pack 
formats, including the key packs of cutlery and water bottles highlight the issues for older 
people actually accessing nutrition in hospital. Ninety-seven percent of this study’s 
participants had compromised nutritional status and packaging posed an issue for many of 
them. As one patient noted, she has to have help from family to open packs:
‘My husband assists me… if I can’t undo something…he assists me doing it’ (F, 73yrs).  
Patients prefer to be independent and need to prepare for their independence at home after 
discharge.  More research is needed to quantify the impact of packaging on actual food intake
for these vulnerable people who will soon represent the most common hospital patient�  Pack 
designers should consider the context of use of their packs, and design for the end-user, in this 
case the older hospital in-patient, who is malnourished and frustrated�



29th  IAPRI Symposium on packaging

Packaging Design, ergonomics and human factors

References: 
1� Banks, M., Ash, S., Bauer, J., Gaskill, D., Prevalence of malnutrition in adults in Queensland public 

hospitals and residential aged care facilities. Nutrition & Dietetics, 2007. 64(3): p. 172-178�
2� Australian Institute of Health and Welfare, Admitted patient care 2015-16. 2017, Australian Government: 

Canberra. p. 48.
3� Australian Bureau of Statistics� 3222.0 - Population Projections, Australia, 2012 (base) to 2101� 2014  20 

June 2015]; Available from: 
http://www.abs.gov.au/ausstats/abs@.nsf/Lookup/3222.0main+features52012%20%28base%29%20to%2
02101�

4� British Association for Parenteral and Enteral Nutrition BAPEN, The cost of malnutrition in England and 
potential cost savings from nutritional interventions, M. Elia, Editor. 2015.

5� Barker, L.A., Gout, B. S., Crowe, T. C., Hospital malnutrition: Prevalence, identification and impact on 
patients and the healthcare system. International Journal of Environmental Research and Public Health, 
2011� 8(2): p. 514-527�

6� Chima, C.S., Barco, K., Dewitt, M. L. A., Maeda, M., Teran, J. C., Mullen, K. D., Relationship of 
nutritional status to length of stay, hospital costs, and discharge status of patients hospitalized in the 
medicine service. American Dietetic Association. Journal of the American Dietetic Association, 1997. 
97(9): p. 975-8�

7� Charlton, K.E., Nichols, C., Bowden, S., Lambert, K., Barone, L., Mason, M., Milosavljevic, M., Older 
rehabilitation patients are at high risk of malnutrition: Evidence from a large Australian database. Journal 
of Nutrition, Health and Aging, 2010. 14(8): p. 622-628�

8� HealthShare NSW, Food Services: an overview. 2011, NSW Health: Sydney.
9� Rodgers, S., Selecting a food service system: a review. International Journal of Contemporary Hospitality 

Management, 2005. 17(2): p. 147-156�
10� Walton, K., Williams, P., Tapsell, L., Improving food services for elderly, long-stay patients in Australian 

hospitals: Adding food fortification, assistance with packaging and feeding assistance. Nutrition and 
Dietetics, 2012. 69(2): p. 137-144�

11� Bell, A.F., Walton, K., Chevis, J. S., et al., Accessing packaged food and beverages in hospital. Exploring 
experiences of patients and staff. Appetite, 2013. 60: p� 231-238�

12� Walton, K., et al., A volunteer feeding assistance program can improve dietary intakes of elderly patients 
– A Pilot Study. Appetite, 2008� 51(2): p. 244-248�

13� Walton K, W.P., Tapsell L, et al., Observations of mealtimes in hospital aged care rehabilitation wards.
Appetite, 2013. 67(0): p. 16-21�

14� Walton, K., et al., Rehabilitation inpatients are not meeting their energy and protein needs, in e-SPEN, the 
European e-Journal of Clinical Nutrition and Metabolism� 2007� p� e120-e126�

15� Bell, A.F., Walton, K. L., Tapsell, L. C., Easy to open? Exploring the ‘openability’ of hospital food and 
beverage packaging by older adults. Appetite, 2016. 98: p� 125-132�

16� Bell, A.F., Accessing hospital packaged foods and beverages: the importance of a seated posture when 
eating. Journal of Human Nutrition and Dietetics, 2016.

17� Bell, A.F., Walton, K., Yoxall, A., Measure for Measure: Pack Performance versus Human Dexterity and 
Grip Strength. Packaging Technology and Science, 2017. 30(4): p. 117-126�

18� Kaiser, M.J., Bauer, J. M., Ramsch, C., Uter, W., Guigoz, Y., Cederholm, T., Thomas, D. R., Anthony, P., 



29th  IAPRI Symposium on packaging

Packaging Design, ergonomics and human factors                                                   

Charlton, K. E., Maggio, M., Tsai, A. C., Grathwohl, D., Vellas, B., Sieber, C. C., Validation of the Mini 
Nutritional Assessment short-form (MNA®-SF): A practical tool for identification of nutritional status.
JNHA - The Journal of Nutrition, Health and Aging, 2009. 13(9): p. 782-788�

19� Rechbauer, C., Barry, F., Meeting and Exceeding Recommendation 128 in Hospitals & the Home, in 
Packaging Roundtable. 2013, HealthShare & Arthritis Australia: Sydney NSW.

20� Australia, P.C.o., Packaging-Ten Trends for the next Ten Years� 2013�
21� Barnes, C., Southee, C., Henson, B., The impact of affective design of product packaging upon consumer 

purchase decisions, in Proceedings of the 2003 international conference on Designing pleasurable 
products and interfaces. 2003, ACM: Pittsburgh, PA, USA. p. 134-135�

22� Yoxall, A., Bell, A. F., Walton, K., Warning: Packaging can damage your health!, in Proceedings of the 
Second European Conference on Design 4 Health. 2013, Sheffield Hallam University. p. 303-315�

23� Bell, A.F., Open sesame: exploring the 'openability' of hospital food and beverage packaging for the over 
65s, in School of Medicine. 2015, University of Wollongong.



29th  IAPRI Symposium on packaging

Packaging Design, ergonomics and human factors

Using Mobile Eye Tracking and Coefficient K

for Analysing Usability Trials
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Abstract: Mobile eye-tracking technology provides data that can be linked to user attention 
during visual perception. The relationship between a fixation and its subsequent saccade has 
been proposed to identify ambient versus focal visual processing. Short fixation durations 
followed by long saccades are characteristic of ambient processing. Longer fixation durations 
followed by shorter saccades suggests focal processing. The objective of this study was to 
apply a novel parametric scale (i.e., coefficient K) to eye movement data from packaging 
usability trials of known difficulty to investigate the relationship between fixations, saccades, 
and cognitive-challenging phases in user-package interactions. A panel of 40 participants 
(20 females, 20 males) were asked to open a folding carton and extract its contents. Each 
participant stood behind a counter of a fixed height wearing an ASL Mobile 5 glasses and 
completed one task in a lab facility. They were instructed to imagine an emergency scenario 
where all package contents had to be removed as quickly as possible. Half of the participants 
were randomly assigned a package with a pull tab on the top of the container (i.e., easy 
task) while the other half tested a package with a press-in mechanism on the bottom of the 
folding carton (i.e., difficulty task). Coefficients for each trial were calculated using fixation 
durations and either saccade durations or saccade amplitudes. Two-sample t-tests based on 
the coefficients K were conducted to compare mean differences across the two tasks. For 
coefficients K calculated using saccade durations, results revealed a significant difference in 
mean coefficient K for each type of task (t(27)=2.57, p≤0.05). For coefficients K calculated 
using saccade amplitudes, results revealed a significant difference in mean coefficient K for 
each type of task (t(34)=2.72, p≤ 0.01). Moreover, mean coefficients K for the easy task were 
negative, signalling ambient processing, while mean coefficients K for the difficult task were 
positive, an indication of focal processing. Gender differences are also reported. Findings have 
critical implications for understanding user-package interaction problems and support the use 
of algorithmic processing of eye-tracking data for automatic usability problems detection.

Keywords: package design; eye tracking; usability; affordances; ergonomics
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1 Introduction

There is an increasing demand for quantification of user experience (UX) in new packaging development. 
Companies are searching for methods and metrics for quantifying package usability that can ultimately 
assist them in decision-making during the packaging design process. Since neither UX nor usability 
can be measured directly, measuring indicators have been used traditionally to provide an indirect 
measure through different types of evaluation methods[1].

Commonly used evaluation methods can be classified based on the types of measures they provide; 
opinion measures and performance measures. Opinion measures involve the use of measuring tools 
such as questions and scales to provide a measure such as preference, likability, or purchase-intent. 
They are subjective indicators. Performance measures on the other hand, involve tasks in which metrics 
such as time-to-task, error count, or number of clicks are used to provide an objective measure[1]. 
Since opinion measures are self-reported and provide a measure of perceived usability, it is difficult 
to pinpoint the specific origin of a usability problem. Designers often are unable to extract useful 
information that will guide a redesign of the package to improve UX. By providing an objective 
quantifiable measure through the performance of a task, performance measures may provide a better 
insight to the specifics in the design that are causing a better or worse UX.

Eye-trackers have been used as measuring tools to provide performance measures of eye movement 
metrics. This is because eye movements reflect the human thought processes, so the observer’s thought 
may be followed from records of eye-movement[2]. This data can be used to answer questions about 
mental workload, cognitive processing, and visual saliency.

When using eye-tracking data, visual processing can be described as a dynamic interplay between 
fixations and saccades. Fixation are described as the state when the eye remains still over a period 
of time, and it is generally considered that fixations measure attention to that position. Fixations are 
measured in milliseconds. Saccades are described as the rapid motion of the eye from one fixation 
to another, when little or no visual perception occurs. Saccades can be measure in milliseconds or 
degrees[3].

Visual processing research suggests the distinction of two routes of visual processing in the brain[4]. 
The two modes of visual processing can be described as focal and ambient[5]. The focal mode in 
general answers the question of “what” about objects perceived, it involves attention and requires good 
image quality and good visual acuity. The ambient processing mode is concerned with “where” objects 
are located relative to the observer, it requires little conscious effort and does not require good image 
quality or visual acuity.

Research in the field of scene viewing has shown that eye movement behaviour, specifically the 
relationship between a fixation and its subsequent saccade, could be used to identify ambient versus 
focal processing[6]–[8]. Short fixation durations followed by long saccades are characteristic of ambient 
processing, while longer fixation durations followed by shorter saccades indicate focal processing[7]. 
The two visual information processing modes change dynamically, meaning that the fixation/saccade 
ratio changes over time of scene viewing[6], [7]. This dynamic pattern is attributed to two modes of 
acquiring information: exploration and inspection
�
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In packaging research, eye tracking technology has been used for measuring the effect of pack- age 
design on shelf impact[9], warning noticeability[10], processing of written information[11], opening 
time and opening errors[12]. However, there are no reports on using eye movement behaviour to 
understand how structural and graphic design affect package usability. This lack of public information 
presents challenges to researchers entering this field; which metrics should be used, which data 
visualization techniques are more appropriate, etc.

This study has been developed with the aim of providing answers to these questions. The study analyses 
traditionally eye-tracked time course of eye movements (fixations and saccades) from packaging 
usability trials, and uses coefficient K introduced by Krejtz et al.[13] to characterize two modes of 
attention (ambient vs. focal), while also considering the time course of an individual’s eye movement 
record. The results show a relationship between eye movement behaviour (the relationship between a 
fixation and its subsequent saccade), and cognitive- challenging phases in user-package interactions
�

2 Materials andMethods

In order to measure the effect of task difficulty on eye movement behaviour, a commercially available 
crash cart drug package was redesigned and tested with lay users. Previous research by de la Fuente et 
al.[14], [15] and Carbonell et al.[12] showed a relationship between design affordances and task difficulty. 
The present study uses the folding carton designs that scored highest and lowest in task difficulty. 
These two design treatments are referred to as: easy task, and difficult task. The easy task design has a 
pull-tab opening mechanism located on the top of the folding carton, while the difficult task design has 
a press-in opening mechanism on the bottom of the folding carton (Figure 1). Half of the participants 
were randomly assigned a package with a pull tab on the top of the container (i.e., easy task) while 
the other half tested a package with a press-in mechanism on the bottom of the folding carton (i.e., 
difficultytask).

EasyTask DifficultTask

                                                                 

Figure 1. The two folding carton designs utilized to simulate task difficulty.

Pull-tab on top with 
homogenous colour

Press-in mechanism 
on bottom with ho-
mogenous colour
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2�1 Participants

Using procedures approved by Cal Poly’s Institutional Review Board (project number 2018-053-CO), 
participants were recruited on the campus of California Polytechnic State University (San Luis Obispo, 
CA). Prior to testing, researchers gathered information from each participant regarding gender, age, 
preferred hand, visual acuity, and whether or not they had professional experience opening packages 
containing crash cart drugs. Each participant’s visual acuity was determined using a Snellen chart from 
Eye Chart (DokLLC). Subjects stood four feet away from the chart posted on a wall and were asked to 
read the smallest type possible.

2�2 Packages

Forty folding cartons were printed on clay-coated paperboard (coatedSBS18points,100pounds) in a 
production printer (Konica Minolta C1100 BizHub, Tokyo, Japan), and cut/creased on a computer- 
controlled cutting and creasing table (Kongsbergi-XE1byEsko-Graphicsbvba,Ghent, Belgium). The 
two folding carton versions were designed using illustration software (Illustrator® CC by Adobe®, 
San Jose, CA, USA). Names for a fictitious pharmaceutical company (i.e., Pharm®) and a non-existent 
drug (i.e., Tyvedron®) were created to make the designs more credible and realistic to the user. Both 
folding carton designs the identical outside dimensions (L=48 mm, W=26 mm, D=142 mm).

2�3 Eye-trackingEquipment

Participants’ eye movements and scene video from their point of view were recorded using a mobile 
eye-tracking device (MobileEye-5 by Applied Science Laboratories Inc., Bedford, MA, USA). Eye 
movements were recorded at 60Hz. The calibration sequence employe daletter-size calibration board 
with five dots distributed across its surface, and placed on the testing counter. This board was used 
before each trial tover if y calibration accuracy. Since a fixation is described as the state when the eye 
remains still over a period of time, a maximum visual angle variation and a minimum time have to be 
defined to consider a fixation has started. For this study, the values were defined as 1 degree and 100 
milliseconds.

2�4 Experimental Setup andTasks

Participants stood behind a table (90 cm) and completed one opening task in a lab facility. Each 
participant was instructed to imagine an emergency scenario where they needed to remove all contents 
from the package as quickly as possible. A plastic tray was placed over the package prior to testing so 
participants could not see the package until instructed. Packages were positioned so that the longest 
dimension of the folding carton was horizontal and the drug name was on the left. Participants were 
instructed to remove all contents (one PVC tube and one wooden dowel whose weight and size emulated 
an epinephrine-type product) from the package as quickly as possible and to place the contents in a 
plastictray. Both package designs (easytask and difficult task) include an internal paperboard divider 
to hold the contents in place. If the participant opened the package properly (correct carton end), they 
would have an easy accessto both components. However, if opened incorrectly (wrong carton end) the 
internal dividerwould block access to one of the components and the user would not have access to 
both (necessary) components.
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2�5 DataAnalysis

Data were analysed using Minitab® version 18.1 (State College, Pennsylvania, USA)[16]. Two-sample 
t-tests were used to compare differences in average coefficients K using either saccade amplitude 
sorsaccade durations. In each instance, results were compared for trials with different levels of difficulty 
and participants’gender.

3 Results andDiscussion

3�1 Participants

A total of 43 subjects took part in the experiment. None of the participants had professional 
experience using folding carton packages for vial and syringe medical products found in crash 
carts. Average age of the participants was 21.2±1.6 years. Three participants were discarded due 
to technical issues with equipment and/or packages. Participants’ visual acuity was distributed 
asfollows:20/15(17.5%),20/20(60%),20/25(20%),20/30(0%),20/40(0%),and20/50(2.5%).

3�2 Coefficients KCalculation

Equations 1 and 2 developed by Krejtz et al. were used to calculate coefficients K[13], [17]. These 
coefficients use fixation durations and saccade amplitudes to provide a metric to distinguish ambient 
from focal modes using a coefficient that depicts the interplay between these modes over time, allowing 
subsequent statistical analyses.(2)

Such that:

Where:
𝑓&: Fixationduration[ms]
𝜇-: Overall mean fixation duration [ms]
𝜎 -: Overall standard deviation for fixation duration [ms]
𝑖: Fixation order number
𝑠&0): Saccadeamplitude[deg]
𝜇1: Overall mean saccade amplitude [deg]
𝜎 1: Overall standard deviation for saccade amplitude [deg]
𝑚: Total number of fixations for each participant

K is calculated for each participant, as the mean difference between standardized values ofeach 
saccade amplitude (𝑠&0)) and itspreceding ithfixation duration (𝑓&).Means (𝜇-and  𝜇1) and standard 
deviations (𝜎 -and 𝜎 1) are computed over all m fixations and therefore the entire duration of the stimuli 
presentation. Note that these computed means (𝜇-and 𝜇1) and standard deviations(𝜎 -and 𝜎 1) refer to 
sample statistics and are computed over all conditions and for all participants (i.e., 40 participants).
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Values of Kiare expressed in standard deviation scores. For example, Ki=1 indicates that the duration 
of the current fixation is beyond one standard deviation longer than the subsequent saccade amplitude, 
whereas Ki=−1 indicates a saccade amplitude is beyond one standard deviation longer than the 
preceding fixation duration. Ki=0 means that the fixation length and subsequent saccade amplitude are 
statistically equivalent.

Original Krejtz et al. equations use saccade amplitude for coefficient K calculation (Equations 1 and 
2)[13], [17]. However, saccadic movements can be expressed by either saccade amplitude (measured in 
degrees) or saccade duration (measured in milliseconds). According  to Holmqvistet al.,the use of 
saccade duration or saccade amplitude is of little importance as both correlate strongly.[18] In order to 
confirm this correlation of saccade durations and saccade amplitude, and to further determine if either 
could be used in calculation for usability trials, coefficients K were also calculated using saccade 
durations�

3�3 DataNormality

Each coefficient Kiis calculated as a subtraction between standard scores (i.e., z-scores) of fixations 
and saccades. Technically, for a meaningful analysis and interpretation using these z- scores, it is 
important to check the normality of all the independent variables. Arguing from statistical theory, if 
the coefficient Ki are normally distributed then the independent variable sare also normally distributed 
since each coefficient Kiis a linear combination of the independent variables. Thus, eight Anderson-
Darlingtests,along with normal probability plots, were utilized to determine if the data were from a 
normal distribution. The tests were performed on K coefficients calculated using saccade amplitude and 
saccade durations for each task and across gender.  All p-values were greater than the 0.05 significance 
level, indicating that the null hypothesis(i.e.,the data follow a normal distribution)could not be rejected.
Table1andFigures 2 and 3 summarize theseresults.

Table 1. Summary of results of Anderson-Darling tests for evaluating normal distribution of the 
variables measured.
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Figure 2. Probability plots of coefficients K calculated using saccade durations�
95% confident intervals and p-values shown.
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Figure 3. Probability plots of coefficients K calculated using saccade amplitudes.
95% confident intervals and p-values shown.
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3�4 Coefficients K Calculated Using SaccadeDurations

A two- samples t- test was conducted to compare average coefficient K’s calculated using saccade 
durations (in milliseconds) for both tasks :easy and difficult (Figure4). Equal variances were not 
assumed for all analyses. A significant difference in mean coefficient K for each type of task was found 
(t(27)=2.57, p≤0.05). The average K for all easy task trials was -0.541 (sd=0.986), while the average K 
for difficult task trials was 0.087 (sd=0.474). Two additional t-tests were conducted to examine these 
differences in means between participants of the same gender.
 
For female subjects, a significant difference in mean coefficient K for each type of task was found 
(t(14)=2.67, p≤0.05). The average K for all female participants that completed easy task trials was -0.817 
(sd=0.941), while the average K for those who completed difficult task trials was 0.097 (sd=0.535).

For male participants, a non significant difference in mean coefficient K for each type of taskwas found 
(t(12)=1.00, p=0.339). The average K for all female participants that completed easy task trialswas-
0.270(sd=1.00), while the average K for those who completed difficult task trials was 0.078(sd=0.434).

Figure 4. Comparison of average K coefficients using saccade durations.
Statistical significance: ns=p>0.05, *=p≤0.05.
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3�5 Coefficients K Calculated Using SaccadeAmplitudes

Atwo-samplest-test was conducted to compare average coefficient K’s calculated using saccade 
amplitudes (in degrees) for both tasks: easy and difficult (Figure 5). Equal variances were not assumed 
forall analyses. A significant difference in mean coefficient K for each type of taskwas found (t(34)=2.72, 
p≤0.01). The average K for all easy task trials was -0.461 (sd=0.762), while the average K for difficult 
task trials was 0.115 (sd=0.561). Two additional t-tests were conducted to examine these differences in 
means between participants of the samegender.

For female subjects, a significant difference in mean coefficient K for each type of task was found 
(t(17)=2.19, p≤0.05). The average K for all female participants that completed easy task trials was -0.659 
(sd=0.650), while the average K for those who completed difficult task trials was 0.005 (sd=0.707).

For male participants, a non significant difference in mean coefficient K for each type of task was 
found (t(12)=1.67, p=0.122). The average K for all female participants that completed easy task 
trials was -0.262 (sd=0.846), while the average K for those who completed difficult task trials was 
0.225(sd=0.371).

Figure 5. Comparison of average coefficients K using saccade amplitudes.
Statistical significance: ns=p>0.05, *=p≤0.05, **=p≤0.01.
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3�6 Overall Analysis vs. Individual Analysis

Figure 4 and 5 show examples of how overall analyses can be made using average K values for a user 
panel. These overall analyses can be used as performance measures to compare visual processing 
modes required while interacting with different package designs.

Another application in UX research is the use of coefficient Kianalysis of individual trials as depicted 
in Figure 6. These types of analyses provide an overview of the dynamic changes between focal and 
ambient processing during a particular task trial. In principle, an event- detection algorithm could 
identify fixations with abnormally high coefficient Ki. This information can be used by package 
designers to identify specific package features that cause usability problems.

Figure 6. Example of a Kivs. time plot for a female participant completing a difficult task (K=0.348) 
with a video frame corresponding to the instance when the subject tears a flap to open the package at 
the non-opening end. Fixations with Kigreater than one sd (i.e., positive horizonal dashed line) reveal 
focal visual processing, of which 12 instances can be seen in this example. Fixations with Kilower than 
one sd (i.e., negative horizonal dashed line) reveal ambient visual processing, of which two instances

can be seen in this example.

4 Conclusions

Coefficient K introduced by Krejtz et al.[13] has been proposed to characterize two modes of attention 
(ambient vs. focal). Previous studies have validated the use of coefficient K in visual search tasks[13], 
visual attention during art viewing[13], and visual attention during cartographic tasks[17]. The purpose 
of this study was to validate the use of coefficient K for usability tasks with physical interaction with 
material objects while wearing a mobile eye tracker.
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The findings of this study can be summarized as follows:
 
• An overall analysis of coefficients K reveals mean coefficients K for the easy task were negative, 
signalling ambient processing (i.e., exploration, little conscious effort, searching time), while mean 
coefficients K for the difficult task were positive, an indication of focal processing (i.e., high cognitive 
load, attention demanding, processing time). These results validate coefficient K as a useful tool to 
reveal differences in cognitive load between usability tasks.
• Coefficients K calculated using saccade durations instead of saccade amplitudes provided 
similar overall results, indicating that either saccade measure can be used in coefficient K calculation.
• When comparing coefficients K of different tasks within a given gender, females participants 
showed significant differences, while male participants showed the same trends but the differences 
were nonsignificant. Further analysis is required to understand the cause of difference between these 
results�
• Analysis of coefficient Ki of individual trials showed dynamic changes between focal and 
ambient processing during a particular task trial. This information can be used by package designers to 
identify specific package features that cause usability problems. Future research should be performed 
to determine which threshold value to use for identifying cognitive- challenging moments during 
usability trials. The threshold value of one standard deviation seemed to be of practical use in this 
study.
• Coefficients Ki may be used as event detection markers in algorithmic processing of eye-
tracking data for automatic usability problems detection. Event detection markers could significantly 
reduce processing time of eye tracking data in usability trials.

In summary, the results from this eye-tracking study validate ambient/focal characterization through 
coefficient K and demonstrate its utility in usability research using mobile eye trackers. The coefficient 
successfully captures ambient and focal eye movement patterns when they are expected. Coefficient K 
could be used as a complementary tool to quantify package usability in combination with traditional 
measures.
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A New Package Design Paradigm with 3D Image 
Reconstruction and Convolutional Neural Networks

Hae Chang Gea, Tian Jin
Packaging Engineering, Rutgers University, Piscataway, US

Abstract: Currently, packaging design process requires designers to communicate ideas with 
CAD modelers using verbal descriptions, online pictures, draft sketches, or simple CAD models. 
In return, CAD modelers provide their suggestions based on their engineering knowledge as 
well as manufacturing constraints. This iterative process will continue until the final design is 
completed. The process is not very efficient due to the back-and-forth design reviews along 
with rebuild-error-prone adjustment stage. In this paper, a novel packaging design framework 
is presented to simplify the design process by creating easy-to-edit parametrized models from 
pictures of existing packages based on photogrammetric reconstruction and deep learning. 
The proposed process starts with a series of pictures being taken around existing packages. 
After a series of reconstruction algorithms including image feature extraction and matching, 
image rectification and stereo matching, camera locations and poses estimation, and 3D points 
triangulation and registration, a point cloud model of the packages can be reconstructed. These 
point cloud models can be classified and linked to various existing basic CAD models using 
a trained multi-layer 3D convolutional neural network. Then, these basic CAD models will 
adjust its featured dimensions automatically based on the scanned models and can be used for 
further editing. Experimental results demonstrate that our framework acquires point cloud of 
high density, accuracy and robustness, geometry and packaging classified at high accuracy, 
and thus providing a new paradigm for a more efficient packaging design process.
Keywords: Packaging design, 3D image reconstruction, neural networks

1 Introduction

Product variety plays a crucial role to gain customers satisfaction at a wider range. Our research 
focuses on the shape variety of product, which is inherently linked to both functional and aesthetic 
variety. The challenge that we are addressing is the design efficiency during the conceptual design 
phase. Design ideas are presented in verbal expression and 2D drafts at early stages mostly for faster 
speed, although 3D models provide more holistic view of the design. Even after modeling a design 
idea, back-and-forth communication still exists between designer and modeler. Thus, we develop a 
design framework to improve the situation.

2 Goal of the research

We list the following objectives for our research: (1) To develop a 3D design and modeling framework 
that assists design idea generation and speeds up idea-to-3D-model conversion;
(2) To improve non-CAD-user-friendliness of 3D design and modeling; and (3) To improve conceptual 
design efficiency for packaging shape innovation.



29th  IAPRI Symposium on packaging

Packaging Design, ergonomics and human factors Posters                                                   

3 Execution of the Research

We applied cutting-edge image-based 3D reconstruction and 3D convolutional neural networks into 
3D product shape design and modeling. A library of modularized shape family tree is designed so 
that (1) Different levels of classifiers can be trained to work on less categories; and 2) Different lev-
els of shape platforms can provide different levels of design flexibility.

(

Figure 1. Product shape family, shape family tree structure, and design process in our paradigm

4 Results and conclusions

In our design paradigm, users only take photos around the to-be-redesigned package or the inspiration 
sources to obtain generic 3D models of the target shape families. The creation of package shape variants 
is simplified to swapping of shape modules and pushing and pulling of predefined control points. The 
new paradigm allows easy and fast generation of new shape ideas visualized in real time and in 3D, 
and does not require professional knowledge of 3D geometries or 3D modeling logics, thus speeding 
up conceptual design�

Figure 2. Example of Designing a Bottle Shape Family with Rendering of Material, Color and Label

5 Recommendations

The robustness and accuracy of both reconstruction system and classification system needs to be 
improved  to accommodate larger shape family library so that design flexibility can be further improved. 
Method of package shape model modularization can be further researched for better designefficiency.
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Generational preferences on sustainable packaging concepts.

Iris Borgman*1

1 Department of Design, Production and Management, Faculty of Engineering Technology, 
University of Twente. Drienerlolaan 5, 7522 NB Enschede, The Netherlands

Abstract: Awareness regarding environmental issues is increasing among consumers, which 
also applies to the young consumers of generation Y (born 1980-1995), often referred to as 
Millennials. Existing studies have made evident that this generation is seeking more and more 
for sustainable options within the great abundance of products and services. Moreover, they are 
willing to pay more for sustainable products from brands that are regarded as environmentally 
conscious. As for the packaging, they highly value pro-environmental aspects of a package, 
however, their view of such packaging is different from other generations.
Additionally, Millennials have a high preference for experiential designs and value the 
appeal and aesthetics of packaging. The combination of Millennials’ positive attitude towards 
sustainable product-packaging combinations and their preference for appealing packaging 
emphasize that research should focus more on the packaging design.
Currently, there are some insights into packaging features that convey sustainability according 
to Millennials and other generations, depending on the type of study. However, this is mainly 
based on theoretical research and a link with the actual design is missing. Therefore, the 
purpose of this paper is to look from a design-focused perspective and present consumers 
with actual packaging designs instead of focusing on descriptions of the packaging. Packaging 
features regarding sustainability, extracted from existing studies, are integrated into design 
concepts and consequently evaluated by different generational groups of respondents. The 
results reveal how different generations respond to the sustainable packaging concepts and 
whether their choices are in line with existing studies.
This research increases the understanding of differences in generational preferences of 
sustainable packaging. Packaging designers and developers are, in particular, provided with 
design-oriented tools to assist in designing packaging that clearly communicates sustainability 
to young consumers.

Keywords: packaging design, sustainability, millennials, generations, marketing.

1 Introduction

Millennials (born 1984-2000) represent the future of our society [1, 2]. They score higher on 
environmental awareness than other generations, but their actual behavior is less sustainable, which 
shows a critical contradiction [2]. In terms of packaging, they have higher expectations regarding 
sustainability as well as user experience. Therefore, experiential packaging design with more attention 
for aesthetics and appeal will be emphasized, as well as packaging with more attention for sustainability 
aspects [3]. Multiple studies found that the young generation is more ready than other generations to 
accept innovative ideas [1, 2, 4]. For these reasons, the outcomes of this research are very important 
for packaging designers and developers�

*Correspondence to: Iris Borgman, University of Twente, i.m.borgman@utwente.nl
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2 Goal of the research

This research increases the understanding of differences in generational preferences and perceptions 
on sustainable packaging. As existing research is mainly based on theoretical studies and a link with 
actual designs is missing, the focus of this research is more design-based by presenting consumers with 
actual packaging designs. Results show differences and similarities between Millennials and other 
generations. These insights are applicable for packaging designers to come up with designs that serve 
our future consumers.

3 Execution of the Research

Insights from previous studies were used in an online survey and results were compared between 
Millennials and earlier generations, to find out differences and similarities.

4 Results and conclusions

The survey was completed by 100 respondents (57% female, Mage= 35,2) First, consumers’ attitude 
towards sustainable packaging was addressed. Results indicate that earlier generations find it more 
important that packaging is sustainable and are more willing to pay extra for packaging when they 
can be certain that it is less harmful to the environment. They indicate that they know enough about 
packaging to judge its sustainability. Also, they find themselves more sustainable than Millennials. 
Respondents were asked to judge the sustainability of different types of packaging for the same product 
(Figure 1). Millennials and earlier generations both judge the sustainability similarly. The glass bottle 
was seen as most sustainable and plastic as least while the carton was mostly placed second and the 
canthird.

Figure 1

Willingness to pay for sustainable packaging was tested (Figure 2) and results show that both generations 
were in favor of the sustainable packaging variants for tomatoes and soap, but not for cereals. Earlier 
generations chose the sustainable variants more often, which amplifies the earlier results indicating 
they seem more willing to pay extra for sustainable packaging. According to preferences for more 
innovative and experiential packaging concepts (Figure 3) Millennials seem more inclined to purchase 
aesthetic packaging, such as the cow milk package, while earlier generations prefer the sustainable 
choice. Additionally, Millennials seem interested in experiential packaging, such as the tea bags or 
packages that can be re-used, such as the wine and pizza box. Earlier generations were not interested 
in the pizza box, but also interested in the wine box and tea bags.
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Figure 2

Figure 3

5 Recommendations

The part of respondents that represented the earlier generations comprised 25 percent of the total 
number of respondents. Since this amount was smaller than the amount of respondents representing 
Millennials, the results may be less reliable than those of the Millennials. The lower number was due 
to the fact that respondents born before 1984 are more difficult to find.

6 References

[1] Hume, M., Compassion without action: Examining the young consumers consumption and attitude 
to sustainable consumption. Journal of world business, 2010. 45(4): p.385-394.

[2] Kanchanapibul, M., et al., An empirical investigation of green purchase behaviour among the 
young generation. Journal of Cleaner Production, 2014. 66: p.528-536.

[3] Korhonen, V. and K.-M. Ylipoti, Packaging value by generation - results of a Finnish study, in 21st 
IAPRI Worl Conference on Packaging. 2018:Zhuhai.

[4] Ottman, J.A., E.R. Stafford, and C.L. Hartman, Avoiding green marketing myopia: Ways to improve 
consumer appeal for environmentally preferable products. Environment: Science and Policy for 
Sustainable Development, 2006. 48(5): p. 22-36.



29th  IAPRI Symposium on packaging

Packaging Design, ergonomics and human factors Posters                                                   

Image and Warning Messages Design on Cigarette Packs that 
Affects Smokers

Wannarat Wirachkul[1], Nucharin Luangsa-Ard [2], Thanasit Rujiratharapun[3] Department of Printing and 
Packaging Technology

Faculty of Industrial Education and Technology
King Mongkut’s University of Technology Thonburi, Bangkok, THAILAND

Abstract: The purpose of this research were: 1) to redesign images and warning messages 
on cigarette packs
2) to study smokers’ opinions towards images and warning messages on new packs, comparing 
with images and warning messages on an old pack. The research study was aimed at Krongthip 
brand which is manufactured in Thailand and very popular among smokers. The images and 
warning messages were analyzed and redesigned to 3 new prototypes for comparative study. 
The sample group was 100 smokers in Thung Khru district. The results of this study showed 
that the highest scored pack was a new pack which had images of wounded oral cavity and 
the blind’s face with warning messages “Smoking causes oral cancer” and “Smoking causes 
blindness” since the smokers didn’t know that smoking could cause permanent blindness, 
therefore the new pack created impact on their fears due to unfamiliarities. For comparison of 
images and warning messages between new packs and the old pack, the resulted showed that 
representatives had more concerns about harmful effects of smoking on heath and wanted to 
quit smoking since images on new packs was more dreadful. For the considering packs’ effects 
on decreasing a number of smokers and restrains them from buying cigarettes, it was found 
that there was no difference. between new packs and old pack. As most of representatives 
had been smoking for long time, packs’ formats had no impact on their decisions about quit 
smoking; it just created awareness of harmful effects onhealth.

Keywords: Images and Warning Messages on Cigarette Packs

1 Introduction

Smoking causes illness and harm to the body. The statistics found that 1 million Thai people who 
live but are ill with chronic diseases by smoking. In all Thai people who died from smoking, at least 
20 people suffering from chronic diseases. In addition, smoking makes 12 types of cancer [1], heart 
disease, stroke, emphysema and diabetes also increase the risk of becoming blind tuberculosis and 
all organs before premature It also causes sexual dysfunction. In addition, smoking for an average 
of 50,710 deaths per year for Thai people has not been included in the deaths of secondhand smoke. 
According to the statistics of smoking in Thailand in 2014, 11.4 million smokers decreased from 12.3 
million people in 1991. Smoking rates were 20.7%, down from 32%. 1991, while the population aged 
over 15 years increased by 17.1
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million people between 1991-2014 Estimate that Past non-smoking campaign Helping to prevent 6 
million Thai people from smoking addiction. Those who used to smoke but quit smoking 3.7 million 
people. The average smoker aged 15-18 years old had 353,898. The average person aged 19-24 years 
had 1,059,839 people. Today’s second-hand cigarette is about
15.2 million people. [2]

2 Goal of theresearch

The goal of this study was to explore smokers’ opinions, images and warnings message on new packs 
comparison with on an old pack.

3 Execution of the Research

The study population with 100 adult smokers (86 male, 14 female) recruited through survey conducted 
in Thung Khru district, Bangkok. Image and warning message were approved by specialise to 
safeguard the right of all participants. Participants, who were smoke and were currently Thung Khru 
residents. Eligible participants who consented were asked a series of questions about their tobacco use 
behaviours, knowledge and beliefs about smoking, and demographic characteristics. After completing 
the baseline survey, participants were asked to view a series of cigarette packages. Participants were 
asked 2 part from questions about risk perception on old package and new packages. Cigarette package 
were design specifically for this study with a fictitious brand name. The rationale for creating new 
packs was twofold: (1) it allowed variation in individual elements of the design while keeping all 
other elements constant; and (2) it avoided using existing brand names of cigarettes sold in Thailand. 
Figure 1 show the old package design and Figure 2 (a.)(b.)(c.) show the 3 set of cigarette package 
test in this study. Each set of packs present to participants were identical except for the characteristic 
that was manipulated. participants were identical varied by particular design feature (image, warning 
message) and same warning label (color, size, attribution, message framing, brand name “Krongthup”). 
The graphic and warning messages were formatted to cover 85% of the pack face, front and back, 
following Tobacco Product Control Act B.E.2560. [3]

                                   
Figure 1: The oldpackagedesign          Figure 2: The New packagede  

sign (a.) Set A, (b.) Set B, (c.) SetC
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4 Results and conclusions

Participants selected warning labels set A, that images represent oral cancer and blindness, as more likely 
to attention, encourage thoughts about health risks, motivate quitting, and most effective. Participants 
have felt like worry about health and effects when saw new design package comparison with the old 
package. The findings support larger, graphic health warnings that convey loss-framed messages as 
effective in communicating health risks to smokers. The results also indicate that image, represent 
oral cancer and blindness were as most effective in communicating health risk of the participants and 
product descriptors are associated with false beliefs about risks.

5 Recommendations

The warning pictures on cigarette packs should be modified frequently. In order to consumers from 
becoming accustomed and causing the need to avoid and increasing demand for smoking cessation. 
The cigarette should focus on developing a warning image that indicates the actual disease caused by 
smoking and emphasizing the warning image that shows that the cigarette has harmed the internal 
organs to increase motivation and Effective of warning images.
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Aroma Compounds Characterization of Dried “Tom Yum” 
Soup Herbs in Different Packaging Materials by

Gas Chromatography-Mass Spectrometry Combined with 
Sensory Evaluation Techniques

Pimonpak Chockdamrongsuk1, Punphavee Supharintanakit1, Vanee Chonhenchob1, Pattarin 
Leelaphiwat1*

1 Department of Packaging and Materials Technology, Kasetsart University, Thailand

Abstract:The effects of different packaging films on the loss of aroma intensity in dried “Tom 
Yum” soup herbs were investigated in this study. “Tom Yum” soup herbs set was selected as a 
food product since it is among the most internationally recognized Thai dishes and contains key 
aroma compounds present in fresh herbs, including lemongrass, galangal, kaffir lime leave and 
chili. Aroma is important factor in the consumer acceptability of food product and easily lost 
by the product-package interactions. However, only a few studies have reported the changes in 
sensory quality along with the instrumental results. The mixture dried herbs were mixed based 
on the commercial formula ratio, packed in the multilayer films and stored at 25 and 38 °C for 
56 days. The head space volatiles of mixture herbs extracted by solid phase microextraction 
(SPME) were performed on a gas chromatography–mass spectrometry (GC-MS) every two 
weeks. In the meanwhile, the sensory analysis was evaluated by a quantitative descriptive 
analysis (QDA) method. The key aroma compounds found in mixture dried herbs included 
eucalyptol, citronellal, citral and α-bergamotene. The results showed that the packaging film 
types showed the effect on the quality of dried “Tom Yum” soup herbs. The concentration of 
eucalyptol was highest in the polyethylene terephthalate/aluminium/low density polyethylene 
(PET/Al/LDPE)followed by polyethylene terephthalate/ low density polyethylene (PET/
LDPE), oriented polypropylene/polyamide/low density polyethylene (OPP/PA/LDPE) and 
low-density polyethylene (LDPE), respectively. The aroma profiles of dried “Tom Yum” soup 
herbs analyzed by GC‒MS showed that the concentration of identified aroma compounds 
decreased during storage for 56 days. The principle component analysis (PCA) was used to 
analyst the relationship between the aroma attributes by sensory evaluation and the aroma 
profiles identified by GC‒MS. The results suggested that the aroma attributes of “Tom Yum” 
seasoning powders were associated with the GC‒MS aromaprofiles.

Keywords: dried herbs, aroma compound, GC-MS, multilayer films, sensory evaluation

1 Introduction

Thai herbs have a variety of 1,800 species and they are one of Thai export products. In addition, herbs 
are part of Thai life and society, both in wisdom and culture. They have been applied to medicine, 
beauty and Thai food. ‘Tom Yam Soup’ is Thai internationally famous food, characterized by sour 
and spicy flavors. The main ingredients are galangal, lemongrass, kaffir lime leaves and chili. The key 
aroma compound in galangal is eucalyptol and α- bergamotene, citral and citronellal are key aroma 
compound in lemongrass and kaffir lime leaves, respectively.

The quality of aroma and color is the key factor affecting the consumer acceptability, especially the 
aroma in herbs. Aroma compound is easily lost by transfer through packaging materials resulting 
in the decreasing of aroma in herbs. Therefore, the packaging materials should be properly selected 
based on the permeability property. There were studies of theeffect of packaging materials with low 
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permeability to loss of aroma compounds for Australia herbs during storage for 6 months. Three types 
of herbs consisting Lemon myrtle, Anise myrtle and Tasmanian pepper leaf were packed in packaging 
materials as follows: polyvinylidene chloride coated polyethylene terephthalate/ casted polypropylene 
(PVDCcoatedPET/CPP),polyethylene terephthalate/polyethylene terephthalate/aluminum foil/linear 
low-density polyethylene (PET/PET/Foil/LLDPE), low-density polyethylene (LDPE) and high-den-
sity polyethylene (HDPE). The key aroma compound decreased with increased storage time for 6 
months by gas chromatography-mass spectrometry (GC-MS). LDPE and HDPE had more decreased 
in key aroma compounds due to highly gas permeability property than PET/CPP coated PVDC and 
PET/PET/Foil/PE due to highly water vapor transmission rate and oxygen transmission rate; to pre-
vent the loss of aroma compounds from the packaging materials. Therefore, main factors to maintain 
the quality of herbs and spices in storage conditions is the permeability properties for preventing gas 
(consisting oxygen, carbon dioxide, nitrogen and ethylene, etc.), water, vapor, aroma compound and 
light.[1] In addition, the concentration of aroma compounds on the storage time can be detected by sen-
sory evaluation as in the study of volatile metabolites, quality and sensory parameters of “Ferrovia” 
sweet cherry cold stored in air or packed in high CO2 modified atmospheres. Cherry aroma is main 
parameter to determine flavors and acceptance of cherries. In 21 days, cherry packed in high CO2mod-
ified atmospheres (consisting 20% carbon dioxide and 16% oxygen) had most an efficiency in main-
taining the aroma compounds comparing with fresh cherry because the higher of initial concentration 
of oxygen limited the synthesis of ethyl esters and but-butyrolactone. In addition, the analysis of aroma 
compounds in cherries by GC- MS combined with PLSR analysis showed that 1-pentanol was a key 
compound indicating sensory changes. Moreover, hexanal and 2-hexenal were evaluated as aroma 
compounds presenting the freshness of cherry. Other factor that indicates the quality on storage time is 
color as it could be detected by appearance. The Ferrovia cherries was packed in high CO2modified at-
mosphere packaging to determine the color change during the storage time. It was found that the cher-
ries were less color change in high CO2modified atmospheres due to the relationship between modified 
atmospheric conditions and key compound such as anthocyanin. It because of modified atmospheric 
conditions consisting of high carbon dioxide which reduce the enzymatic browning reaction and the 
synthesis of anthocyanin at low oxygen resulting in the improvement of the cherries color.[2 ]However, 
only a few studies have reported thech anges in sensory quality along with the instrumental results of 
herbs. the purpose of this study was to find the keyaroma compounds of dried “TomYum” Soupherbsby 
GC-MS. Studying the effects of packaging materials and storage conditions on aroma compounds loss 
of dried herbs by GC-MScorrelating to the descriptive sensory evaluation at 25 and 38 °C for 56 days.

2 Materials andMethods

2.1 Samples and plastic packagingmaterials

Dried herbs used in this study are galangal, lemongrass, kaffir lime leaves and chili from UDOMKI-
JPAISARN CO., LTD. The following packaging materials were used in this study: 4 types of packag-
ing are a single layer film (LDPE: 31 μm thickness) and the commercial multi- layer film (OPP/PA/
LDPE: 76 μm thickness), (PET/LDPE: 80 μm thickness) and (PET/Al/LDPE: 98 μm thickness).

2.2 Samplepreparation

The same average size of all dried herbs was selected and weighed in 20 g, including 7 g of galangal,-
7goflemongrass,3gofkaffirlimeleaveand3gofchili.Thesampleswereplacedin LDPE, OPP/PA/LDPE, 
PET/LDPE and PET/Al/LDPE bags with the hermetic seal and kept at 25°C (room temperature) and 
38 °C for 56 days. The experiments were carried out under accelerated storage conditions for time-sav-
ing purposes representing abuse temperature conditions,which often occur during storage and distri-
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bution at high- temperature in warehouses , on retail shelves and freight containers. The samples were 
evaluated at 14, 28, 42 and 56 days. Three replicates were performed for eachtreatment.

2.3 Analysis of aromacompounds

The dried herbs sample was prepared with directly proportional to real net weights for 2 g, including0.
7gofgalangal,0.7goflemongrass,0.3gofkaffirlimeleavesand0.3gofchilithe sample was placed in 60 mL 
vial and tightly sealed with a septum closure. In this experiment, aroma compound was analyzed by 
Agilent model 7693 gas chromatograph equipped with a model 5970 MS detector (Agilent Technolo-
gies, Santa Clara, CA, USA). An Agilent DB-5Ms column UI (30 m length, 0.250 mm i.d., 0.25 mm 
film thickness) was used to separate compounds. The conditions used in this experiment were flow 
rate of helium gasat 1.0mL/min, the oven temperature held at 60 °C for 2 minutes and then held for 3 
minutes at 10 °C min-1 increasedto250°C,mass spectrometer detector temperature 250°C, ion source 
temperature150 °C and transfer line temperature 230 °C. SPME Fiber Assembly (50/30 um DVB/
CAR/PDMS, Stablefle x (2 cm)) was used for the absorption and desorption for 5 min. The comparison 
of aroma compounds based on data and information from NIST Library.

2.4 Sensoryevaluation

There are 22 participants who evaluated the differences type of dried herbs by sniffing in the triangle 
test. After that 12 panelists were selected from all participants to attend the sensory training sessions. 
The descriptive sensory evaluation was used in this study. The trainedpanels gave the descriptive 
words for each herb. In the sensory evaluation, the mixed dried herbs sample in 20 mL vials with 
3-digit code number were served to the trained panel for evaluation the intensity of dried herbs at 14, 
28, 42, and 56 days after storage at 25°C and 38°C.

2.5 Statisticalanalysis

Statistical analyses were carried out using analysis variance (ANOVA) to specify the significant dif-
ferences in concentration of aroma compounds during storage process. Comparative analyses were 
performed using Duncan’s test for significant differences, with a confidence level of 95%. ANOVA 
analyses were performed using SPSS software version. Principle component analysis (PCA) was per-
formed using the XLSTAT demo version (Addinsoft, New York, NY,USA).

3� Results andDiscussion

3.1 Aroma compounds in driedherbs

The aroma profile of dried “TomYum” soup herbs from GC-MS analysis was shown in Table 1. The key 
aroma compounds were eucalyptol, citronellal, citral andα-bergamotene.
Analysis of key aroma compound of dried “TomYum” soup herbs in different packaging showed that 
the concentration of eucalyptol was highest in PET/Al/LDPE film followed by PET/LDPE, OPP/PA/
LDPE and LDPE, respectively. Whereas the concentrations of citronellal, citral and α- bergamotene 
were not significantly (P > 0.05) different among the packaging materials used in this study, except in 
LDPE film after storage for 56 days in both of storage conditions. Moreover, the temperature was the 
factor affecting the aroma loss as the aroma compounds decreased, the temperature increased from 25 
to 38 °C (Figure 1 and2).
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Table 1. The identified components of dried herb

Compound Retention

time (Min)

Galangal Lemon-
grass

Kaffir lime

leave

Mixture

3-Carene 4�534 30,719,505 6,611,543 - 10,908,673

Eucalyptol 6�045 245,949,378 1,882,195 - 75,067,935

Citronellal 7�950 4,053,376 - 100,506,43 72,424,151

Citral 9�604 - 5,997,585 138,679 5,656,820

D-Limonene 10�880 - - 120,308 125,521

Beta-Humulene 11�340 3,119,029 - - -

Caryophyllene 11�744 5,731,057 1,336,487 - 8,371,542

α-Bergamotene 11�927 38,967,019 - - 9,259,954

Gamma-Muurolene 12�448 1,085,129 - 64,734 376,485
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3.2 Sensory evaluation

From Table 2, the descriptive words represented the characteristic of scents for galangal, lemon grass 
and kaffir lime leave. From sensory evaluation, the aroma intensity scores of dried “TomYum” soup 
herbs were not significantly (P>0.05) different among the packaging materials used in this study. The 
storage temperature showed the effect on the aroma loss as temperature increased, the aroma com-
pounds decreased as shown in Table 3.
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Table 2. Definitions of volatile attributes for dried herbs

Herbs Compounds Odor descrip-
tions

Galangal

Kaffir lime 
leave

eucalyptol

α-bergamotene 
citronellal

Ga-

langal 

Galan-

gal
Kaffir lime 

leave

Lemongrass citral Lemongrass

Table 3. Sensory evaluation of dried herbs stored in different packaging at 25°C and 38°C for 56 days

Time 
(days)

Galangal Lemongrass Kaffir lime leaf

LDPE OPP/PA/
LDPE

PET/
LDPE

PET/Al
/LDPE

LDPE OPP/
PA/

LDPE

PET/
LDPE

PET/Al
/LDPE

LDPE OPP/PA/
LDPE

PET/
LDPE

PET/Al
/LDPE

25 ℃

0 9�00bA 9�00bA 9�00bA 9�00bA 7�00aA 7�00aA 7�00aA 7�00aA 8�00aA 8�00aA 8�00aA 8�00aA

14 6�67aA 6�67aA 7�00aA 7�29abA 6�33aA 6�67aA 6�78aA 6�67aA 6�56aA 6�22aA 6�67aA 6�33aA

±1.63 ±1.86 ±1.53 ±1.38 ±1.41 ±0.82 ±1.64 ±1.51 ±1.74 ±1.92 ±1.73 ±1.97

28 6�63aA 6�89aA 7�40abA 7�71abA 7�00aA 7�00aA 6�88aA 6�80aA 6�71aA 6�75aA 6�89aA 6�71aA

±1.92 ±3.26 ±1.30 ±2.21 ±1.94 ±1.58 ±1.89 ±0.45 ±2.81 ±1.98 ±2.09 ±2.14

42 6�43aA 6�67aA 7�00aA 7�17abA 6�22aA 6�88aA 7�00aA 6�75aA 6�33aA 6�43aA 6�71aA 6�75aA

±2.51 ±1.21 ±1.83 ±1.83 ±2.39 ±1.36 ±1.31 ±2.05 ±2.83 ±2.07 ±1.50 ±2.66

56 6�50aA 6�57aA 6�67aA 7�00aA 5�78aA 6�67aA 7�00aA 7�00aA 5�89aA 6�43aA 7�20aA 7�14aA

±2.20 ±1.27 ±1.03 ±2.20 ±2.49 ±1.50 ±1.41 ±1.60 ±1.96 ±2.76 ±1.10 ±0.69

38 ℃

0 9�00bA 9�00aA 9�00bA 9�00bA 7�00bA 7�00aA 7�00aA 7�00aA 8�00cA 8�00bA 8�00bA 8�00bA

14 7�00aA 6�78aA 7�00abA 7�60abA 5�43aA 5�56aA 6�25aA 6�22aA 6�44bcA 6�50abA 6�80abA 6�88abA

±0.84 ±1.79 ±2.10 ±1.34 ±1.27 ±1.51 ±1.83 ±2.33 ±1.51 ±1.64 ±1.64 ±1.81

28 7�40aA 6�86aA 7�43abA 7�57abA 6�00abA 5�67aA 6�14aA 6�33aA 5�75abA 6�25abA 5�75aA 6�56abA

±1.34 ±2.04 ±2.07 ±1.90 ±1.22 ±1.51 ±1.68 ±1.94 ±2.55 ±2.49 ±2.31 ±2.35

42 6�60aA 6�89aA 6�89abA 7�00aA 5�83abA 6�00aA 6�14aA 6�33aA 5�29abA 6�14abA 5�83aA 5�50aA

±2.07 ±3.89 ±2.76 ±1.83 ±2.14 ±2.78 ±.19 ±1.63 ±1.11 ±1.95 ±2.14 ±2.98

56 6�83aA 6�80aA 6�00aA 6�17aA 5�83abA 6�00aA 7�00aA 6�75aA 4�50aA 5�83aAB 6�50abB 6�67abB

±1.17 ±1.30 ±1.87 ±1.60 ±0.41 ±1.87 ±0.71 ±1.16 ±1.52 ±1.72 ±1.05 ±0.52

3.3 Principal Component Analysis

Analysis PCA method describes relationship the values from GC-MS and the values from sensory 
evaluation of dried “Tom Yum” soup herbs as shown in Figure 3. PCA loading plot were LDPE, OPP/
PA/LDPE, PET/LDPE and PET/Al/LDPE which differences in duration and temperature. The per-
centages of First Principal Component or PC1 are 64.03, 52.43, 61.65 and 75.60, respectively, while 
Second Principal Component or PC2 are 20.19, 33.31, 26.97 and 15.00, respectively. As shown in Fig-
ure 3, the descriptive word of sensory evaluation, galangal showed the relationship to the key aroma 
compounds in dried “Tom Yum” soup herbs analyzed
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by GC-MS. Therefore, galangal represents the identified aroma compounds with GC-MS machine.

Figure 3. PCA loadings plot and scores plot of dried herbs in packaging materials LDPE (A), OPP/
PA/LDPE (B), PET/LDPE (C) and PET/Al/LDPE (D) on different storage time.

4 Conclusion

The key aroma compounds in dried “Tom Yum” soup herbs were eucalyptol, citronellal, citral and 
α-bergamotene. The concentrations of the identified aroma compounds decreased for all of packaging 
materials (LDPE, OPP/PA/LDPE, PET/LDPE and PET/Al/LDPE) after storage for 56 days at 25 and 
38 °C. The aroma intensity scores were not significantly (P > 0.05) different among the packaging ma-
terials used in this study. The storage temperature showed the effecton the aroma loss as temperature 
increased, the aroma compounds decreased. Results from the sensory evaluation and GC-MS analysis 
showed that the galangal word represents the key aroma compounds in dried herbs.

(A) (B)

(C) (D)
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Changes in property of shrinkable packaging due to the effect 
of storage conditions

Lea M. Oliveira1*1, Claire I. G. L. Sarantopoulos1, Daisy Moitinho1

1 Packaging Technology Center, Institute Food Technology, Campinas, Brazil

Abstract: High barrier plastic shrinkable bags are widely used for vacuum packaging of fresh 
meat and cheese.
However, they are susceptible to changes in properties due to exposure to high temperatures 
during distribution and storage. These changes could compromise package properties resulting 
in food losses. The objective of this study was evaluate the effect of storage time and temperature 
on the properties of shrinkable high gas barrier plastic packaging. Two samples (S1 and S2) 
with PVDC (copolymer vinylidene chloride) as a gas barrier layer and EVA (ethylene vinyl 
acetate) or LDPE (low density polyethylene) as a sealant layer were evaluated during storage at 
23°C (18 months), 35°C (8 months), 40°C (5.5 months) and 45°C (4 months). The temperature 
from 35°C on had a significant effect on the dimensions of the shrinkable bags, especially in 
the manufacturing direction, at the beginning of storage. From 35 °C the unrestrained linear 
thermal shrinkage increased at machine direction (MD) and transverse direction (TD) during 
storage. There were no substantial changes in OTR of sample S1 during storage. From 40 °C 
it was verified, at the beginning of storage a decrease on the OTR of sample S2. It was verified 
a heat seal strength reduction tendency along storage time of sample S2. The heat sealing 
integrity was not affected by storage time and temperature under the studied conditions. Shrink 
bags are not sensitive to time (18 months) at 23 °C, but are sensitive to temperature and time 
at higher temperatures. It is not possible to accelerate the stability study of the package by 
increasing the temperature.
Keywords: storage life; shrinkable package; temperature stability; mechanical properties; 
barrier properties

1 Introduction

High barrier plastic shrinkable bags are widely used for vacuum packaging of fresh meat and cheese. 
However, they are susceptible to changes in properties due to exposure to high temperatures during 
distribution and storage. These changes could compromise package properties resulting in food losses.

2 Goal of the research

The goal of this research was to evaluate the effect of storage time and temperature on the properties 
of shrinkable barrier bags for fresh beef.

3 Execution of the Research

Two samples (S1 and S2) with PVDC (polyvinylidene chloride) as a gas barrier layer and EVA (eth-
ylene vinyl acetate) or LDPE (low density polyethylene) as a sealant layer were evaluated during stor-
age at 23 °C (18 months), 35 °C (8 months), 40 °C (5.5 months) and 45 °C (4 months).

1 *Correspondence to: name, institute, email



29th IAPRI Symposium on packaging

Packaging for food and agriculture

During storage the bags were periodically assessed for: linear dimensions (length and width); un-
restrained linear thermal shrinkage (85 °C/5s) – ASTM D2732; oxygen transmission rate (OTR) – 
ASTM D3985; heat sealing strength – ASTM F88/F88M; heat sealing integrity – dye solution. Matrix 
Plot was used to evaluate the results. 

4 Results and conclusions

Linear dimensions: the temperature from 35°C on had a significant effect on the dimensions of the 
shrinkable bags, especially in the manufacturing direction, at the beginning of storage.
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Figure 1. Evolution of linear dimensions during storage at 35 ºC.

Thermal shrinkage: from 35°C the unrestrained linear thermal shrinkage increased at machine direc-
tion (MD) and transverse direction (TD) during storage.
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Figure 2. Evolution of thermal shrinkage during storage at 35 °C and 40 ºC.
Oxygen transmission rate – OTR: there were no substantial changes in OTR of sample S1 during 
storage. From 40 °C it was verified, at the beginning of storage a decrease on the OTR of sample S2.
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Heat sealing strength: for sample S1 it was verified a heat seal strength reduction tendency along 
storage time at 23 °C and 45 °C. However, at 23 °C the final value (3.48 kgf / 25.4 mm) was only 0.6% 
and 4.4% lower than that observed at 35 °C and 40 °C, respectively, indicating that the same effect 
could be verified at those temperatures in the subsequent storage time. Similar reduction tendency was 
verified for sample S2 along storage time at all storage temperatures but at 23 °C the reduction wasn’t 
significant.
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Figure 4. Evolution of heat sealing strength during storage at 23 °C and 45 °C.

Heat sealing integrity: The heat sealing integrity was not affected by storage time and temperature 
under the studied conditions.

Conclusions
✓ Shrinkable high barrier bags could be stored at 23 °C during 18 months without substantial 

changes on important properties for vacuum packaging application.
✓ Shrink bags are not sensitive to time (18 months) at 23 °C, but are sensitive to temperature and 

time at higher temperatures.
✓ It is not possible to accelerate the stability study of the package by increasing the temperature.

5 Recommendations 

The research will be continued and submitted at a journal.



29th IAPRI Symposium on packaging

Packaging for food and agriculture

6 References

ASTM INTERNATIONAL. ASTM D2732-14: standard test method for unrestrained linear thermal 
shrinkage of plastic film and sheeting. West Conshohocken, 2014. 5 p.
ASTM INTERNATIONAL. ASTM D3985-05(2010)e1: standard test method for oxygen gas 
transmission rate through plastic film and sheeting using a coulometric sensor. West Conshohocken, 
2010� 7 p�

ASTM INTERNATIONAL. ASTM F88/F88M-15: standard test method for seal strength of flexible 
barrier materials. West Conshohocken. West Conshohocken, 2015. 11 p.



29th  IAPRI Symposium on packaging

Packaging for food and agriculture

Development of Packaging System and Transport Packaging 
Technology for Philippine Broccoli

Daisy E. Tañafranca*1, Ericson T. Nolasco1

1 Packaging Technology Division, Industrial Technology Development Institute, Department of 
Science and Technology

Abstract: Agriculture remains a main industry in the Philippines. However, productivity in  
the agriculture sector remains low due to issues on high postharvest loss and inappropriate 
use of packaging from farm to market. The study was implemented with the objective of 
reducing the damage on broccoli by 20% through the development of packaging system and 
packaging technology. By simulating the actual handling practices, packaging currently being 
used by  the farmers and transporting by using a closed type unrefrigerated truck as mode of 
transport, the actual damage gathered on fresh broccoli was 69%. The use of plastic crates 
has reduced the damage to 32.5% which is about 53% reduction based on 69% as baseline. 
By using a reefer van as a mode of transport, from 69% the damage was reduced to 46% 
for broccoli packed in current polyethylene (PE) bag used by the farmers. Result indicated 
that by trimming the broccoli and removing the leaves, the transport efficiency increased and 
the damage reduced significantly. The use of corrugated box instead of the current PE bag 
and recycled corrugated box also reduced the damage by more than 20%. Double-layered 
placement of broccoli inside the corrugated box reduced the damage to 37% compared to the 
46% damage on random placement of broccoli. Individual wrapping of broccoli with plastic 
film has significantly decreased the damage to 8.33%. Based on the result of storage study,  the 
freshness and shelf life of broccoli could be extended up to 22 days if wrapped in plastic film 
and stored at 1-3oC compared to the 5 days if stored at room temperature(30+2oC).

Keywords: broccoli, plastic crates, corrugated box, PE bag

1 Introduction

Broccoli is one of the most expensive vegetables in the Philippines. It can be boiled, steamed, stir fried, 
or sauteed with other vegetables. It is fairly high in vitamin A, vitamin C, calcium, iron, thiamine, ribo-
flavin, and niacin[1]. Broccoli grows well in mid- and high- elevation areas like in Benguet, Ilocos Sur, 
and Bukidnon throughout the year. It can be planted in most soils but clay loam to sandy loam is best.

High quality broccoli has either a dark or bright green color with closed beads, i.e. flower buds. The 
head should be firm to hand pressure, compact, and the stalk cleanly cut to the appropriate length for 
a particular grade standard or for crowns. Over-mature heads are characterized by open flower buds or 
enlarged buds on the verge of opening resulting in a loose head.

The respiration rate of freshly harvested broccoli is very high. Thus, broccoli must be cooled 
immediately after harvest to rapidly lower the respiration rate and be kept at low temperature for 
maximum shelf life.

*Correspondence to: Daisy E. Tañafranca, Packaging Technology Division, Industrial Technology Development Institute, DOST Cmpd. Bicutan, 

Taguig 1631, Philippines. E-mail: desquivel105@yahoo.com
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In the Philippines the peak season of broccoli is from December to June. The favorable condition for 
growing broccoli is during dry season. Other farmers can also grow broccoli year round by using green 
houses.

The objective of this study was to develop transport packaging technology/system reducing damage 
of broccoli by 20% based on baseline data gathered from actually simulating the existing practices of 
farmers in handling and distribution of broccoli from Benguet farm to Packaging Technology Division 
(PTD) located in Metro Manila.

2 Methodology

2.1 Existing packaging containers/packaging andpractices

Broccoli farms located in Benguet were the main sites ofthestudy. At least three farms were visited. 
Actual harvesting, handling, post-harvest and distribution practices were documented. The baseline 
information gathered from the series of meetings with broccoli farmers/growers was used as reference 
in the development of packaging intervention to reducing damages on broccoli during handling and-
distribution�

To get baseline data and actual damage/loss on fresh broccoli, the existing practices, packaging con-
tainers used by the farmers such as recycled corrugated box and PE bags, and use of trucks without 
refrigeration as mode of transport from Benguet to PTD were simulated. The baseline data gathered 
served as the control.

2.2 Develop transport packaging, field and performancetesting

In the development of structural design for corrugated fiberboard box, the major factors that were con-
sidered are product weight, stacking height, handling practices, mode of transport, target market, and 
storage. Several packaging designs using corrugated paperboard were developed for broccoli.

Field trial and performance testing using the developed transport packaging system for fresh broccoli 
were conducted from La Trinidad, Benguet trading post to PTD simulating the actual transport condi-
tions on a controlled environment. Samples of broccoli were harvested from a farm in Benguet. For 
the field testing, medium sized broccoli samples with an approximate head diameter of 5 inches were 
used. Leaves were removed and stem was trimmed with a length of 6 inches from the top of the head 
or “mushroom cut” as shown in Figure1.
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Figure 1 Mushroom cut broccoli

The effect of individually wrapping the broccoli with polyvinyl chloride (PVC) in reducing damage 
during distribution of broccoli was considered in the study. Damages caused by different placement 
methods were also determined. Figure 2 shows the broccoli samples wrapped with PVC and the dif-
ferent placement methods. The use of plastic crates as distribution packaging container was also con-
sidered�

Figure 2 Mushroom cut broccoli wrapped with PVC and the different placement methods

From Benguet, broccoli packed in different types of transport packaging was transported to PTD us-
ing a reefer van. Actual environmental conditions were recorded which includes the temperature and 
relative humidity as well as shock and vibration obtained during the entire durationofthetrip. The envi-
ronmental data recorder (Lansmont Saver 3x90 ) shown in Figure3 was used to measure these values.
Upon arrival at PTD the broccoli samples were evaluated in terms of damages.

Figure 3 Data recorder used to measure temperature, humidity and shock
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2.3 Storage study

Broccoli samples from a farm in Benguet were harvested late in the afternoon and immediately brought 
inside the reefer van to slow down the respiration rate. After about 1 hour, the samples were taken out 
from the reefer van, and sorted according to size and quality of florets (full green). The samples were 
‘mushroom cut’ and then individually wrapped using stretch plastic film and then packed in self-lock-
ing corrugated box. Unwrapped broccoli served as the control. The samples were transported to PTD 
using a reefer van with temperature of 15oC.

Upon arrival at PTD the samples were stored at 1~3°C, 13°C and room temperature (30+2°C). Sam-
ples were evaluated daily for freshness. The quality parameters that were evaluated include change in 
color (yellowing of florets ), development of foul odor, softening of stems, and change in weight.

3 Results and Discussion

3.1 Existing packaging containers/packaging and practices

As shown in Figure 4, broccoli farms that were visited in Benguet are located in a very challenging ter-
rain with an angle of depression or elevation of 25 oto 40o. As observed and confirmed by the growers, 
fresh broccolis are harvested when the curds or heads are well formed. Using a sharp knife or blade 
broccoli was cut from the stem keeping some of the leaves intact to protect the head. Bamboo baskets 
or plastic crates were widely used during harvest of fresh broccoli (Figure 5). Usually the buyers are 
the ones who give instructions on what packaging materials to be used and how it would be packed.  
According to the growers,  to maintain the quality, harvesting of broccoli should be done early in the 
morning or late in the afternoon to avoid exposure to high temperature.

                                                             
Figure 4 Broccoli farm in Benguet Figure 5 Bamboo basket or plastic crate areused

to transport broccoli from farm to common area

As shown in Figure 6 the harvested produce is either loosely packed onto vehicles, or is packed into 
large bamboo baskets, reused corrugated boxes or plastic crates which were manually loaded into jeeps 
and trucks for distribution. Upon arrival at the trading post, broccoli were sorted, weighed and packed 
into plastic bags or reused corrugated boxes as specified by their buyers, traders or wholesalers.
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Figure 6 Transport packaging commonly used for broccoli in Benguet

The packed broccoli were loaded via carts to large closed type trucks with mix loading for delivery 
to Metro Manila and other trading posts and wet markets in lowland provinces, including those in 
Visayas and Mindanao. It took 7 to 8 hours for the truck to reach Metro Manila from Benguet Trading 
Post. As observed, generally the transportation or shipment of broccoli was without refrigeration.

Based on interview with farmers and data gathered in this study some of the issues on post-harvest and 
distribution practices of broccoli in Benguet are the following:

o Limited shelf life forcing the farmers to immediately sell broccoli even if the price is low. 
Production areas in Benguet do not have cold storage facility to store broccoli.

o High percentage of damage during transportation of broccoli from production site to trad-
ing post, local market, or markets in Manila. Causes of damage could be due to mechanical 
damage during transportation (poor quality of roads) and compression (due tooverstuffing).

o High transportation cost due to poor efficiency in handling broccoli. Majority of the farm-
ers use leaves to wrap and protect the broccoli during transportation.  At  the trading post 
the leaves are removed, thus about two thirds of the volume transported is actually consid-
ered waste resulting to high transportation cost.

Table 1 shows the summary of the current post-harvest and distribution practices of broccoli as ob-
served and documented in Benguet.

Baseline data on the transport efficiency of broccoli wrapped with leaves are shown in Table
2. It was observed that 42 pieces of broccoli wrapped with leaves were contained in a polyethylene 
(PE) bag. On the other hand, if the broccoli is trimmed (mushroom cut), 65 pieces can be contained 
in PE bag. In other words, a piece of broccoli wrapped with leaves required 1.55 times as much space 
as a mushroom cut broccoli. The weight per piece of wrapped broccoli was calculated as 0.62kg/piece 
and 0.32kg/piece for mushroom cut broccoli. Transporting broccoli wrapped with leaves, therefore, is 
similar to carrying waste almost as heavy as the valuable product itself.
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Table 1. Current post-harvest and distribution practices of broccoli in Benguet
Current post-harvest and distribution practices Re-

marks
Packing for transpor-
tation to trading post 
by jeepney

Use of:

o Bamboobasket

o Recycled corrugatedbox

o Plasticcrates

o PEbags

Harvested samples of broccoli are placed random-
ly in the container/packaging. Some advanced 
farmers use plastic crates.

At the La Trinidad 
trading post

Case 1. Trim & reduce leaves Wrap the broccoli with remaining leaves for

protection�

Case 2. Trim the stem into “mush-
room

cut” & leaves are removed.

Trimming for the final shape for transport

efficiency.

Packing for trans-
portation to urban 
consumption areas

Samples of broccoli are covered or 
wrapped with newspaper and ran-
domly packed in:
1) PEbag

2) Recycled/reused corrugatedbox

Protect and absorb excess moisture inside the bag. 
Except for direct delivery to specific institutional 
buyers,plasticcrateisnotpopularlyusedbecauseof 
lack of returningsystem.

At supermarkets 
in

Manila

Remove leaves & trim the stem into

“mushroom cut”.

Remove damage parts before displaying in store.

Wrap with PVC film To keep good appearance of broccoli for longer

period�

Table 2. Transport efficiency of broccoli wrapped with leaves and mushroom cut broccoli packed in 
PE bag

Number of pieces of
broccoli in a PE bag

Gross weight before
transporting (kg)

Weight per piece 
(kg)

Wrapped with leaves
(a)

42 26 0�62

Trimmed/mushroom
cut (b)

65 21 0�32

Ratio (b/a) 1�55 0�81 0�52

To measure the damage visually (due to compression and vibration),it was categorized into: (1) no vi-
sual damage or damage is less than 10mm; (2) with damage smaller than 20mm; and (3) with damage 
larger than 20 mm[2]. Examples of damaged broccoli are shown in Figure7.

Figure 7. Damaged broccoli due to compression
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The baseline data on the actual damage caused by the current practices in handling and distribution of 
fresh broccoli from Benguet farm to PTD was established at 69%. Too much condensation inside the 
PE bag was observed which could be attributed to the high respiration of  broccoli. The use of closed 
type truck without refrigeration to transport the broccoli from La Trinidad, Benguet to PTD has also 
contributed to the high damage incurred on broccoli

3.2 Develop transport packaging, field and performance testing

Considering the factors that affect the quality during transportation several box designs were devel-
oped for fresh broccoli. Adjustments were made based on the conducted simulation tests and perfor-
mance testing. The designed boxes used in the study are as follows.

a) Self-locking corrugated box(C-flute)–This is a modified regular slotted case box which  
incorporated a self-locking top flap and a snap lock base.The box can contain 5 to 7 kg or 20 
pieces of medium sized broccoli.As shown in Figure 8 horizontal placement was used in an 
alternating sequence at 2 layers to maximize the size of the container. A single partition was 
used to protect the broccoli and to provide additional strength to the box. Holes were also add-
ed to provide ventilation� 

The box was designed to be stackable at 6layers.

Figure 8 Modified regular slotted case box with self-lock top flap and snap-lock base

b) Self-lockingcorrugatedbox(BCflute)–Thisdesigncancontain8to10kgor24pieces of brocco-
li.  BC-flute  corrugated sheet was used for  added strength.  A snap lock   base design was 
used for ease of assembly. The top flaps are alternately interfolded to form a lock. Holes 
were also incorporated for ventilation purposes and hand holes in the sides for proper han-
dling. Figure 9 shows the design. The boxes can be stacked 5 layers�

Figure 9 Self-locking corrugated box using BC flute
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Table 3 shows the result of field testing conducted on broccoli transported using a closed type truck 
without refrigeration. In the case of mushroom cut packed in PE bag, the damage was reduced to 46%. 
Likewise the use of plastic crates and trimming the broccoli has significantly reduced the damage to 
32.5% and 20% respectively during distribution

 
Table3 Result of field testing conducted on fresh broccoli from Benguet to PT Dusing a closed type 

truck without refrigeration.

The change in temperature and relative humidity inside the closed type truck and shock recorded is 
shown in Figure 10. The temperature inside the truck ranged from 10.47oto26�87oC.

Figure 10 Change in temperature, relative humidity and shock during transportation of broccoli from 
La Trinidad, Benguet to PTD using a closed type truck.

IIn the succeeding field trial samples of broccoli were transported using a reefer van. The result gath-
ered from this trial validated the result of the first trial. Table 4 shows that broccoli packed in PE bag 
accounted the highest degree of damage. With less than 20 mm and greater than 20 mm the recorded 
damage was 26% and 46% respectively. For broccoli packed in recycled
 
corrugated box, the damage recorded was 16% for less than 20 mm and 46% for larger than 20 mm. 
In terms of no damage or smaller than 10 mm, the highest recorded was broccoli packed in corrugated 
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box designed by PTD. In comparison, the single-layered vertical placement in corrugated box caused 
no damage of rejectable severity. This means that compression due to over-stuffed container could be 
the primary cause of mechanical damages. However, due to variability of size, it was difficult to pack 
broccoli in vertical direction�

Table 4. Physical damages based on current practices of farmers (trimmed broccoli) and transported 
from Benguet to PTD using a reefer van with set temperature of15oC.

The monitored changes in temperature, relative humidity and shock during the transportation of broc-
coli using the reefer van are shown in Figures 11. The lowest and highest temperature recorded were 
13�99oC and 15.83oCrespectively.

Figure 11 Temperature recorded during transport of broccoli from La Trinidad, Benguet to PTD using 
a reefer van



29th IAPRI Symposium on packaging

Packaging for food and agriculture

In the performance testing of corrugated box designed by PTD for broccoli, the result shown in Ta-
ble 5 indicated that the damage on trimmed broccoli without wrapping could be reduced to 36.2% 
(self-locking BC-flute) and 30% (self-locking C-flute) compared to the 46% damage (20 mm or larger) 
recorded using PE bag and using recycled/reused corrugated box. The reduction on damage ranged 
from 21 to 35%.

 
Table 5 Performance testing of corrugated box designed by PTD and effect of individual wrapping on 

reducing damage during transportation.

The effect of wrapping the broccoli with PVC was simultaneously conducted with the performance 
testing of corrugated box. As shown in Table 5, individually wrapping the broccoli has significantly 
reduced the damage on broccoli during transportation. For both corrugated box, the damage recorded 
was 8.33% which is about 72 to 77% reduction compared with broccoli transported without wrapping.

In the field testing conducted to determine the effect of placement methods, Table 6 summarizes that 
rejects (with 20 mm or larger damages) after transportation amounted to 46% of broccoli packed ran-
domly in a reused corrugated box. The reject dropped to 37% with the double-layered horizontal place-
ment of broccoli in corrugated box designed by PTD. Further, no reject was documented on broccoli 
transported by single-layered vertical placement in a corrugated box. The space efficiency of transport 
packaging with single-layered placement, however, decreased accordingly.

Table 7. Percent damage as affected by placement method (trimmed broccoli)
% dam-

age
With no damage or
damages less than 

10mm

With damages
smaller than 

20mm

With damages 20mm or 
larger

(not acceptable)
Random placement in
reused corrugated box 37 16 46
Double-layered hor-
izontal placement in 
corrugated
box

42 21 37

Single-layered 
vertical placement in 
corrugated
box (with PE bag inside)

67 33 0
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3.3 Storage study

As shown in Figure 12, individual wrapping and storage at low temperature has significantly increased 
the shelf life of broccoli. For the individually wrapped broccoli stored at 1~3°C, freshness can be pre-
served for 22 days, while 8 days for samples without wrapping. Wrapped broccoli stored at 13°C the 
shelf life established is 10 days while 3 days for samples without wrapping. For the samples stored at 
room temperature, the wrapped samples can only last for
5 days while 2 days for broccoli without wrapping. Yellowing of florets was the first manifestation of 
loss of freshness for broccoli.  It was accompanied by the development of  foul odor and softening of 
stem. For wrapped broccoli stored at room temperature, too much condensation was observed com-
pared with wrapped broccoli stored at 13oand 1-3oC. The result, corroborated with the other studies 
conducted on broccoli. In the study of Serrano (2006)[3], the results revealed that deterioration occurred 
quickly in control broccoli (unwrapped), manifested mainly by weight loss, yellowing, chlorophyll 
degradation and stem hardening. Based on the study conducted by Reddy (2010)[4], broccoli stored in 
shrink wrap film lost 3.7% of its original weight, whereas ice packaging resulted in 17.4% weight loss 
during storage. Broccoli heads stored in shrink wrap packaging retained firmness longer than broccoli 
stored in ice� These results indicate that shrink wrapping crown‐cut broccoli is a  viable alternative to 
icing, and actually results in improved shelf life compared with the traditional icing method.

Figure 12 Shelf life of broccoli wrapped and unwrapped stored at different temperatures

4 Conclusion and Recommendation

The study started by gathering baseline information through farm visit and meeting with farmers/
growers of broccoli in Benguet. Baseline data on the extent of damage on broccoli was established 
by conducting field trials simulating the existing practices of farmers in handling, packaging and 
distribution of broccoli from Benguet to Manila (DOST). The result of the
 
simulation trials established a 69% damage on broccoli wrapped with leaves, packed in PE bag and 
transported using a closed type unrefrigerated truck as a mode of transport.

The developed transport containers for fresh broccoli resulted to a decrease in handling and transpor-
tation damage compared with the existing PE bags. For using plastic crates  the damage on broccoli 
was reduced to 32.5% which is about 53% reduction using the 69% as baseline. In another field 
trial conducted, trimming the broccoli into ‘mushroom cut’ and removing the leaves has improved 
the transport efficiency and significantly reduced the damage on broccoli during transportation. For 
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trimmed broccoli packed in PE bag the damage was reduced to 46% and 20% for broccoli packed in 
plastic crates�

The study also concludes that it is important to transport broccoli in a reefer van to control the high 
respiration rate and preserve the freshness for longer period of time. The 69% damage could be re-
duced to 46% if transported using a reefer van.

The use of corrugated box instead of the current PE bag and recycled corrugated box also reduced 
the damage by more than 20%.  Having a packing pattern (alternate layering) can   also decrease the 
amount of damage compared to random packing. Double-layered placement of broccoli inside the 
corrugated box reduced the damage to 37% compared to the 46% damage on random placement of 
broccoli�

The effect of individually wrapping the broccoli using a plastic film (PVC) was considered in this 
study. The damage for broccoli without wrapping packed in self-locking corrugated box was 30 to 
36.2% compared to the 8.33% for individually wrapped broccoli.

Based on the result of storage study, the freshness and shelf life of broccoli could be extended up to 
22 days if wrapped in plastic film and stored at 1-3oC compared to the 5 days if stored at room tem-
perature (30+2oC).

Overall the study recommends the following improvements on the post-harvest handling and trans-
port packaging in order to minimize and reduce the damages and preserve the freshness of broccoli 
during distribution:
o Abandon the leaf-wrapping practice and consider the trimming the broccoli in mushroom cut;
o Apply individual wrapping of broccoli using a plastic film after harvest, preferable at the 
production/farm area;
o Avoid over-stuffing of broccoli by replacing bamboo basket and PE bag by plastic crate and 
corrugated box as transport packaging;
o Pre-cooling of broccoli after harvest; and
o Use of reefer van to transport broccoli from Benguet to Manila
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Abstract: Antifungal films of thymol compound of 5 wt % and 10 wt % in polymeric matrix 
were developed for controlling anthracnose pathogen commonly found in tropical mango fruit. 
It was found that approximately 85-100% of thymol was retained in the antifungal films after 
processing. The results indicated that direct incorporation of thymol into a polymer matrix 
under low thermal processing temperatures had a small effect on the evaporation and loss of 
thymol in the end products. The antifungal activity of the antifungal films against anthracnose 
pathogen isolated from mango was studied at 12°C by vapor diffusion assays. The thymol 
remaining contents in the antifungal films were related to the vapor concentration of thymol in 
the Petridish head space and length of the mycelial growth. Complete inhibition of mycelial 
growth was found in the Petri dish containing antifungal films with 10 wt % thymol which had 
the highest concentration of thymol on day 0 at 1,445 µg/L. In this study, fungistatic activity 
was observed as the fungal mycelia regrowth after transferring the mold plugs from the Petri 
dish with antifungal film to the new Petri dish containingPDAfor7days.The anti fungal film 
containing 10wt % thymol was selected for further study as the releasing pad to control 
anthracnose in an individual package for retail stored at 12°C. The results showed that the 
addition of antifungal film significantly reduced fungal development, disease severity and 
lesion area. Anti fungal film could be used to control postharvest decay, maintain quality and 
prolong the shelf-life of mango and possibly other fruits.

Keywords: antifungal film; thymol; anthracnose; mango

1 Introduction

Postharvest decay of many tropical and subtropical fruits is  caused by anthracnose pathogen,
e.g. mango, banana, papaya, avocado, etc. Used of fungicides could reduce postharvest losses to 5-10% 
in the fruit industry while losses of 50% or more have occurred without fungicide applications[1]. Ac-
tive packaging with antimicrobial and antifungal activities has been extensively studied and developed 
in the last two decades to reduce loss and increase shelf- life of fresh produce after harvest [2,3]. How-
ever, due to environment and safety concern, there has been attempting to use natural substance instead 
of synthetic fungicide in  controlling plant disease. Thymol is a major component of thyme (Thymus 
vulgaris) essential oil. It is phenolic compound which has high antimicrobial activity due to its polar 
functional group, hydroxyl -OH [2, 4-5]. Thymol shows strong antifungal activity in direct contact and 
in the vapor phase as well [6-7]. Exposure to thyme oil vapors can increase anthracnose disease

*Correspondence to: Witchuda Daud, National Metal and Materials Technology Center, National Science and Technology Devel-
opment Agency, Pathumthani 12120, Thailand. E-mail: witchuda.daud@nstda.or.th
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resistance in ‘Hass’ and ‘Ryan’ avocado fruits [8]. Thymol was incorporated into poly(lactic acid) 
(PLA) film and showed activity against anthracnose postharvest pathogens  isolated from avocado and 
citrus [9].
However, during packaging film preparation, high temperature melt mixing technique is required and 
loss of more than 50% of natural substance additives incorporated into the films was observed [9,10]. 
Therefore, low melting temperature polymer matrix with good film processability is carefully chosen 
to effectively retain the active antimicrobial substance  in the final film products. In this study the 
preparation of antifungal film containing natural volatile compound, i.e., thymol and its ability to con-
trol anthracnose activity and preserve quality of mango is evaluated.

2 Materials and Methods

2.1 Materials

Poly  (butylene succinate-co-adipate) (PBSA) was obtained from PTT MCC Biochem  Co., Ltd. (Thai-
land) .Thymol in solid phase crystal with 99 %FCC grade was acquired from Sigma-Aldrich(USA).

2.2 Antifungal film preparation

A PBSA masterbatch with 20 wt% thymol was prepared via melt blending process using an internal 
mixer (Haake Rheomex OS, Germany). The masterbatch was then converted to monolayered films 
with 5 wt% and 10 wt% thymol via blown film extrusion using a laboratory-scale single-screw extrud-
er (Haake PolyLab OS Rheo Drive7, Thermo Fisher Scientific Inc, Karlsruhe, Germany). Neat PBSA 
film without thymol was produced as a control.
The remaining amount of thymol in the masterbatch and the antifungal film was determined using 
thermogravimetric analysis (TGA). TGA data was obtained on a Mettler Toledo, TGA/SDTA 851e 
(Columbus, US) .Samples of approximately 10 mg from the masterbatch and the film were heated at 
10 °C min-1  from 30–700 °C, under a dry nitrogen gas flow rate  of 60 mL min-1 .The TGA results can 
give an indirect confirmation of the existence of thymol in the PBSA antifungal film after processing 
and the data were calculated from the percentage of the additives remaining in the PBSA films after 
processing to mgg−�1

2.3 Determination of antifungal activity of the films invitro

Anthracnose pathogen isolated from decay mango fruit was obtained from the Culture Collection of 
Plant Protection Research and Development Office, Department of Agriculture, Thailand .The fungal 
strain cultures were maintained on agar slant at 12 °C before study .
The antifungal activity of the films to suppress mycelial growth of fungal isolate was determined us-
ing vapor diffusion assays according to Lopez et al .[7] and inverted Petri plate technique [11] .The Petri 
dishes containing 15 mL of potato dextrose agar (PDA) with a headspace volume of approximately 
40 cm3 were inoculated with 5 mm mycelial plugs diameter from the growing edge of the culture. The 
antifungal films were cut into 6 ×6 cm2 which having an average weight of 0.36 ± 0.01 g .Then, the 
films were placed on the inside cover of the inverted Petri dish .The Petri dishes were then sealed with 
parafilm to avoid leakage of thymol vapor .Petri dish containing PBSA film without thymol was also 
verified as the control .The plates were stored at 12 °C for 30 days.

For in vitro headspace study, the concentration of thymol released into the  Petri  dish headspace over 
time, expressed as μg L-1, were quantitatively analyzed using solid-phase microextraction (SPME) 
and gas chromatography techniques .The  SPME  fiber  assembly with the phase divinylbenzene / 
carboxen / polydimethylsiloxane (DVB/CAR/PDM) was inserted into the headspace of the Petri dish 
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.After 5 mins, the SPME fiber was removed from the Petri dish and immediately injected into the GC 
inlet at 240 °C where the thermal desorption occurred .Thymol concentration was analyzed by an 
Agilent 6820 gas chromatograph (Agilent Technology, Santa Clara, CA, USA) with a flame ionization 
detector, and equipped with a DB-WAX column (30 m × 0.25 mm, film thickness 0.25 µm). The oven 
temperature was programmed from 50 to  150 °C at 5 °C min-1, followed by 200 at 5 °C  min-  1 (held 
for 2 min) .The helium flow was set at 4 mL min-1 .Standard curve of thymol was prepared by dissolv-
ing the standard compounds in ethanol and 100 µL of standard solution was dropped in a 20-mL vial. 
The SPME fiber was immediately exposed to  the  vial headspace for 5 min and then analyzed by GC 
.Analyses were carried out in duplicate.

The fungistatic or fungicidal activity of thymol released from the antifungal films was determined by 
transfer mycelial plugs onto fresh PDA Petri dishes, and mycelial growth was observed for further 
7 days at 12 ºC .The fungicidal effect was classified as an absence of growth, whereas any observed 
growth was classified as fungistatic[10]�

2.4 Statistica lanalysis

Data were analyzed for multiple comparisons using analysis of variance with a least significant dif-
ference test (LSD) at a significance level of P≥0.05 using the SPSS software (SPSS Inc, Chicago, IL, 
USA).

3 Results  and Discussion

3.1 Remaining concentrations of thymol in the antifungal films after processing

The final antifungal films have average thickness of 80-85 µm. Remaining concentrations of thymol 
are shown in Table 1. The remaining content of thymol in the antifungal films were approximately 4.4 
± 0.2 and 10.8 ± 0.2 wt% for the film formulations with initial thymol concentration 5 and 10 wt%, 
respectively .The results indicated that direct incorporation of thymol into PBSA under low thermal 
processing temperatures had a small effect on the loss of thymol in the final products. From previous 
study, incorporating thymol and R-carvone
(melting point 25 °C) into PLA (Tm»150-160°C) resulting in loss of around 50 %of thymol and more 
than 50 %of R-carvone in the final PLA film [9]. Incorporation of thymol and carvacrol into polypro-
pylene (PP, Tm»160°C) films using melt blending and compression
molding processes show similar trend of more than 50% loss additives after processing[10]�

Table 1. Remaining concentration of thymol after blown film extrusion process (wt%)

Antifungal 
films

Initial concentration of thymol 
(%)

Remaining concentration of thymol 
(%)

PBSA - -
5T 5 4.4±0.22

10T 10 10.8±0.22
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3.2 Antifungal activity in vitrostudy

It was found that thymol concentration in the Petri dish headspace correlated to the thymol concentra-
tion in the film  .Thymol vapor releasing into  the Petri dish headspace was highest in the beginning 
(day 0) of experiment for both film concentration then significantly decreased and remained constant 
until the end of the experiment (day 30) as shown inFigure
1. The Petri dish containing 10 wt% thymol antifungal film showed highest concentration of thymol 
at 1,445 µg L-1 and subsequently decreased and remained constant at 278 µg L-1. The similar trend is 
observed with 5 wt% thymol antifungal film. It was suggested that the rapid decreased of thymol con-
centration in the headspace is due to solubility of thymol in the PDA . Thymol contains hydrophilic 
hydroxy functional group –(OH) and, thus it is soluble until saturated in the water which is the main 
component in PDA. Therefore, mycelial plugs could be exposed to thymol both in direct (in PDA) and 
indirect (vapor) modes of action.

Figure 1. Thymol concentration in the headspace of Petri dish with antifungal films containing 5 wt% 
(5T) and 10 wt% (10T) thymol. Neat PBSA film without thymol was used ascontrol.

Figure 2 shows the diameter of mycelial growth as a function of time representing the antifungal activ-
ities of the films on suppressing the mycelial growth of the  antracnose isolated cultures. Reduction in 
mycelial growth was correlated to headspace vapor concentration. Antifungal films incorporated with 
at 10 wt% showed better efficacy against the isolate mycelial growth. This corresponded  to the high 
headspace concentration (1,445  μg L−1) of thymol remaining in the Petri dish. Mycelial plug in the 
Petri dish containing 10 wt% antifungal film did not grow until the end of experiment. While 5 wt% 
antifungal film shows lower activities, which related to its lower thymol concentration. The mycelial  
diameter in the Petri dishes containing 10 wt% and 5 wt% antifungal films and PBSA control film at 
day 30 are 0.5, 0.78 and 6.72 cm, respectively. The results indicated that thymol in PBSA polymer 
matrix was released and maintain antifungal activities over the experimental period.
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Figure 2. Mycelial growth of anthracnose pathogen isolated from mango in Petri dishes including 
antifungal films(6x6cm)containing5wt%(5T)and10wt%(10T)thymol at12°C.NeatPBSAfilm without 

thymol was used ascontrol.

The fungistatic effect of thymol vapor releasing from the antifungal films was confirmed by the re-
growth of radial mycelia of anthracnose pathogen after transferring to a new PDA medium without 
antifungal film for 7 days at 12 °C (Figure 3). According to the literature,  the result in this study is 
different from other studies that reported that  the  fungicidal effect  of thyme oil in vapor phase against 
Penicillium digitatum, R .stolonifer, C .gloeosporioides and L .theobromae and P .chrysogenum and A 
.niger[13]�

Figure 3. Fungistatic activity of antifungal films after transferring to a freshly poured PDA medium at 
12 °C for 7 days.

4 Conclusion

In this study, reducing loss of antifungal substance, thymol, during film processing can be attained 
by selection of a polymer with a lower melting temperature (Tm) as a polymer matrix. In vitro study 
revealed the fungistatic effect of the antifungal film against mango anthracnose isolate. At 10 wt%, the 
antifungal film completely inhibited  growth of fungal mycelia  and the regrowth after transferring to 
a new PDA without the antifungal film 12°C was limited. The addition of antifungal releasing pad in 
an individually packed mango fruit can significantly reduce fungal development, disease severity and 
lesion area�
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Light transmittance in packaging materials and effect 
of light barrier on greening of Folva cultivar potatoes 
(Solanumtuberosum L.) stored at 20 °C under LED light
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Abstract: Light exposure induces formation of chlorophyll (greening) and glycoalkaloids 
(i.e. α-solanine and α-chakonine) in potato tubers. High intake of glycoalkaloids can cause 
illness and can possibly also be fatal for humans. At retail, potatoes are usually illuminated 
when displayed, both at chill and room temperature. Development of green discoloration lead 
to rejection by the consumers, giving food waste and economic loss. The aim of this study was 
to: 1) measure irradiance and record type of illumination used for potatoes in grocery stores, 
2) measure spectral light transmittance for packaging materials commonly used for potatoes 
and 3) illuminate potatoes packaged in selected materials to evaluate the protective effect of 
different light barriers in the materials. Approximately 2/3 of the illumination equipment was 
fluorescent light (FL) tubes and 1/3 was light emitting diodes (LED), with irradiance ranging 
from 0.7 to 11.3 W/m2 and 3.2 to 16.6 W/m2, respectively. Mean values were
5.5 W/m2  for FL tubes and 7.8 W/m2  for LED. Spectral light transmittance through the
packaging materials was measured by placing a portable spektroradiometer directly below the 
packaging material illuminated by FL tubes or LED. Fiber materials generally had lower light 
transmittance than plastic materials, regardless of ink colour, while dark inks (black, brown, 
dark blue, dark green) protected against light transmittance, even for the plastic materials. 
Potatoes of the cultivar Folva were packaged in materials with different light barrier properties 
followed by LED illumination at 20 ºC. Colour of the potatoes was measured daily using a 
Minolta Chroma meter. The packaging material should have a total light transmittance lower 
than 0.02 W/m2 to avoid development of green colour within two days of light exposure at 
room temperature in the grocery store
�

Keywords: irradiation light sources, fiber and plastic packaging materials, critical light 
tolerance limit

1 Introduction

Potato tubers (Solanum tuberosum L.) are an important basis commodity, and the total world potato 
production is estimated at 388,191,000 tons in 2017[1]. The main production nations are China (25%), 
India (8%), Russia (6%), the Ukraine (6%) and the USA (5%). Light exposure of potato tubers induces 
formation of chlorophyll (greening) and toxic glycoalkaloids (GA). After a certain minimum time of 
light exposure, chlorophyll production is induced in the cortical parenchyma tissues directly beneath 
the periderm[2]. The rate of greening has been shown to be

*Correspondence to: Hanne Larsen, Nofima - Norwegian Institute of Food, Fisheries and Aquaculture Research, P.O. 210, NO 1431 Ås. E- mail: 
hanne.larsen@nofima.no
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faster at room temperature than in cold storage[3]. Over 95% of the total glycoalkaloids (TGA) are 
α-solanine and α-chaconine[4, 5]. TGA concentrations above 280 mg kg−1 fresh weight can cause 
illness and possible also be fatal for humans[6], and the safety level of TGA in potatoes has been es-
tablished at 200 mg kg−1 fresh potato[4, 7, 8]. Although no metabolic connection between chlorophyll 
and glycoalkaloid development has been established, green tubers are considered less fit for human 
consumption and are usually rejected by both consumers and processors[9]. For the Norwegian retail 
chain NorgesGruppen, the total potato waste in 2017 due to green potatoes were approximately 50 tons 
at a value of 103.000 Euro.
Several researchers have studied the effect of different light sources on the development of chlorophyll 
and GAs[8]. Petermann and Morris[2] studied the spectral responses for chlorophyll and GA synthesis 
in the tuber cv. Sebago in the visual light wavelength region from 400 to 700 nm. The chlorophyll 
synthesis showed maximum at 475 and 675 nm, whereas the maximum synthesis of α-solanine and 
α-chaconine occurred at 430 nm in the blue region and at 650 nm in the red region with minimum 
synthesis between 510 and 560 nm, supporting the assumption of two different biosynthesis pathways 
for chlorophyll and GAs.
The combination of longer shop opening hours and increased use of light for marketing purposes has 
led to a higher extent of light exposure of the foods in the grocery stores. Today, low energy consuming 
light emitting diodes (LED) are replacing fluorescent light tubes in the retail shops. Limited informa-
tion is available on the effect of LEDs compared to fluorescent light regarding the development of 
adverse effects on food quality.
Light protective packaging can limit greening of potatoes during light exposure in the grocery stores[3, 
10-12]. Today, different sized bags in transparent or printed plastic materials with varying degrees 
of opacity or opaque fiber materials are available for packaging of potatoes. For potatoes stored un-
der light in the grocery stores, the level of light radiation, and in particular photosynthetically active 
radiation (PAR), reaching the potatoes depends on the properties of the packaging materials. The 
wavelength regions from 400 to 500 nm (violet to blue) and from 620 to 680 nm (red) is of special in-
terest[2]. The light protective properties of the current potato packaging materials is to our knowledge 
not sufficiently studied.
The aim of this study was to: 1) measure irradiance and record type of illumination used for potatoes 
in grocery stores, 2) measure spectral light transmittance for packaging materials commonly used for 
potatoes and 3) illuminate potatoes packaged in selected materials to evaluate the light protective ef-
fect of the different materials

2 Methods

2�1 Light and temperature measurements in grocery stores

The irradiance from light sources used for illumination of potatoes was measured in March 2018 in 
five grocery stores using a CL-500A illuminance spectrophotometer (Konica Minolta Sensing Europe 
B.V., Nordic Filial, Västra Frölunda, Sweden) detecting irradiance in the region 360 to 780 nm. The 
temperature was measured by an infrared thermometer (FLUKE 566 IR Thermometer, Fluke Corpo-
ration, Eindhoven, Netherlands). Irradiance and temperature were measured at different shelves and 
several locations in the display counters.

2�2 Light transmittance through packagingmaterials

Spectral light transmittance through the packaging materials was measured by placing a portable CL-
500A illuminance spectrophotometer (Konica Minolta Sensing Europe B.V., Nordic Filial, Västra 
Frölunda, Sweden) directly below the packaging material illuminated by FL tubes or LED illumina-
tion. The fluorescent light source was Osram HO 49W/840 Lumilux
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T5 fluorescent tubes and the LED light source was of type GIR-1200 LED 7000 DALI 830 (Glamox 
AS, Oslo, Norway). The spectrophotometer was placed on the shelves 70 cm below thelightsourcegiv-
inganirradianceof7.5W/m2and7.7W/m2fortheFLtubesandLEDlamps, respectively. Light transmittance 
was measured at different areas of the packaging materials covering different printing inks. Two mea-
surements was performed at each measuring point.

2�3 Packaging trial with potatoes stored under light at 20°C

Nine medium sized (50 to 60 g) potatoes of cv. Folva were placed in HDPE trays that were put into 
selected plastic (biaxially oriented polypropylene (BOPP)) or fiber pouches with light transmittance 
ranging from high, medium to low (Table 1). The reference samples included uncovered potatoes 
(‘No’) and potatoes packaged in aluminium foil with no light transmittance (‘Alum’).

Table 1. Light transmittance in W/m2 for packaging materials used in packaging trial with potatoes 
cv. Folva and a light source of 7,2 W/ m2�

BOPP (High-LT) Light fiber (Mid-LT) Dark fiber (Low-LT)

Print colour Beige Turquoise Grey Beige Brown Light coloured Black
W/m2 4�5 2�3 3�6 2�2 1�3 0�5 0�1

The LED light source was of type GIR-1200LED7000DALI830 (GlamoxAS, Oslo, Norway) with an 
irradiance level of 7.2W/m2. The light was turned on at 07.00 in the morning, and shut off at 23.00 
(16 h/day) in the evening simulating realistic time of illumination in the grocery stores. The potatoes 
were stored under light conditions for 4 days with colour measurement at day 1, 2, 3 and 4. Instru-
mental colour values for CIE L* (lightness), a* (redness) and b* (yellowness) were obtained using a 
Minolta Chroma Meter CR- 400 (Konica Minolta, Inc.)with a 8 mm viewing port, 2° viewer angle and 
illuminant D65. The instrument was calibrated against a white tile (L*=97.16,a*=0.25andb*=2.09).
FromL*,a*andb*,chroma(C*),hueangel (h°)and colour difference ∆E* were calculated according to 
equations given in Mc Guire[13] and Sant’Anna et al[14]�

3 Results andDiscussion

3�1 Light and temperature measurements in grocerystores

The mean temperature in the grocery stores was 5.5 ± 2�0° Cand 15�9 ± 3�4° Cat cold and room tem-
perature storage, respectively. The temperature in the cold sectors varied from 1.7 to 8.7°C and in room 
temperature from 10.2 to 18.1 °C. A storage temperature of 20 °C was chosen for the storage trials, to 
reflect the higher end of this spectre. Mean light irradiance was 5.5 and7.8 W/m2 for the fluorescent 
tubes and LED light, respectively (Figure1).
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Figure 1. Minimum, mean and maximum light irradiance for a) fluorescent tubes and b) LED lamps.

Figure 1 shows that the LED lamps had higher total energy level in W/m2 compared to the FL tubes, 
and that the two lamps have a very different wavelength distribution.

3�2 Light transmittance through packagin gmaterials

Light transmittance was measured for 13 plastic materials and four fiber materials, both measured in 
areas with different printing inks.
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Figure 2. Total spectral light transmittance through various plastic and fiber materials for two light 
sources; a) Fluorescent light tubes (7.5 W/m2) and b) LED lamps (7.7 W/m2). Blue bars are plastic 

materials, red bars are fiber materials.

Fiber materials generally had lower light transmittance than plastic materials, regardless of ink colour. 
Dark inks (black, brown, dark blue, dark green) protected against light transmittance also for the plas-
tic materials. The six best light protective materials (lowest total spectral light transmittance in W/m2) 
were the same when exposed to LED lamps and fluorescent tubes (<
0.45 W/m2). Martin and Sheppard[11] found similar levels for the tested packaging materials using a 
Lambda Instruments Company quantum sensor measuring photosynthetically active radiation (PAR = 
400 to 700 nm).
Virgin et al[15] found that the chlorophyll concentration in potato tubers (cv. Bintje) exposed to blue 
light (0.10 W/m2) was three times as high after 16 days of storage compared to potatoes exposed to 
red light (0.38 W/m2). Experiments performed by the author (unpublished data) also demonstrated that 
potatoes exposed to blue light developed green colour faster than potatoes exposed to red light. Figure 
3 shows the light transmittance data for the packaging materials sorted according to the energy level in 
the blue region from 400 to 500 nm
�
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Figure 3. Total spectral light transmittance in the blue wavelength region (400-500 nm) for the light 
sources (two bars to the left) and through plastic and fiber materials exposed under a) fluorescentlight 

tubes (7.5 W/m2) and b) LED lamps (7.7 W/m2). Fiber materials are marked with anF.

Figure 3 shows that the fluorescent tubes emitted 1.9 times more blue light (400-500 nm) than the 
LED lamps. For red light (620-680 nm) the emission was 2.5 times higher for LED lamps than for the 
fluorescent lamps (data not shown). Hence, a replacement of fluorescent tubes with LED lamps in the 
grocery stores would possibly reduce the illumination of the most detrimental blue wavelengths.
For FL lamps, only six materials were below 0.1 W/m2 of blue light, of which five were fiber mate-
rials and one plastic with black printing ink. For LED lamps, 15 materials were below 0.1 W/m2 of 
blue light, where eight were fiber materials, and seven plastic materials with different dark coloured 
printing inks�
�

3.3 Packaging trial with potatoes stored under light at 20 °C

Potatoes (cv. Folva) was packaged in three selected bags with different light protective properties (Ta-
ble 1) and placed under LED lamps. Colour (L*, a* and b*; converted to L*, C* and h°) was measured 
on the same area on the potatoes after 1, 2, 3 and 4 days of illuminated storage. Only changes in total 
colour difference (ΔE, calculated from L*, a* and b*) during storage are presented (Figure 4).
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Figure 4. Colour difference (mean values ± SE) for potatoes cv. Folva stored for 4 days under LED 
illumination (16 h/day) in aluminium foil (Alum) and bags with high (High-LT), medium (Mid-LT) 
and low (Low-LT) light transmittance. Samples marked with ‘No’ were reference potatoes without 

packaging�

The potatoes in the package with the lowest light transmittance (Low-LT) had significantly less colour 
change than the potatoes in the other two packages and the potatoes with no packaging. However, 
unacceptable colour developed within the second day in all three packages. Martin and Sheppard[11] 
concluded that none of the transparent or semi-transparent packaging materials offered any improve-
ment over no packaging for the two potato cultivars used in the study. They found that the opaque 
brown paper packaging with a light transmittance (PAR) of 0.1 W/m2 gave the most efficient inhibi-
tion of chlorophyll development. Nyankanga et al[16] found that greening of potatoes did not occur 
in black plastic bags, whether perforated or non-perforated. An additional experiment was performed 
testing lower light intensity (illuminance reduced from 7.2 to 2.9 W/m2) and with potatoes packaged 
in a double-layered black coloured plastic garbage bag. After illumination for 10-11 days, only the 
double-layered black coloured plastic material (light transmittance 0.02 W/m2) protected the potatoes 
against green colour development. After 11 days of illumination, the colour of these potatoes was al-
most as light as the colour of the potatoes stored for 18 days in aluminium foil.

4 Conclusions

The fluorescent tubes emitted 1.9 times more blue light (400-500 nm) than the LED lamps, whereas the 
LED lamps emitted 2.5 more red light (620-680 nm) than the fluorescent tubes. Hence, a replacement 
of fluorescent tubes with LED lamps in the grocery stores would possibly reduce the illumination of 
the most detrimental blue wavelengths.
Fiber materials had in generall ower light transmittance than plastic materials, regardless of ink colour. 
Dark inks (black, brown, dark blue, dark green) protected against light transmittance, both in fiber- and 
plastic materials. The six best light protective materials (lowest total spectral light transmittance in W/
m2)were the same when exposed to LED lamps and fluorescent tubes (<0.45W/m2). Potatoes are very 
sensitive to light. The packaging material for potatoes cv.
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Folva should have a total light transmittance lower than 0.02 W/m2 to avoid development of green co-
lour during light exposure at 20 °C in the grocery stores. Such low levels were in this experiment only 
obtained when covered by double-layered black coloured plastic and by aluminium.
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Abstract
Migration from packaging into food is a topic of much research. While recent work has focused 
on Nano-size migrants, there is also a growing need to enhance other migration research to 
ensure that Intentionally Added Substances and Non-Intentionally Added Substances migrants 
into food are controlled to ensure food safety. This need is multifaceted and encompasses 
value chain dynamics, recycling, the use of Food Simulating Liquids, and new technology 
to determinate unknown compounds. While processing aids to reduce energy costs or yield 
improved mechanical or chemical properties are known, the accumulation effect is not 
transferred in the value chain. As a result, NIAS and IAS enter into food packaging at higher 
than allowable levels. Levels are often compounded as variable amounts of recyclates, and 
pre-consumer rework is also part of the final package. Novel food ingredients and package 
structural changes to enable separation at recyclers, degradation, or reuse have added to 
concerns. Accurate knowledge on the control of migrants into food packaging may increase 
the viability of recyclates and reuse as well as gain more consumer confidence in packaging.
Government entities, major food companies, and industry groups have created conflicting 
regulations and guides of what is allowable in food packaging. This has resulted in an: a 
non-level playing field between companies who effectively monitor migrants, and an unstable 
supply chain, and higher operational costs. Fluid Certificates of Competence within the 
industry mean that migration is a risk that needs to be addressed. The objective of this study 
is to provide a guide to migrants of concern and direction on how to mitigate risk for food and 
beverage companies as well as intermediaries in the packaging converting process.  Known 
migrants and allowable levels in regulations and industry guides are compared to actual levels 
found in packaging. Direction includes; reducing risk, uniform compliance, elimination of 
chemicals by their class, and the connection between food and package fraud. Advocacy and 
rationale for research are shared on; toxicological analyses of viable low-doses, refined FSLs 
to more effectively mimic migration from packaging used into food and value chain process 
controls�

Keywords: Migration, food packaging, guidance

1. Migrants of Concern 
Migration occurs as a function of food, exposure time, and the nature of the migrant itself within the 
packaging matrix. 
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1.1 Intentionally Added Substances of Concern 

Intentionally Added Substances (IAS) are integral and known packaging components from monomers, 
additives, ink, and nanocomponents. Processing aids to reduce energy costs or yield improved me-
chanical or chemical properties are known.   

Recommendations: 

• The risk should be reduced through testing

• Advocation for the assessment of low-dose migration 

• Replacements 

The value chain for success

• Consistent, reliable testing facilities to ensure the packaging does not allow movement of 
problematic IAS

• Improved supplier relationships and refined process control to reduce migration risk

• Sampling frequency with the qualification process.

1.1.1 Known migrants

• Bisphenol A (BPA)

• Phthalates

• Styrene

• Vinyl Chloride

• Melamine

1.1.2 Emerging migrants of concern

• Bisphenol S (BPS)

• Bisphenol F (BPF)

• Bisphenol AF (BPAF)

• Bisphenol PF 

• Per- and polyfluoroalkyl substances (PFAS)

• Perfluorooctanoic acid (PFOA)

1.1.3 Emerging Nano-migrants 

• Carbon black

• Synthetic amorphous silicon dioxide (SAS)

• Bentonite

• Aluminosilicate
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• Nano-sized titanium nitride

• Carbon nanotubes

• Nano-cellulose

1.2 Non-Intentionally Added Substances of Concern

Non-Intentionally Added Substances (IAS) are substances that are variable, unknown, or created from 
recycled packaging and food processing. 

• Via recycling paperboard

• Via recycling polymers

• Processing substances

• Contaminants and adulterants

• Additives, flavoring and enrichment substances

1. How to Mitigate Risk?
Two suggestions based on the recent developments and advancements in the material were given; (i) 
Ensuring proper testing and (ii) Compliance with global regulations and guidelines lower the risk.

 Recommendations

• Reassess FSLs in mimicking migration from packaging used into actual food in use.

• Confirm that the FSL is the highest possible migration to prevent under representing migra-
tion�

1.1 Engage with advanced testing methods

• Assess the Quantitative Structure-Activity Relationship approach - QSAR models are emerg-
ing as more accurate models. FDA can validate any QSAR predictions submitted in support 
of notification.

• Measuring NIAS is often challenging because usually substance is unknown. Use the UPLC-
Q-TOF-MS analysis of non-volatile migrants to find NIAS

• Assess if the food simulant resulted in the highest possible migration. Test conditions are se-
lected to reflect the reality of food processing best, filling into the packaging, transport, distri-
bution, storage and, if applicable, preparation (i.e., for foods that are cooked or heated in their 
packaging). Reusable packaging is assessed migration of additives, residual monomer, and 
byproducts.

• Single-use food packaging articles, like PET soft drink bottles or PS ice cream containers, 
must comply with their intended-use conditions. If consumers reuse these items, legal com-
pliance is not required.

• Assess actual migration from packaging in use into food in use.
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1.2 Assess nanomigrants cautiously 

• Ensure that nanoparticles need to be fully incorporated into a polymer matrix.

• Lack of consistent dispersion impacts diffusion. There is no “stand-alone” technique for the 
detection and characterization of Nanimigrants (NMs) in practical applications. To critically 
assess the risk of NMs used in FCMs, different methods need to be combined that allow both, 
sensitive chemical detection and quantification as well as the accurate physical determination 
of particle sizes to distinguish between dissolved and particulate NMs even in complex matri-
ces� 

• Nanoparticles which are completely covered or encapsulated by the host polymer matrix do 
not have a potential to penetrate this outer layer and do not migrate into food.

• Mechanical impact on the food contact surface which would alter the smooth properties or, in 
case of cut edges or otherwise technically improperly manufactured PNCs with nanoparticles 
sticking out of the surface a release may occur.

• Use more than one technique to the detection and characterization of the noncompounds. 
Several measurement methods are available. 

1.3 Comply with global regulations and guidelines

• Assess the requirements by the Food and Drug Administration (FDA), Health Canada, MER-
COSUR (South America), EU, China, Russia, African nations. This will ensure compliance 
among converters. 

*References available upon request
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Reducing plastic by using recyclable materials without 
compromising quality and shelf life of salmon fillets

Marit Kvalvåg Pettersen*1, Magnhild Seim Grøvlen1, Pål Georg Storø2, Anlaug Ådland Hansen1,

1 Nofima AS, Osloveien 1, N-1430 Ås, Norway
2 SalMar AS, Industriveien 51, N-7266 Kværva, Norway

Abstract: Food waste is an extensive global problem and causes significant societal 
challenges. Recently, focus has also been put on packaging in general and plastics in specific 
and environmental implications have escalated consumers awareness. Optimal packaging 
concepts should focus on both quality and shelf life, in addition to concepts for reduced 
environmental impact e.g. material selection and transport efficiency. The purpose of the study 
was to gain knowledge on how packaging solutions can be designed to fulfil both food quality 
and environmental aspects. More specifically, to investigate how the quality of salmon stored 
in recyclable mono material (Polypropylene trays) was affected by gas/product volume ratio 
(g/p ratio), CO2-emitter and storage temperature. The experiment included four gas/product 
volume ratio (g/p) (1.0 1.32 1.95 and 2.27), three storage temperatures (1 °C, 4 °C and 6 °C) 
and the use of CO2-emitter. The g/p ratio had significant effect on the drip loss and bacterial 
growth of salmon when stored at 4 °C. However, at the end of storage period the differences 
are relatively small. The differences in drip loss due to g/p ratio and the CO2-emitter were 
most apparent at low storage temperature. The bacterial growth was affected by storage 
temperature and the effect of CO2-emitter was reduced at increasing temperatures. Sensory 
quality was influenced by the g/p ratio after 8 days of storage for some of the attributes, e.g. 
cloying odour, but no differences after 12 days of storage. The results from this study in the 
SeaPack Project give information about the potential for using recyclable mono-material for 
quality preservation of salmon, and increased transport efficiency by reducing g/p ratio and 
thus reduced environmental impact of the packaging
Keywords: Gas/product volume ratio, Food quality active packaging, Recyclable materials.

1 Introduction

Plastics and plastics packaging are an integral and important part of the global economy and the pro-
duction and consumption has increased tremendously the last decades[1]. One of the main functional-
ities of packaging is related to preservation and product shelf life, and packaging also has an important 
function regarding reduction of food waste and thus has led to environmental benefits[2,3].However, 
packaging in general and plastics in specific in relation to environmental implications and plastic 
pollution has received a lot of political and media attention. In EU, approximately 25.8 million tons 
of plastic waste is generated every year[4] and around 60 % of this plastic waste is packaging related. 
Plastics has been identified as a key priority, in the EU

*Correspondence to: Marit,kvalvag.pettersen@nofima.no
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action plan for circular economy, with targets to recycle 45 % of plastic packaging waste by 2020 and 
60 % by 2025[5].
Optimal food packaging requires mechanical strength and adequate barrier to gases, moisture and 
light[6, 7]. Meat and fish products are exceedingly perishable due to their high susceptibility to en-
zymatic, microbial and oxidative spoilage. Modified atmosphere packaging (MAP), commonly with 
CO2, is considered as a highly effective and widely applied method used to prolong the microbiolog-
ical shelf life of foods[7-11]. To achieve the beneficial antimicrobial effects of CO2, several factors 
have to be fulfilled, mainly related to the partial pressure of CO2 and absorption of CO2[12-14]. The 
solubility of CO2 increases with decreasing temperature and increases with increased CO2 concentra-
tion in the headspace[12, 15]. Moreover, to prevent packaging collapse, relative high gas volume to 
product volume ratio (g/p ratio) and low degree of filling (DF) is needed[16]. On the other hand, low 
DF is usually not desired due to low packaging and transport efficiency. Active packaging by the use 
of CO2 emitter is an efficient way of reducing the product g/p ratio and prevent package deformation.
MA packaging often requires materials with high barrier properties and multi-layered polymers. How-
ever, they are typically not recyclable. One strategy for improving recyclability is to introduce mono 
materials. Due to lower gas barrier properties mono materials may result in shorter shelf life. Plastic 
packaging is a material with numerous benefits, however, there is a trade-off related to the use of plas-
tics. On the one hand, the benefits related to the use and application of the materials (up streams), on 
the other hand the environmental disadvantages (down streams). One important strategy for dealing 
with this trade-off is increased recycling and reuse. According to the EU commitment to the UN Sus-
tainable Development Goal (SDGs), within 2030, all plastic packaging on the European market must 
be either recycled or reused[4]. Thus, designing packaging systems for recycling is crucial in this con-
text. Moving from complex material structures, which are not mechanically recyclable, to recyclable 
mono materials is one solution within “design for recycling”.
The purpose of the study was to gain knowledge on how packaging solutions can be designed to fulfil 
both food quality and environmental aspects. More specifically, to investigate quality of salmon stored 
in recyclable mono material (Polypropylene trays), and the effected of g/p ratio, CO2-emitter and stor-
age temperature
�

2 Methods

2.1 Packaging and storage condition

Post-rigor fileted salmon was obtained from SalMar Processing. The salmon was fileted and cut in 
pieces adjusted to the experimental design 4 days after slaughtering, transported to Nofima and the 
packaging was performed the following day.
The salmon was stored in Polypropoylene (PP) trays (Færch Plast, Denmark) with Biaxer 2XX PP 
AFM (Wipak, Nastola, Finland), consisting of Biaxial oriented polyethylene terephthalate
/polypropylene /polyamide /ethylene vinyl alcohol /polyamide /polypropylene as top web. The Oxy-
gen Transmission Rate (OTR) of the packages were 8.53 ± 0.46 ml/(pack. day) (24 ºC, 50
% Relative Humidity (RH), 0 % internal RH). In each tray a liquid absorber (Absorber type 109642, 
Færch Plast, Denmark) or a CO2 emitter (delivered by Tommen Gram, Trondheim, Norway) were 
placed underneath the salmon. A tray sealing machine, Multivac T200 (Multivac, Wolfertschwenden, 
Germany) and modified atmosphere consisting of 60 % CO2 / 40 % N2 were applied.
Four different g/p ratios were obtained using different product weight (252-408 g per package).
The g/p ratio 1.32 and g/p 1.95 were selected on the basis of g/p ratios currently applied by the produc-
er (SalMar), in addition samples with g/p lower and higher to this were packaged; g/p
1.0 and g/p 2.27, respectively. All samples were stored in dark for 19 days at 4 °C with sampling time 
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after 0, 8, 14, 16 and 19 days. In addition, the g/p ratio 1.95 were also stored at 1 °C with sampling time 
after 0, 8, 14, 19 and 22 days and at 6 °C with sampling time after 0, 5, 8, 12 and 14 days.

2.2 Head space gas analysis and driploss

The head space atmosphere of packages was analysed for CO2 and O2 level immediately after pack-
aging and at each sampling time. The content of CO2 (%) and O2 (%) was determined using a Check-
Mate 9900 O2/CO2 analyser (PBI Dansensor, Ringsted, Denmark). Gas was removed from the pack-
aging using a needle through self-sealing patches on the packages.
Drip loss was determined by initially weighing the salmon portions, the package and absorber/
CO2-emitter, and calculating the increase in weight of the packages (including the absorber/CO2-emit-
ter) at each sampling time. Results are given as the percentage (%) of initial muscle weight and refer 
to the corresponding liquid loss from the fish sample.

2.3 Microbialanalyses

Selected microbiological analyses, bacterial plate counting was performed at the time of packaging 
and a teach sampling time for the specific samples and different packaging variants. From the surface 
of the fillet, samples of 3 x 3 cm2 and 1 cm depth were cut from the top side of the fillet with a sterile 
scalpel, weighed, macerated and diluted 1:10 with peptone water and spread by using Whitley auto-
matic spiral plater (WASP) (Don Whitley Scientific Ltd.. Appropriate 10-fold dilutions were prepared 
and spread on the different agar plates. Iron agar (Oxoid, Basingstoke, Hampshire, U.K.), incubated at 
15 ºC for 5-7 days were used for enumerated both Total viable count, and sulphur producing bacteria 
(counting black colonies). Lactic acid bacteria (LAB) was determined using MRS agar (Man-Ro-
gosa-Sharke, Oxoid) incubated at 25 °C for 48 hours, and Violet Red Bile Glucose Agar (VRBGA, 
Oxoid, Hampshire,UK) at37° C for 24 hours and semi-aerobic condition, cells embedded in a gar with 
sterile overlay, were used for enumeration of Enterobacteriaceae.

2.4 Sensory analyse

The sensory panel consisted of 8-10 trained assessors. The assessment, a descriptive test was conduct-
ed according to ISO 13299:2003. Samples with g/p ratio 1.32 and 1.95 stored at 1 ºC, 4 ºC and 6 ºC 
were all evaluated after 8 and 14 days of storage. The samples were evaluated for the intensity of the 
sensory attributes: acidic, seawater, metallic, cucumber, fermented sour, sulphur, ammonia, pungent, 
rancid, sulphur, cloying, basement and yeast.
The results were recorded on a 15 cm non-structured continuous scale and transformed the responses 
into numbers between 1 = low intensity and 9 = high intensity. The analyses have been performed by 
using: EyeQuestion (Logic8 BV, Utrecht, Netherland), Excel 2016 (Microsoft Corporation, Redmond, 
WA, USA), EyeOpenR® (Logic8 BV, Utrecht, Netherland) and PanelCheck V.1.4.2, (Nofima AS, Ås, 
Norge). Statistical analysis was performed by ANOVA using F-tests for significant differenced at 5 % 
level (p=0.05) between the groups for each attributes. In addition, Tukey’s multiple comparison test 
have been performed to for significant differences to determine which samples are different.

2.5 Experimental design and statistic alanalyses

Four factors were investigated for their effect on the quality of salmon; (a) g/pratio, (b) storage tem-
perature, (c) active packaging and (d) storage time. General Linear Model(GLM) including the main 
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effects and the second order interactions have been performed for two different data sets;DataSet1in-
cluded the 4 different g/pratios (1.0,1.32,1.97and2.27) and active packaging and storage at 4ºC. Data-
Set2 included all three storage temperatures (1ºC,4ºCand6ºC) with  g/p 1.95 and without CO2-emitter. 
In addition, One-way ANOVA (Tukeys pairwise comparison) have been applied for specific samples 
at each storage time.

3 Results andDiscussion

3.1 Gas composition in headspace duringstorage

The content of O2measured initially and the content of O2was below 0.2 % in all samples from the time 
of packaging and at every sampling time (results not shown).
The reduction of O2was depending on the storage temperature and 0 % O2were measured after 8 days, 
14 days and 19 days when stored at 6 ºC, 4 ºC and 1 ºC, respectively. The results are in accordance to 
results found in similar study by Pettersen et al 2004[7]�
The content of CO2decreased as expected during storage. All samples stored at 4 ºC had an initial 
reduction of the CO2level until 8 days of storage. In samples without CO2-emitter the content of % 
CO2varied from 29-39 % and increased during storage up to 45 % at the end of storage (19 days). The 
content of CO2in samples with CO2-emitter stored at 4 ºC decreased from 60 % at the time of packag-
ing to 45-53 % after 8 days of storage and increased during storage to 58-65 % (58 % in g/p 1.0 and 
1.32 and 65 % in g/p 1.95 and 2.27). The reason for this is assumed to be related to the capacity of the 
CO2-emitter and the fact that not only the weight of the product is of importance but also the surface 
area[17]�

3.2 Drip loss

Muscle food such as fish are subjected to drip loss during storage. Minimizing drip loss should be em-
phasized to avoid reduction of sensory quality such as juiciness and to maintain an attractive product 
appearance. In our study the drip loss increased during storage (Figure 1) and according to the GLM 
for samples stored at 4 ºC (Data Set1), the drip loss was also significantly affected by the g/p ratio and 
active packaging (Table 1). CO2-emitter reduced the drip loss in all g/p ratios and the effect was most 
pronounced in the first phase of the storage time. Regarding the g/p ratio, the drip loss was to some 
extend reduced with increased g/p (Figure 1) (Figure 2), but no linear relation between selected g/p 
ratios and the drip loss was measured.
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Figure 1: Drip loss, given as % weight loss, in salmon stored at 4 ºC in trays with different gas 
volume to product volume ratio (g/p ratio) (g/p 1.0, 1.32, 1.95 and 2.27), stored without and with 

CO2-emitter. Sample identification given as g/p ratio – storage temperature – without and with CO2-
emitter: “1.00 - 4 ºC” and “1.00 - 4 ºC - em”, respectively.

Table 1: Overview of ANOVA results for the responses, main effect and second order interaction 
(General Linear Model (GLM)) for Data Set1: (GP) gas volume to product volume ratio (g/p ratio1.0, 

1.32, 1.97 and 2.27); (A) Active Packaging (with/without CO2-emitter); and (T) Storage time. All 
samples stored at 4 ºC. The numbers are explained variances, and the significance level is presented 

by stars (* 5 %).

Drip 
Loss

TVC LAB Enterobacteria-
ceae

GP 7.47* 1.13* 1�44 0�09
A 10.96* 0�00 0�20 4.29*
T 10.77* 90.50* 64.32* 28.04*
GP*A 2�43 0.63* 0�80 10.52*
GP*T 14.73* 2.83* 3�17 11�31
A*T 3�38 0�31 1�58 1�63
Error 50�27 4�60 28�48 44�13

R-sq(-
adj)

34.58 % 93.79 % 61.79 % 40.72 %

Previously published studies suggest that drip loss is affected by the content of CO2in the atmosphere 
and related this to the reduction on pH and the water holding capacity[18, 19]�
However, in rigid packages the g/p ratio (and thereby the DF) will also affect the drip loss. Rotabakk 
et al (2006)[20]and others have shown negative correlation between the CO2content and drip loss[21, 22]�
Temperature had a significant effect on the drip loss with increasing drip loss with increasing tempera-
ture (Dataset 2) (results not shown).
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3.3 Bacterial Growth and sensory analysis

One of the major factors for determining the quality and shelf life of fresh products such as salmon is 
the microbial content and type of bacteria present. Total viable counts of bacteria increased, as expect-
ed, during storage (Figure 3). According to GLM (Data Set1), storage time and g/p ratio had significant 
effect on the TVC, as well as both the interaction between g/p and Active and g/p and storage time 
(Table 1). After 8 days of storage, the highest g/p (1.95 and 2.27) showed lower TVC, and according 
to One-way ANOVA g/p 1.95 and g/p
2.27 had significant lower TVC compared to g/p 1.32 with CO2-emitter. At this time, there were no 
effect of CO2-emitter. After 16 days of storage samples stored with g/p 1.0 and g/p
1.32 without CO2-emitter had significant higher TVC compared to g/p 1.95 without CO2- emitter but 
not different from g/p 2.27(with or without CO2-emitter) (One-Way ANOVA). Similar results were 
obtained in samples with CO2-emitter. At this sampling point, the effect of the CO2-emitter on the level 
of TVC was only documented for g/p 1.0.

Figure 2: Main effect plot for (A) Drip loss and (B) Total Viable counts of bacteria (TVC) salmon 
stored at 4 ºC in trays with different gas volume to product volume ratio (g/p ratio) (g/p 1.0, 1.32, 

1.95 and 2.27), stored with and without CO2-emitter (Data Set1).

Devlieghere and Debevere (2000)[14] demonstrated the importance of g/p ratio, as dissolvent of CO2in 
increased significantly with increasing g/p ratio. The growth parameters of Gram- negative bacteria 
(such as Pseudomonas and Photbacterium phosphoreum) were more influenced by dissolved CO2com-
pared to gram positive (Brochothrix Thermosphacta and Lactobacillus sake). They studied different 
products, but salmon was not included.
Storage time is the most important factor, counting for as much as 90.5 % (Table 1), also shown by the 
main effect plot for TVC (Figure 2). Furthermore, there were no significant differences between the 
samples stored at 4 ºC after 19 days of storage (Results not shown). Neither level of LAB nor Entero-
bacteriaceae were significantly affected by the g/p ratio according to the GLM, while storage time had 
most effect in both cases.

0 2 4 6 8 10 12 14 16 18 20 22

Storage time (days)
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Hansen et al. (2009)[23] reported relatively high level of TVC (6 log cfu/g) after approximately 18 days 
after slaughtering for pre-rigor fileted salmon stored with g/p 3 at 1.9 ºC (samples packaged the same 
day as slaughter and filleting). In our study, approximately 6 log cfu/g was measured after 8 days of 
storage for some of the samples stored at 4 ºC, while for samples stored at 1 ºC 6 log cfu/g was not 
measured during the experiment (up to 22 days). In addition, in the present study post-rigor filet was 
used and the packaging (here given as day 0) were 5 days after slaughtering. No black colonies were 
identified on iron agar and thusno
measured level of H2S producing bacteria like Shewanella putrefaciens, which can be a more specific 
spoilage bacteria, was detected. However, Shewanella putrefaciens is usually inhibited by CO2

[24]�

Figure 3: Total viable counts of bacteria (TVC) in samples stored at 4 ºC in trays with different gas 
volume to product volume ratio (g/p) 1.0, 1.32, 1.95 and 2.27, with and without CO2-emitter and g/p 

1�95 (without CO2-emitter) stored at 1 ºC and 6 ºC.

The bacterial growth increased, as expected with increasing temperature as shown for TVC (Figure 3). 
The temperature had according to GLM (Data Set2) (results not shown) significant effect on the level 
of TVC (Figure 3) and LAB (results not shown). Furthermore, the sensory analyses showed that the 
main difference was according to the storage temperature. The samples stored at 1 ºC were described 
with attributes that can be related to fresh samples such as acidic, sea, cucumber, in addition to metal 
and basement. On the other hand, the description of the odour of samples stored at 6 ºC were more 
related to fermented sour, sulphur, ammonia, pungent, cloying and yeast. Sensory quality was some-
what influenced by the g/p ratio. After 8 days of storage at 4 ºC higher score for some negative related 
attributes,
e.g. cloying odour, was measured for samples with lower g/p (1.32) compared to g/p 1.95. This was not 
evident for samples stored at 1 ºC and 6 ºC and no effect of g/p was detected after 12 days of storage.
Salmon products identical to our samples are often stored in trays with good barrier properties such as 
Aluminium trays (Norwegian market) or in multi laminate materials and very commonly used is PET/
PE trays, both often applied with top web with complex structure containing different polymer PET/PE 
trays are not mechanically recyclable today. The present study in the SeaPack Project was performed 
to identify the effect of g/p ratio and active packaging at different storage temperatures in recyclable 
mono material PP, on the quality of salmon.
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4 Conclusions

The g/p ratio and CO2-emitter had some effect on the drip loss and bacterial growth. Use of CO2-emitter 
reduced the drip loss in the initial part of the storage period. The drip loss was to some extend reduced 
by increased g/p ratio and a similar trend was observed for the bacterial growth. After 8 days of storage 
lower level of TVC was detected in g/p 1.95 and g/p 2.27 compared g/p 1.32, and after 16 days samples 
stored in g/p 1.95 (without CO2-emitter) had significantlowerlevelofTVCthang/p1.0andg/p1.32(both-
storedwithoutCO2-emitter).The g/p influenced the sensory quality only after 8 days with higher score 
of negative related attributes at lower g/p (1.32).

The results in this study indicate that, for post-rigor filleted salmon, a shelf life comparable to that 
today’s conventional packaging can be obtained by using mono-materials PP trays.
However, for the industry to conclude, further study including different materials and todays packag-
ing materials is needed. Such study has been performed and the results are under evaluation.
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Replacing conventional laminate material (PA/PE) with 
recyclable mono-materials (PP, HDPE):

A case study on hot dogs

Julie Nilsen-Nygaard*1, Jawad Sarfraz1, Tanja Radusin1 and Marit Kvalvåg Pettersen1 1 NOFIMA 
AS, Osloveien 1, 1430 Ås, Norway

Abstract: In light of todays increased focus on circular economy and sustainability, there 
is a drive towards development of food packaging concepts that allow the use of simple 
and recyclable plastic materials. In this study the effect of reduced material complexity on 
food quality and shelf life was investigated for hot dogs. The conventional laminate barrier 
material (PA/PE, bottom web) was replaced with selected mono-materials; HDPE and PP. The 
suitability of the mono-materials for maintaining the quality and shelf life of the product were 
studied for different packaging methods including; modified atmosphere packaging (MAP) 
(100% N2, 60% CO2/40% N2, 100% CO2) vacuum and skin pack. Active packaging was 
also tested by utilizing CO2 emitter in selected MAP concepts. Gas composition, drip loss and 
microbial content were analysed and odour evaluation was performed at selected sampling 
days. After 41 days of storage hot dogs in all packaging concepts had good overall quality with 
total viable count (TVC) below log 3 cfu/g. By odor evaluation, all samples were acceptable 
even after 51 days of storage. However, hot dogs in packaging concepts with CO2 emitter had 
comparatively the best microbial quality (TVC log 2 cfu/g) similar to that of the reference. 
In addition, a reduced drip loss was observed for concepts with CO2 emitter. The results 
clearly demonstrate the unfulfilled potential for applying simple and recyclable plastics in 
food packaging without compromising the product quality and shelf life.

Keywords: Food quality, Increased recyclability, Mono-materials, Packaging method, Active 
packaging

1 Introduction

In the EU approximately 25.8 million tons of plastic waste are generated each year. Approximately 30% 
of the collected plastic waste is recycled, while 39% is incinerated.[1] The UNSustainable Development 
Goal (SDG) 12 states that within 2030 all plastic packaging should be either re-used or recycled [2], 
imposing pressure on stakeholders for implementing more recyclable food packaging materials.

In order to ensure preservation of food quality, an adequate shelf-life and thereby limiting food waste, 
optimized food packaging concepts are required.[3] For fresh foods in particular, thereare high demands 
on the packaging materials; high mechanical and puncture strength, low permeability to gases, vapour 
and moisture, good sealability and processability, to mention some of the desired properties.[4] By 
combining different types of plastic materials into multi-layered laminates, materials can be designed 
to meet the specific requirements of the various food products. Such laminate materials are challenging 
to recycle [5, 6]. Today, a dominating tendency in packaging materials is towards simpler materials, i.e. 

*Correspondence to: Julie Nilsen-Nygaard, NOFIMA AS, Osloveien 1, 1430 Ås. E-mail: Julie.nilsen-nygaard@nofima.no
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mono-materials with a higher recycling potential, as well as reducing the total amount or thickness 
(down-gauging) of material. Mono- materials have poorer barrier properties compared to conventional 
laminates.[4] Therefore,when reducing packaging material complexity, particular caution is required 
to ensure that this does not result in impaired food quality and safety or contribute to increased food 
waste, calling for product-specific optimization of packaging.

Hot dogs are emulsion-type, cooked sausages; a processed meat product that has been heat- treated 
during production. For consumer safety they should be re-heated prior to consumption. In general one 
may say that hot dogs are not highly perishable products. However, strict production hygiene isneces-
sary during processing due to exposure of a large surface-to-volume area during mixing of the mince 
[7]. The main quality deteriorating factors of hot dogs are fat oxidation and microbiological spoilage.
[8] We hypothesized that hot dogs was a suitable product for replacement of the conventional laminate 
with more environmentally friendly mono- materials without compromising the food quality, - safety 
or shelf life.

The aim of this study was to investigate the suitability of selected, recyclable mono-polyolefin materials, 
high-density polyethylene (HDPE) and polypropylene (PP), for replacing the conventional PA/EVOH/
PE-laminate in packaging of hot dogs. The performance of the materials was evaluated for different pack-
aging concepts and packaging gas atmospheres with respect to the effect on product quality and shelf life. 
The potential contribution of a carbon dioxide emitter to preserve quality and extend shelf life was also 
investigated�

2 Materials and methods

2.1 Packaging and storage
Hot dogs (Gilde) were obtained from Nortura, a Norwegian meat producer, and packaging was per-
formed within 48 hours after processing. The reference samples were vacuum packaged in thermo-
formed PA/EVOH/PE material with top web consisting of PET//PE at the producers, the conventional 
packaging. The expected shelf life of the product, defined by the producer, is 35 days. For the experi-
ment, samples were re-packaged in trays of HDPE and PP by different packaging methods (modified 
atmosphere (MA), vacuum and skin pack), packaging gases and with or without a carbon dioxide 
emitter, as summarized in Table 1. Packaging into trays were selected for practical reasons in this ex-
periment in order to be able to compare the mono- materials to the performance of the conventional 
laminate bottom-web. For commercial use, and with regard to environmental aspects, a flexible bottom 
web is to prefer.

5 hot dogs (average weight of 295.3 g ± 2.2 g, 293.0 g – 297.5 g) were packaged in each tray.

The HDPE trays had a depth of 25 mm and a volume of 600 ml, while the PP trays had a depth of 25 
mm and a volume of 465 ml. For MAP and vacuum packaging in HDPE trays, top web composed of 
PET/PE/EVOH/PE (BIAXER 65 AF), Wipak, Nastola, Finland) was applied. For skin pack in HDPE 
trays the top web was skin film with composition PE/EVA/EVOH/PE (Cryovac® Darfresh® TC201 
Top Web, Sealed Air, Charlotte, NC, USA). For vacuum packaging in PP trays the top web had com-
position PET/PP/PA/EVOH/PE/PP (BIAXER 3 XX PPAFM,Wipak,Nastola,Finland). Packaging was 
performed on tray sealing machine, Multivac T200 (Multivac, Wolfertschwenden, Germany). Storage 
temperature was 4˚C. Sampling was performed after 0, 14, 30, 37, 41, 45 and 51 days of storage, 3 
replicates per packaging variant� The CO2emitters were purchased from Vartdal Plastindustri. 3 differ-
ent packaging gases was applied for MAP; 100 % N2, 60% CO2/40% N2and 100 % CO2(Yara AS, Oslo, 
Norway). For MAP packaging (HDPE trays) the initial gas volume to product volume ratio (g/p ratio) 
was approximately1.5
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Table1Variations of packaging materials, methods, packaging gases and active packaging tested.
Abbreviations for the packaging methods and gas atmospheres indicated in parentheses; e.g. 

packaging variant HDPE – N2 –EM.

The oxygen transmission rates (OTR) for the packages were measured by the ambient oxygen ingress 
rate (AOIR) method [9]. For HDPE trays (600 ml) with top web Biaxer 65 AF OTR was 4.69 cm3O2/
(package·day), for PP trays (465 ml top web BIAXER 3 XX PP AFM OTR was 3.62 cm3O2/ (pack-
age·day) for the PA/PE reference packaging OTR was 1.53 cm3O2/(package·day) at 23°C and 50 % 
humidity.

2.2. Headspace gas composition
The headspace atmosphere of packages was analysed for CO2and O2level immediately after packaging 
and at each sampling time. The content of % CO2and % O2was determined using a CheckMate9900O2/
CO2 analyser ( PBID an sensor, Ringsted, Denmark). Gas was sampled from the packages using a nee-
dle through self-sealing patches on the packages.

2.3 Drip loss
Drip loss was determined by initially weighing the hot dogs, the package and CO2emitters (where 
present) and calculating the increase in weight of the packages (including the CO2emitters) at each 
sampling time. Results are given as the percentage(%) of initial product weight and refer to the corre-
sponding drip loss from sample.
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2.4 Odourevaluation
Odour evaluation of the hot dogs were performed by a lab panel of 5 experienced assessors at sam-
plingdays14,30,37,41,45,51ofstorage.Thesampleswererankedonascalefrom1to9; 9 indicates a fresh 
product, 4-6 indicates alterations of the products, but still acceptable, while below 4 indicates an un-
acceptable product�

2.5 Microbiologicalanalyses
Samples of 5.5 cm of the length of the hot dogs were cut and then divided in half along the length 
axis with a sterile scalpel, resulting in a sample weight of approximately 10g. The samples were 
weighed, macerated and diluted 1:10 with peptone water and spread using Whitley automatic spiral 
plater (WASP) (Don Whitley Scientific Ltd., West Yorkshire, UK). Appropriate 10-folds dilutions were 
spread in duplicate on plate count agar (PCA; Difco, Difco Laboratories, Detroit, MI, USA) for total 
viable counts (TVC) (incubation temperature 30 ºC, 48 hours, anaerobic incubation). For determi-
nation of lactic acid bacteria (LAB) MRS medium(Man-Rogosa-Sharke, Oxoid) was applied (25˚C 
for 48 hours). For determination of Enterobacteriaceae Violet Red BileGlucoseAgar (VRBGA,Ox-
oid,Hampshire,UK)(37°C,24hours,semi-aerobic conditions, cells embedded in agar with sterile over-
lay) was applied. For determination of Brochothrix thermosphacta STAA (streptomycin thallous ace-
tate actidione) agar base (CM 0881 with selective supplement SR 0151E, Oxoid, Hampshire, England) 
(35°C for 48 hours, aerobic incubation) was applied. Microbial counts are expressed as average colony 
forming units (cfu) per gram.

2.6 Statisticalanalyses
Analyses of variance were conducted in Minitab 18. General Linear Models (GLM) including the 
main effects and second order interaction swere performed. The first analyses included main effects 
“packaging material”, “active packaging” and “storage time” for variants vacuum packaged in HDPE 
and PP, with and without CO2 emitter. The other analysis included main effects “ packaging method ”, 
“ active packaging” and “storage time” for all packaging variant sin HDPE (100 % N2, 60 % CO2/40 
% N2, 100 % CO2, vacuum and skin pack). One-way ANOVA (pairwise comparison) have been per-
formed for specific samples at each sampling time.

3 Results and discussion

3.1 Gas composition inheadspace
The gas composition; O2 and CO2 (results not included), was measured for all packaging variants 
with a head space; MAP packaging in HDPE trays (with /withoutCO2 emitter) as well as vacuum 
packaging withCO2 emitter for both HDPE and PPtrays. For all packaging concepts the O2 level was 
practically zero at the day of packaging then increased during storage. Due to the small available head-
space volume, the O2level increased most rapidly in the vacuum packages with CO2emitter. For the 
different variants of MA-packaging in HDPE trays the O2level increased gradually. The lowest level 
was measured for HDPE-N2 and HDPE-N2-EM; ~ 0.7 % at storage time 51 days. In general, for all 
packaging variants the highest increase in O2was measured  forHDPE-trays, reflecting the higher OTR 
for theHDPE- packages (4.69cm3O2/day) compared to PP-packages (3.62 cm3O2/day) and reference 
packages (1.53 cm3O2/day) (ref. Section 2.1). An adequate barrier to oxygen is a crucial criterion in 
selecting material and optimizing the packaging concept for hot dogs in order to limit lipid oxidation 
and microbial growth.[10]
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The measured CO2levels in the packages were as expected; an increase in the level was measured in 
packaging variants without CO2in the headspace initially; vacuum packages with emitter and 100 % 
N2. For packaging atmospheres with CO2initially present, the CO2level decreased over the course of 
storage, due to absorption of CO2by the product.[11]For the corresponding systems with CO2emitter 
present, the emitter compensated well for absorption into the product causing a slower decrease in the 
CO2-level. For example, for HDPE-CO2 the CO2level dropped to 32 % at day 51, while for HDPE-
CO2-EM the level decreased slowly to 65 % at day 51 of storage. These results are in agreement with 
the literature where it has been reported that CO2emitters are useful in reducing the under pressure and 
maintaining the CO2concentration during the shelf life of the product.[12]

Figure 1: Drip loss (%) of vacuum packaged samples with/without CO2emitter packaged in HDPE 
and PP trays compared to the reference.

High drip loss and liquid inside packages are unfortunate at retail display and may cause reduced sale. 
Further, excessive drip loss from a product may result in texture alteration and poorer quality. A com-
parison of the drip loss of hot dogs vacuum packaged in HDPE and PP with and without a CO2emitter 
packaging (Figure 1) shows that the drip loss was highest for HDPE without CO2emitter,approximately 
10% (w/w) from 36 to 51 days of storage. The drip loss for hot dogs in PP without emitter was slightly 
lower, about 8 % (w/w). The lower drip loss in the reference packaging could be explained by a softer 
vacuum used in packaging at the producers causing lower physical pressure on the product.However, 
in contrast to the HDPE and PP trays, both the top and bottom web of the reference packaging were 
flexible materials, assumedly causing the physical pressure on the product to be less pronounced for 
the reference. For both HDPE and PP, a CO2emitter resulted in lower drip losses. The effect of CO2level 
in the headspace on product drip loss has been investigated in previously published studies, though 
with ambiguous conclusions, indicating that variations in storage and packaging conditions are deci-
sive factors�[12-15]
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Figure 2: Drip loss (%) of all sample variants packaged in HDPE trays as a function of storage time.

Figure 2, comparing different packaging methods for HDPE trays, shows that the drip loss for HDPE-
60/40 and HDPE-skin were at a comparable level to the reference, while the lowest drip losses were 
measured for packagingin 100% N2 (with and without emitter) and for 60% CO2 /40%  N2with a 
CO2emitter. For most variants, there was only a small increase in drip loss during storage�

The effect of the CO2emitter on drip loss is also evident in MA-packaging with different levels of 
CO2as a packaging gas (Figure 2). CO2is a commonly applied packaging gas as it has an inhibitory 
effect on certain bacteria. However, due to the solubility of CO2into food products [11], at high con-
centrations absorption of CO2 into the product will result in under-pressure and package deformation.

[16] The physical squeeze on the product may cause increased drip loss of the product.[16] The slow 
generation of CO2 by the emitter compensates, to some extent, the CO2  absorbed by the product, 
explaining the lower drip loss for hot dogs in packaging with 100 % CO2and 60% CO2/40 % N2and 
CO2emitter. The image in Figure 3 shows the difference in appearance of vacuum packages with and 
without CO2emitter after 45 days of storage.
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Figure 3: Image of hot dogs vacuum packaged in HDPE-trays; with (left) and without (right) 
CO2emitter after 45 days of storage.

 

Figure4:Total viable counts (logCFU/g) forall packaging variants without CO2 emitter presented as a 
function of  storage time.



29th  IAPRI Symposium on packaging

Packaging for food and agriculture

The total viable counts for all packaging variants without CO2 emitter are presented in Figure4. At the 
time of packaging the TVC was comparable to or below the detection limit for the method. As expect-
ed, TVC of bacteria increased during storage, however all variants were still at low level, below 3 cfu/g 
until day 41. Up to this point, the measured levels are comparable to the reference. For the last two 
sampling times, day 45and 51, the differences between the packaging variants are more pronounced, 
though bacteria growth is still moderate. In fact, after 45 days of storage, HDPE-vac was the only 
packaging variant that was statistically different from the reference, while after 51 days, this was only 
the case for HDPE-N2 (according to One-way analyses performed for the different sampling times).

Figure5:Comparison of total viable counts (log cfu /g)for sample variants with and without CO2 
emitter at sampling time 51 days.

Figure 6: Main effects plot for TVC for factors “packaging material”, “active packaging” and 
“storage time” for hot dogs vacuum packaged in HDPE and PP trays vacuum with and without 

emitter.
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Figure 5 displays a comparison of the corresponding packaging variants with and without CO2emitter 
at the end of storage (sampling 51 days after packaging). Up to this sampling time, no clear effect of 
the CO2emitter on the microbial growth could be observed, but in order to have a shelf life of 51days, 
the emitter is required. In fact, packaging in HDPE in 100% N2 and 60%  CO2 /40% N2 with emitter 
both have a lower TVC than the reference, reflecting the antimicrobial effect of CO2. The main effects 
plot for TVC (Figure 6) show that the storage time and active packaging (CO2emitter) are the most 
important of the evaluated factors for TVC, while the differences between HDPE and PP systems 
areminor.

With regard to the more selective microbiological analyses it was found that both Enterobacteriaceae 
and Brochotrix thermospacta was at a level at/or below the detection limit of the method for all pack-
aging variants. For lactic acid bacteria almost all samples were at or below the detection limit until 
41days of storage. After this, storage in HDPE or PP trays without a CO2emitter had a higher LAB 
content compared to the reference, indicating that this group is an important contributor to TVC. This 
finding is in accordance with existing literature; LAB is known to be the main bacterial group associ-
ated with the spoilage of cooked meat products under anaerobic, refrigerated storage.[17-19]

Figure 7: Odour evaluation (score 0 – 9) for all packaging variants without a CO2emitter for 6 
different times of sampling during storage.
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The results from microbiological analyses show that the microbial quality of the product is acceptable 
throughout storage, this is reflected in the results from odour evaluation (Figure 7). The hot dogs were 
evaluated to be acceptable, in the range of 6-9 for all sample variants throughout storage of 51 days, at 
comparable levels to the reference. Only minor differences could be detected for the different materi-
als/packaging concepts. No clear cut effect of the CO2emitter on the sensory properties of the product 
could be documented (results not included). The packaging variants with highest score at the end of 
storage were HDPE-N2, HDPE-60/40 and skinpack.

Statistical analysis of the effect of packaging method, active packaging and storage time on drip loss, 
TVC, LAB and odour was performed (summary in Table 2), including all packaging variants in HDPE 
trays, revealed that that the packaging method has a significant effect on both drip loss and odour of the 
hot dogs. The packaging method had the greatest effect on product drip loss(76.84%),while for TVC, 
LA Bandodour, storage time was the most important factor.

Table 2: Overview of ANOVA results for Effect of packaging method: HDPE trays, different packag-
ing method (vacuum,MAP;100%N2,60%CO2/40%N2,100%CO2),with/ withoutCO2emitter. Prefers to 
packaging method,  A refers to the presence of active packaging device (CO2emitter), T refers to stor-
age time. The numbers are explained variances, numbers marked with stars (*) indicate a significant 
effect at a significance level of 5%.

Drip 
loss

TVC LAB Odour

Packaging method 
(P)

76.84* 3�55 1�72 3.82*

Active packaging (A) 5.70* 5.14* 5.40* 3.41*
Storage time (T) 1.12* 12.43* 22.13* 62.93*
P*A 5.90* 2�78 1�24 2.44*
P*T 0�95 7�54 9�81 11.18*
A*T 0�20 8.77* 10.57* 3.88*
Error 9�28 59�80 49�14 12�33
Total
R-sq 88�04 

%
22�97 
%

36�69 
%

84�12 
%

3	 Conclusion

This study demonstrates that recyclable mono-materials, such as PP and HDPE, can be applied for 
packaging of hot dogs. The TVC results show that after 41 days samples of all packaging variants 
were acceptable; both HDPE and PP trays and all tested packaging concepts. After 50 days of storage 
TVC was still at a low level (below log 3 cfu/g) for vacuum packaged samples in HDPE trays as well 
as for MAP in HDPE, at a comparable level to the reference. Evidently, this is a stable and not highly 
perishable product. The results show that both PP and HDPE can be suitable materials for packaging 
of hot dogs, however, experiments with vacuum packaging with flexible bottom web and a top web in 
the same, recyclable material is required in order to verify the technical and commercial suitability of 
the concepts.
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Replacing the packaging material of a high-volume product such as hot dogs to a simpler and recy-
clable mono-material, without contributing to increased food waste, may have significant positive en-
vironmental impacts in terms of increased material circularity and resource conservation. Further, the 
results from this study is a clear indication of the current over-usage of complex multi-layered materi-
als and unfulfilled potential for using recyclable materials for many products, without compromising 
food quality or contributing to increased food waste.
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Abstract: Plastic packaging is today made of various types of plastics that are laminated 
together. Different types of plastic materials are used in order to meet many specifications, 
which the individual plastic type cannot independently meet. In a circular economy, these 
laminated plastic packages are very difficult to recover. Recycling prefer packaging made of 
one type of plastic.  
The study has investigated and tested if it is possible to replace flexible laminated plastic films 
made of several plastic types with coated plastic film made only of one type of plastic. The 
new flexible plastic film shall be able to work in a circular economy and fulfil all packaging 
requirements as:
  

• Efficient barrier to various liquids and gases

• Flexible and retain its properties during use

• Weldable in existing packing machines

• Suitable for printing 

• Transparent

• Suitable for recycling after use

• Suitable for food contact

The Danish study indicate that coating technology today is well developed to be used in 
flexible packaging. But the coating technology demand un-elastic plastic materials as PET. 
PET already has a recycling system on the market. The challenge is welding on existing 
packaging machines. The study proposes several strategies to overcome the practical and 
technical challenges. 
The Danish Environmental Protection Agency under The Danish Ministry of Environment 
and Food has financed the study performed in 2018 to be published in the beginning of 2019.
Key words: Plastic packaging, Packaging for food & agriculture, Packaging machinery & 
systems, Packaging materials, Packaging sustainability

1 Introduction

Laminated plastic films are today used for packaging in order to accumulate all the advantages for 
each polymer in the laminate. Plastic and packaging industry have over many decades developed this 
technology in order to upgrade both quality and shelf life for the packed products. Mainly the food 
packaging industry use these laminates with great success. 
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The World is now working on implementation of a circular economy and the packaging shall be re-
sponsible of the packaging materials from cradle to cradle. But laminated plastic films have the great 
disadvantage that it is difficult to separate the different polymers after use. The challenge has different 
approaches and this project covers just one of these.

This project aim was to investigate possible developments of recyclable plastic films for packaging. 
The project focused finding polymer films made of almost 100% of the same polymer. 

The project has examined and test in a laboratory different coated plastic films made in the same plastic 
type in order to replace laminated plastic film made in several plastic types in existing bag packaging 
machines. In addition, it was examined how recycled plastic from these packaging films can form part 
of new films.
This new primarily recycled plastic packaging must be:

• Efficient barrier to various liquids and gases

• Flexible and retain its properties during use

• Weldable in the existing packing machines

• Be suitable for printing and be transparent

• Suitable for recycling after use

• Suitable for food contact

2 Flexible plastic packaging film technology

Flexible packaging is made of flexible films or foils that are pre-printed and wrapped around the prod-
uct. The film or foil is assembled with welding and in some cases the film / foil is not welded as e.g. 
some margarine and butter packs.

Figure 1� Flexible plastic bags

Figure 2. 3 different packaging machines using flexible plastic films
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In addition, there are semi-flexible and/or semi-rigid types of packaging which are not included in the 
purpose of this project, but which nevertheless form an essential part of the problem with laminates in 
household waste. These are the deep-drawn trays, which are typically used for fruits, vegetables, meat 
and many other products.

Most flexible bags are manufactured with a longitudinal welding. The film / foil is assembled and 
welded in two very different ways.

Figure 3. Two different welding methods for flexible plastic bags

• Fin seal: The inside of the film is assembled in a snip that is welded together. 

 This means that only the inside is in contact with the food. 

• Lap seal:  The film is assembled with an overlap. It gives a strong collection, but the 

 film will be welded on both sides. The outside also gets food contact.

3 Results and Discussion

3.1 Packaging barrier 

The packaging bag often acts as a barrier layer in order to have a controlled atmosphere maintained 
inside the pouch. 

The most important gasses in a modified atmosphere are:

• Water vapor / moisture:  To be kept outside the bag for dry products or moisture should be 

 kept inside the bag to avoid drying out and weight loss.

• Oxygen:  Typically, should be kept at an extremely low level inside the bag to 

 prevent the combination of oxygen, light and fats from harming 

 and/or discolouring the products.
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Products are more or less sensitive to these gasses. 

The project has used different plasma coating technologies as SiOx, AlOx and DLC in order to create 
an inexpensive and efficient barrier on flexible plastic films. The results are better than metallized films 
and still almost fully transparent. 

Figure 4. Plasma coating performance

3.2 Converting and welding

PA HDPE LDPE PP PS PET
PA

HDPE
LDPE

PP
PS

PET
Green = Acceptable welding

Yellow = Poor welding

Reed = None or almost none welding

Figure 5. Welding performance

Normal bag packaging machines use heat welding at temperatures below 180°C. The diagram in fig-
ure 6 is correct although all the polymers are thermoplastic. The reason PET does not weld is that the 
temperature is too low for PET to weld.
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Figure 6. Welding PET at different temperatures

PET behaves like other plastic films that are melted locally. The heat from the welding jaws causes the 
material to wrinkle. Therefore, the companies prefer a laminate consisting of two different materials 
with a certain difference in melting point.

3.3 Other properties

• Flexible and retain its properties during use

All polymers perform excellent. But some of the polymers are elastic and the elasticity is not 
acceptable when using plasma coating. The ultra-thin plasma coating has no mechanical strength 
which will result in cracks if the polymer is elastic. PET will then be a fine choice.

• Be suitable for printing and be transparent

All polymers are both printable and transparent. PET is almost crystal clear.

• Suitable for recycling after use

Recycling of PE, PP and PET is already in place on most market places.

• Suitable for food contact

Several recycling systems for later food contact are approved by the authorities. The market for 
rPET approved for food contact is generating higher prices than virgin PET.
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The conclusion of the project was that PET and later rPET is almost the perfect choice. However the 
welding was our real challenge in our project.

3.4 Creating weldable PET

The aim to weld PET on normal packaging machines at below 180°C are really a big challenge as PET 
first start to melt at 210°C. It is considered impossible to upgrade all packaging machines to higher 
temperature. Futhermore this will still not solve the wrinkling challenge making the bags looking like 
poor quality. 
The conclusion is that a PET packaging film still need a welding layer just as it is done commercial 
already.
The key to the solution is how much of another material is critical for a circular PET economy. We 
were informed that the critical amount is about 2%. However as even washed PET will still have some 
contamination and if the rPET contain already used rPET the amount will be built up in several circles. 
For these reasons the welding polymer need to be less than 1% of the total film. More than 99% need 
to be PET or rPET.
Possible solutions for the challenge are:

Figure 7. Coextrusion in two layers

Figure 8. Layers in different bag designs
1. Minimisation of welding layer

Under normal conditions a thin LDPE film is laminated (glued) on the PET film. This is only possible 
if the LDPE film is more than 10-20µ thick in order to have the needed mechanical strength under 
lamination. In consequence the PE amount in the film will be way over the limit. 
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If coextrusion is used for lamination the LDPE can be produced in only 1-2µ. In this case the film will 
contain 3-5% PE which still is too much.

2. Slot die coating

Figure 9� Slot die coating

Slot die coating can be used to apply a weldable plastic in a layer of only 50-200 nm on a packaging 
film that cannot weld itself. This plastic type must be able to bind on PET. There are a number of these 
special plastic types. 50-200 nm of this weld plastic will correspond to 0.1-0.5% of the total mass of 
the film.
Although the technology is promising the samples studied in the project was not totally even and did 
not have perfect transparency. 

3. Print and paint technologies

The polymer types mentioned above can also be applied to the plastic film by spray, paint or printing 
processes. These processes will also apply a very thin layer of another polymer to the base film.

o Painting processes will typically impose a layer of 1-10µ

o Printing processes will typically impose a layer of 0.1-2µ

The advantage of these processes is that one can apply the welding layer partially to the base film, so 
that the welding plastic will only constitute a fraction of the mass upon recovery.

In this project a solution with PETG was created. The liquid was applied on PET in a few microns. The 
specimens were dried, and the new film was able to weld without wrinkles. PETG was used because 
the material has a low welding temperature and PETG is also chemical near to PET. Other thermoplas-
tics with low welding temperature can be used too.
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4. Plasma technologies

Figure 10. Plasma coating

A theoretical possibility is also to plasma-coat an extremely thin weldable surface on a PET surface. 
The plasma coating shall create a thermo-plastic layer that is weldable.

 

Figure 11. Plasma coating creating layers of different chemistry

This plasma coating is in principle carried out in the same way as the plasma coating for the creation 
of a gas barrier. The difference is the chemistry that is imposed. When creating a welding layer, another 
chemistry (= second composition of ions forming the thin layer) must be used. Welding layers must 
be thermoplastic and have a melting point between 80-1400C. Plasma coatings are normally created in 
layers of 1-500 nm (=0.001-0.5µ). 

3.5 Thickness of welding layer

As already written circular material economy of PET demand a maximal contamination of max. 2% 
other materials. But there is also a lower limit.
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Figure 12. Pin holes in plastic bags
Next to the fins and wrinkles empty volume (pin holes) is created. These pin holes shall be closed with 
the surplus of the melted welding polymer. The size of these pinholes and the extra welding film is also 
a product of the jar pressure in the welding process. 
In order to have this surplus of melted polymer the welding film cannot be too thin. 

4 Conclusion

The conclusion of this project was that the printing technology is the most promising for several rea-
sons:

• The amount of the polluting welding material can be minimised as the welding layer is only 
applied in areas needed�

• Modern lamination is often done together with the printing and by using this method the 
methods can be included in the same operation.

• It is possible to create an efficient circular economy for PET packaging

Figure 13. Circular PET economy
The project has not been completed. It is the plan to proceed the development of the printing technol-
ogy in order to develop:

• Water-based welding polymer able to be printed om PET

• Printing technology

• Performance testing of different systems
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Abstract: Polyethylene terephthalate (PET) has been widely used as packaging material 
due  to its versatility, durability and low cost. It also owns good barrier properties. Various 
processing methods such as physical vapor deposition and chemical vapor deposition with 
nanoparticles have been used to optimize the barrier properties of different polymers. In this 
study, ultrasonic spray coating – a wet chemical deposition method – is employed to deposit 
zinc oxide nanoparticles (ZnO NPs) on a commercial PET film in order to enhance its oxygen 
barrier properties. To achieve a uniform coated layer of ZnO NPs on the PET substrate, the 
ink concentration and spray coating parameters were both optimized. An ink with 2.5 wt.% 
ZnO NPs was prepared in polyvinyl alcohol (PVA), isopropanol (IPA) and de-ionized (DI) 
water. The spray coating process was optimized for following parameters: path speed (10 mm/
sec), pump flow rate (0.1 ml/min), generator power (2.5 Watts), nozzle to substrate distance 
(75 mm), hot plate temperature (30°C) and amount of coated layers (50x). Scanning electron 
microscopy (SEM) results showed a good coated layer of ZnO NPs on the PET substrate. 
Oxygen transmission rate (OTR) tests were performed at 23°C and 0% relative humidity 
(RH). This study demonstrates that the OTR value of 50x ZnO NPs coated PET substrate is 
decreased by only 5% as compared to neat PET substrate.

Keywords: polyethylene terephthalate, zinc oxide nanoparticles, ultrasonic spray coating, 
oxygen transmission rate

1 Introduction

Due to excellent end-use properties, polyethylene terephthalate (PET) has a broad range of commercial applications[1]. In 
the food packaging sector, PET is amongst one of the highly demanded  packaging  materials.  In  order  to  enhance  the  
barrier  properties  of  this  material   ̶ like oxygen (O2), carbon dioxide (CO2) and water vapor barrier properties   ̶  a lot 
of research is conducted. Different nanoparticles are deposited on polymers through different deposition methods such as 
physical vapor deposition (PVD) and chemical vapor deposition (CVD). Among the nanoparticles, ZnO nanoparticles have 
been increasingly studied due to  their unique properties. However, the deposition of a uniform coated layer of nanoparti-
cles on a polymer substrate is a crucial step in their applications

*Correspondence to: Mohsin Abbas, Packaging Technology Center, IMO-IMOMEC, Hasselt University. mohsin.abbas@uhasslt.be
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Due to low utilization of materials and large scale production, spray coating is a versatile deposi-
tion technique that allows to create thin films by manipulating the spray coating parameters[2]. Spray 
coating is already recognized in many coating industries and is being researched in various emerging 
applications of nanotechnology which includes, OLEDs[3], organic[4] and hybrid (perovskite)[5] solar 
cells, and carbon nanotubes[6], etc.
In this study,our research focus was to optimize the ultrasonic spray coating process concerning the 
deposition of ZnO NPs on PET substrate and then to study the oxygen barrier properties of the coated 
PET substrate.

2 Goal of the research

The goal of our research was to improve the oxygen barrier properties of ZnO NPs coated PET sub-
strates by using ultrasonic spray coating method.

3 Execution of the research

ZnO nanoparticles (20 wt.% dispersion in water), and polyvinyl alcohol (PVA) with average Mw = 
146,000-186,000, were purchased from Sigma Aldrich. For spray coating experiments, the concentra-
tion of ZnO NPs dispersion was optimized to 2.5 wt.% ZnO NPs solution prepared with PVA, IPA and 
DI water. PET foil with 125 micron thickness, was purchased  from DuPont Teijinfilms.
First of all, PET sheet was cut into dimensions of 3.5 cm x 3.5 cm. For substrate cleaning, the beaker 
was first washed with DI water. Then PET substrates were immersed in soapy water solution for 15 
min sonication, followed by sonication in DI water for 15 min. This step was repeated again with 
fresh DI water. Later on, these PET substrates were soaked with acetone for few seconds and were 
then immersed in IPA, followed by 15 min sonication. Finally, PET substrates were dried in air with 
a nitrogengun. An ultrasonic spray coater from Sono-Tek corporation (USA), equipped with an Ac-
cuMist™ system of ultrasonic spraying nozzle, as shown in Figure 1, was used to coat ZnO NPs on 
the PET substrate. This ultrasonic spray coater applies harmonic vibrations to convert the liquid into 
an aerosol. Standing waves are created in the liquid by these vibrations at the atomizing surface of the 
nozzle, as shown in Figure 2. AccuMist™ nozzle system maintains a precise control of the coating at 
the required flow rate.

                  

Figure 1 Sono-Tek ultrasonicspraycoater                           Figure 2 Ultrasonic atomizationprinciple[2]
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The surface morphology of the ZnO NPs coated samples was examined using a FEI Quanta 200F - 
scanning electron microscope (SEM), USA. A Mocon Ox-Tran® was used to measure oxygen trans-
mission rates (OTR – cc/m2-day) of neat and 50x ZnO NPs coated PET samples. These samples were 
prepared in the form of aluminum masks of surface area of 5 cm2. The operating conditions used for 
the OTR tests were 23°C and 0% relative humidity (RH) respectively. In OTR tests, the samples were 
exposed to oxygen on one side and to a carrier gas (N2) on other side, keeping both sides at a pressure 
of 1 atm as represented in Figure 3.

Figure 3 Schematic process diagram of Mocon Ox-Tran®[7]

4 Results and conclusions

Numerous experiments were performed in order to optimize the operating parameters of the spray 
coater like path speed (mm/sec), pump flow rate (ml/min), generator power (watts), nozzle to substrate 
distance (mm), hot plate temperature (°C) and the amount of ZnO NPs coated layers. These optimal 
parameters, listed in Table1, were fixed throughout all experiments.

Table 1. Optimal parameters of the spray coater

Operating parameters Optimal 
value

Path speed (mm/sec) 10

Pump flow rate (ml/min) 0�1

Generator power (Watts) 2�5

Nozzle to substrate distance (mm) 75

Hot plate temperature (°C) 30

Amount of coated layers 50

From SEM characterization, top side and cross-sectional images of 50x ZnO NPs coated PET substrate 
were obtained as shown in Figure 4 (a), (b) respectively, which shows a nice coated layer of ZnO NPs 
on the PET substrate.
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Figure 4 (a) SEM top image from  the top side  (b) cross-sectional SEM image of  50x ZnO NPs  
coated PETsubstrate

The OTR tests of neat and 50x ZnO NPs coated PET substrates were repeated three times. The results 
showed a slight decreasing trend in OTR value of ZnO NPs coated PET samples. OTR values of neat 
and coated samples were obtained as 12.2±0.3 and 11.6±0.2 cc/[m2-day], respectively. This slight 
decrease of 5% in OTR value could be ascribed to the reason of less tortuous path available for small 
oxygen molecules to pass through the coated layer and less interfacial interaction of ZnO NPs with the 
substrate�
In conclusion, ultrasonic spray coating technique was adopted to deposit ZnO nanoparticles on PET 
substrates. Under optimized conditions of the spray coater, a 2.5 wt.% ZnO NPs solution was used for 
spray coating the PET substrate with 50x coated layers. A nice coated layer of ZnO NPs was obtained. 
However, due to less tortuous path available to small oxygen molecules passing through the coated 
layer, only 5% reduction in OTR is observed upon comparing the OTR results of neat and 50x ZnO 
NPs coated PET substrates, which could indicate a low-dense coating through which oxygenperme-
ates�

5 Recommendations

For future work, a further improvement in the oxygen barrier properties could be acquired by surface 
modification of the substrate and/or optimization of the spray coating process. Our research results 
could be supportive for future research in employing ZnO nanoparticles via ultrasonic spray coating 
technique regarding the gas barrier properties of the packaging materials.
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Abstract: Properties of virgin and post-consumer bottle recycled poly (ethylene terephthalate) 
(vPET/RPET) films prepared by extrusion blending were studied by DSC, TGA, colorimetry 
and tensile test. Furthermore, properties and morphology (XRD and TEM) of vPET/RPET 
nanocomposites with a high RPET proportion were studied. The index of opacity and the color 
of the films were slightly increased by RPET addition and even more with the incorporation of 
commercial nanoclays. Nanocomposites showed a combined intercalated/tactoid morphology. 
On the other hand, decrease of the stiffness and tensile strength of the vPET/RPET films 
without clay was caused by increasing RPET proportion. Incorporation of nanoclays at studied 
proportions increased elastic modulus but decreased tensile strength due to formation of 
tactoids. Ductility by stress oscillation was promoted with the increase in the concentration of 
RPET but the presence of clay inhibited it.

Keywords: post-consumer recycled polymers, poly (ethylene terephthalate) (PET), extrusion 
blending,  nanoclays

1 Introduction

Polyethylene terephthalate (PET) is one of the most widely used thermoplastic polymer due to its 
low cost, recyclability and attractive optical, thermal, mechanical and barrier properties, such 
as transparency, water resistance, high strength/weight ratio and low gas permeability[1,2]. The 
main applications of this semicrystalline polymer have been related to textile industry and the 
manufacturing of bottles and containers[3]. PET production increased dramatically from 13 mil-
lion tons in the late 90’s to 56 million tons in 2013[4,5]. This rise has implied high amounts of 
PET waste that has generated great interest in post-consumer recycling, beneficial fact from both 
environmental and economical point of view. According to the study conducted by Grand View 
Research in 2017[6], the demand for recycled PET (RPET) in the global market was around 8400 
kilotons in 2016 and an annual growth rate of 6.9% is foreseen in the period 2017-2025.
The post-consumer reprocessing of PET is limited by the deterioration of its physical-mechanical 
properties due to the reduction of molar mass and viscosity of recycled polymers derived from 
the cleavage of the chains during processing [7]. Incorporation of organoclays in extruded blends 
based on vPET and a high proportion of RPET could be an alternative to increase the use of 
RPET in the industrial formulations and obtain a material with adequate properties, reduce costs 
and comply with the increasingly stricter regulations regarding the disposal of plastic waste. 
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The incorporation of nanoclays has been studied in vPET or RPET but its use into extruded 
blends of these polymers have never been published [8,9]. For this reason, in this work, the effect 
of increasing RPET proportions and the reinforcement of the vPET/RPET blend with commer-
cial nanoclays on the optical, morphological, thermal and mechanical properties of PET com-
posites were studied.

2 Experimental section

2.1 Materials and nanoreinforcements

vPET in pellet form and recycled post-consumer RPET from bottles in flakes were supplied by 
Sinopec Yizheng Chemical Fibre LLC (intrinsic viscosity: 0.80 ± 0.02) and Integrity-Chile, respec-
tively. RPET is a mix of colorless and some blue and green tinted flakes. Commercial nanoclays 
Cloisite® 30B and Cloisite® 10A were purchased from Southern Clay Products, Inc. Both of 
them are montmorillonites organically modified. 

2.2 Preparation of vPET/RPET blends and PET nanocomposites

vPET pellets and RPET flakes were previously dried in an oven at 100 °C for 24 h. The clays were also 
dried at 40 °C under vacuum for 24 h because moisture can hydrolyze PET in the melt phase reducing 
molecular weight. vPET/RPET films were prepared at ratios: 80/20, 60/40, 40/60 and 20/80 wt% in a 
twin screw extruder LabTech Scientific LTS-20-40 (Bangkok, Thailand) equipped with a 20 mm-di-
ameter screw and with an L/D ratio of 40:1. The temperatures ranged from 265 to 275 °C (from feed 
to die zone). Control films vPET, RPET and vPET/RPET composites were extruded at the same con-
ditions. Nanoreinforced vPET/RPET blends were extruded at mass ratio 20/80 with C30B and C10A 
nanoclays at 3 and 5wt%, respectively. 
The components of each blend were homogenized before feeding into the hopper. The extrusion pro-
cess parameters are shown in Table 1 and were adjusted owing to work with a torque around 45-55%. 
The thickness was calculated as the average of ten measurements carried out in different points of each 
film.

Table 1. Extrusion parameters for obtaining PET films.

Extruded
films

Composition Screw speed Torque Thickness
(%) (rpm) (%) (µm)

vPET 100 30 45 125 ± 7

80vPET/20RPET 80/20 35 45 64 ± 12

60vPET/40RPET 60/40 70 55 94 ± 18

40vPET/60RPET 40/60 100 55 93 ± 14

20vPET/80RPET 20/80 115 55 94  ± 10

RPET 100 140 55 100 ± 9

20vPET/80RPET/3C30B 20/80, 3 wt% 150 55 92 ± 17

20vPET/80RPET/5C10A 20/80, 5 wt% 150 55 101 ± 12
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2.3 Characterization of nanofillers and PET films

XRD patterns were measured using a Siemens Diffractometer D5000 (30 mA and 40 kV) using CuKα 
(λ = 1.54Å) radiation at room temperature. All scans were performed in a 2θ range 2–10° at 0.02° min-

1. The interlaminar distance (d001) was calculated by the Bragg’s Law.

The morphology of the PET nanocomposites was studied using a transmission electron microscope 
Philips Tecnai 12 Biotwin with accelerating voltage at 80 kV. Samples were supported on acrylic resin 
and ultrafine sections of the films were cut with an ultramicrotome Leica Ultracut R equipped with a 
diamond knife.

Thermal properties were also analyzed. Thermogravimetric analyses (TGA) were carried out using a 
Mettler Toledo Gas Controller GC20 Stare System TGA/DCS. Samples (ca. 6 mg) were heated from 
30 to 800 °C at 10 °C min-1 under nitrogen atmosphere (flow rate 50 mL min-1). Differential Scanning 
Calorimetry (DSC) analysis was also performed with a Mettler Toledo DSC-822e calorimeter under 
nitrogen atmosphere. First heating thermogram was obtained from 25 to 300 °C with 10 °C min-1 heat-
ing rate. Sample weight was about 6-8 mg. The degree of crystallinity (Xc) of the films was deduced as 
Xc = % crystallinity of the film = 100 x [(ΔHm – ΔHcc) / ΔH0

m][10]�    
                        
The film color was measured using a CR-410 Minolta chroma-meter colorimeter. The color values 
were evaluated in CIELAB scale. A white standard color plate was used as the background for color 
measurements. D65 illuminant and 2° observer (L*= 97.78; a*= -0.02 y b*= 1.89) was used for analysis. 
Each analysis was performed in six replicates and results reported the average value. The total color 
change ΔE with respect to the vPET film was calculated as follows: ΔE*= [(ΔL*)2+ (Δa*)2+ (Δb*)2]1/2�
 
The opacity index of films was also determined in a UV-Vis spectrophotometer UVmini-1240 (Spec-
troquant® Pharo 300, Darmastadt, Germany). The opacity index was calculated as the quotient be-
tween the absorbance value at 600 nm and the film thickness in mm[11]�

Tensile properties were measured using a ZwickRoell (model BDO-FB 0.5 TH, Ulm, Germany) Ten-
sile Tester, according to ASTM D-882. The initial grip separation was 12.5 cm and the crosshead speed 
used was 12.5 mm min-1 with a stepwise increase to 100 mm min-1 when a 5% drop in maximum force 
occurred[12]. Results are the average of ten measurements for each film. Tensile test data was analyzed 
using Statgraphics Plus 5.1 to implement variance analysis ANOVA and Fisher’s LSD test. Differences 
were considered significant at p ˂ 0.05.  

3 Results and discussions

3.1 Structural Properties

Diffractograms of both nanoclays presented characteristic peaks at 4.80° and 4.62° that corresponded 
to basal spacing of 18.4 Å and 19.1 Å for C30B and C10A, respectively (Fig. 1). Nevertheless, the 
presence of two peaks in the nanocomposites diffractograms revealed a partially intercalated morphol-
ogy. TEM analysis confirmed the presence of intercalated structures and tactoid agglomerates in the 
nanocomposites (Fig. 2). The number of particles observed in the micrographs is consistent with clay 
proportion in nanocomposites. 
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Figure 1. XRD diffractograms of nanoclays and PET nanocomposites.

Figure 2. TEM morphologies of nanocomposites (a,b) 20vPET/80RPET/3C30B and (c,d) 
20vPET/80RPET/5C10A. Low (11500X) and high (60000X) magnification at left and right, 

respectively.
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3.2 Thermal properties
Thermal parameters during first heating process of vPET/RPET blends and vPET/RPET nanocompos-
ites are presented in Table 2. The glass transition temperatures of all samples were approximately 70 
°C and the cold crystallization or rearrangement of the amorphous zones took place between 118 and 
125 °C. 
vPET/RPET blends had similar thermophysical properties to those of the vPET but with a higher de-
gree of crystallinity. This fact was already observed in other studies and can be due to the presence of 
shorter RPET chains from the degradation that can act as nucleation agents in the PET blends during 
the film formation[13,14]. In addition, the formation of a more ordered structure with the incorporation of 
the RPET was verified by the displacement of melting temperature to higher values. Nonetheless, ther-
mophysical parameters and crystallinity of nanocomposites were similar to those of the corresponding 
vPET/RPET blends without nanofillers. This fact indicated that nucleating effect of nanoclays at the 
studied proportions was not significant during film formation.

Table 2. Calorimetric and crystallinity data for PET films.
Films Tg (°C) Tcc (°C) Tm (°C) Xc (%)

vPET 70.6 ± 0.4 121.6 ± 0.6 245.4 ± 1.1 10.3 ± 0.9
80vPET/20RPET 69.3 ± 1.3 118,0 ± 0.8 248.9 ± 0.3 13.2 ± 0.7
60vPET/40RPET 70.6 ± 0.8 121.8 ± 2.1 247.9 ± 1.2 14.9 ± 0.8
40vPET/60RPET 70.1 ± 0.8 118.7 ± 0.9 248.3 ± 0.4 13.5 ± 0.2
20vPET/80RPET 72.9 ± 0.6 125.2 ± 0.5 251.6 ± 0.3 13.6 ± 0.4
RPET 72.4 ± 1.5 125.0 ± 1.3 250.8 ± 0.4 11.6 ± 1.7
20vPET/80RPET/3C30B 71.2 ± 0.4 123.3± 0.1 250.5 ± 0.0 13.0 ± 0.0
20vPET/80RPET/5C10A 70.2 ± 1.7 118.9 ± 1.0 250.9 ± 0.5 12.6 ± 0.0

 
Differences in thermophysical properties were significant at RPET percentages above 60%. This fact 
was attributed to a greater presence of traces of contaminants in the RPET and its widest molar mass 
distribution due to degradation. The pollutants in the RPET corresponded to some labels, screw caps 
and post-consumer bottles. These traces were identified as semicrystalline polypropylene, low density 
polyethylene and polyvinyl chloride by DSC.

The thermogravimetric parameters are presented in Table 3. The mass loss of the pure RPET and the 
vPET/RPET blends started at a slightly lower temperature than pure vPET film because post-consumer 
polymers commonly present shorter polymeric chains due to polymer degradation during processing. 
Nevertheless, any tendency was shown with increasing RPET ratio. The release rate of volatiles de-
duced as the percentage of weight loss divided by the temperature difference between Tonset and Td was 
around one percent weight loss per °C in all the films without clay. The differences in the values may 
be due to the compositional heterogeneity or presence of contaminants in the RPET. 

Regarding to PET nanocomposites, degradation occurred at lower temperatures than vPET/RPET 
without nanofiller. Similar results were obtained by de Lima et al. for vPET/C30B nanocomposites[15]� 
Probably the earlier degradation of nanoclays slightly advanced early degradation of nanocomposites, 
although temperatures of maximum degradation of all films were pretty similar.
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Table 3. Thermal parameters obtained from TGA curves of PET films.

Films Tonset

 (°C)
Td

 (°C)
Volatile release rate

 (%wt. loss °C-1)
vPET 401�9 441�4 1�11
80vPET/20RPET 385�0 441�3 0�90
60vPET/40RPET 398�0 443�0 1�00
40vPET/60RPET 397�3 435�9 1�30
20vPET/80RPET 401�4 441�2 1�08
RPET 400�1 440�5 1�06
20vPET/80RPET/3C30B 383�0 440�5 0�75
20vPET/80RPET/5C10A 372�2 439�4 0�63
Tonset corresponds to temperature which mass loss was 2.5% according to Wang et al.[16]. Td is the temperature at the maximum degra-

dation rate�

On the other hand, the volatiles release rate decreased with the presence of the nanoclays. This phe-
nomenon can be due to the fact that the silicate platelets exerted a barrier function of the volatile 
molecules resulted from the thermal degradation of PET[17,18]. The physical barrier provided by the 
clay lamellas could influence the rate of reduction of radical formation and restrict the mobility of the 
polymer chains, as well as the diffusion of volatiles by increasing the mean free path[19-21]. This barrier 
effect was more pronounced in the 20vPET/80RPET/5C10A nanocomposite, where the lowest volatile 
release rate was recorded, possibly related to a higher concentration and dispersion of the clay platelets 
in the polymer matrix, which are determining factors in the generation and release of decomposition 
products [16]�
The degradation of the ammonium modifier in the organoclays can occur through the Hoffman elimi-
nation reaction and/or the presence of residual metal compounds on the surface of the clay that accel-
erate the degradation reactions of the PET [15,22]�

3.3. Optical Properties

The color difference (ΔE*) of vPET/RPET blends and vPET/RPET/clay nanocomposites was deter-
mined respect to the vPET film. Color parameters L*, a*, and b* values of blends with RPET con-
centrations above 60% changed significantly, as is shown in Table 4. The L* is the color coordinate 
which represents the lightness of the samples from 0 (black) to 100 (white) and can be measured in-
dependently of the color hue. Any decrease in the lightness of the samples could be interpreted as the 
less reflectance of the particles. a* and b* values are the chromaticity coordinates, where +a* is the red 
direction, -a* is the green direction, +b* is the yellow direction and –b* is the blue direction.  Color 
changes occurred to the red and yellow tones. However, ΔE* was less or equal than 1 for any vPET/
RPET mass ratio. This change is not sensitive to the human eye because the perception of the color 
difference only distinguishes values of ΔE  greater than 1-3[23]. A tendency to increase the opacity index 
was also observed with the incorporation of RPET but differences were not significant. 
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Table 4. CIELAB color coordinates, color variation and opacity index of PET films.

Films L* a* b* ΔE* Opacity

vPET 98.68 ± 0.24 0.02 ± 0.02 1.9 ± 0.0 - 0.39 ± 0.04

80vPET/20RPET 98.45 ± 0.99 0.00 ± 0.02 1.8 ± 0.1 0.89 ± 0.27 0.52 ± 0.09

60vPET/40RPET 98.40 ± 0.45 0.00 ± 0.03 2.0 ± 0.1 0.51 ± 0.17 0.53 ± 0.13

40vPET/60RPET 97.97 ± 0.82 0.05 ± 0.02 2.1 ± 0.1 1.02 ± 0.21 0.64 ± 0.11

20vPET/80RPET 97.79 ± 0.14 0.10 ± 0.02 2.5 ± 0.1 0.81 ± 0.09 0.56 ± 0.07

RPET 97.75 ± 0.12 0.11 ± 0.03 2.6 ± 0.1 0.93 ± 0.13 0.47 ± 0.04

20vPET/80RPET/3C30B 95.74 ± 0.38 0.16 ± 0.01 4.2 ± 0.3 3.41 ± 0.49 0.90 ± 0.20

20vPET/80RPET/5C10A 97.11 ± 0.24 0.49 ± 0.07 4.2 ± 0.3 2.63 ± 0.38 0.80 ± 0.16

Regarding the effect of the incorporation of nanoclays, the color and the opacity values of the nano-
composites increased with respect to corresponding vPET/RPET control blend without nanofiller. The 
presence of the silicate layers reduced the transparency of the films especially because an exfoliation 
of the clay platelets was not achieved as showed for nanocomposites (Fig. 2). Furthermore, the melting 
process can also cause a thermal decomposition of the alkyl-ammonium ions which are usually part 
of the modified clays, as verified by a reduction of the interlaminar distance between the clay platelets 
detected by XRD (Fig. 1). The products of decomposition accelerated the degradation of the polymer 
that influenced the color of the material [24-26]�
The type of nanofiller also affected differently. Nanocomposites with C10A at 5% (w/w) registered 
lower values of ΔE* than samples with C30B at 3% (w/w) which showed the greatest effect on the 
coloration. This is in agreement with Fornes et al.[27], whose work have also pointed out that an organic 
modifier with hydroxyl-ethyl groups instead of methyl groups and non-hydrogenated tallow substitu-
ent chains, such is the case of the chemical structure of C30B, produced more significant color changes 
in nanocomposites due to unsaturations in the alkylammonium surfactant and hydrolysis reactions.

3.4 Mechanical Properties 

Mechanical parameters of the films were deteriorated by the incorporation of RPET in comparison 
with the pure vPET, as is shown in the Table 5. Tensil strength and Young’s modulus presented a 
statistically significant decrease when RPET concentration was above 80 %wt. On the other hand, 
although the addition of nanoclays to blends 20vPET/80RPET increased significantly the elastic mod-
ulus, a decrease of the tensile strength of nanocomposites occurred probably due to agglomeration of 
the clay sheets. This stacking hindered the adequate dissipation of the energy during the tensile test, 
as reported by Carotenuto et al.[28] for polyethylene of low density nanocomposites. Regarding to the 
elongation at break, values obtained for most blends and nanocomposites were quite similar, excepting 
vPET, 60vPET/40RPET, 20vPET/80RPET and RPET films, whose values were higher owing to stress 
oscillation effects occurred in some strips of these samples which increased ductility (Table 5).  
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Table 5. Mechanical properties of PET films and blends.

Films
Young’s 
Modulus Tensil Strength Elongation at break Number of cases 

with 
(N mm-2) (N mm-2) (%) SO

vPET 1954 ± 
127cde 48.1 ± 2.4f 4.0 ± 2.6a 1

80vPET/20R-
PET 1929 ± 93cd 44.6 ± 2.4de 3.5 ± 0.8a 0

60vPET/40R-
PET

2037 ± 
147ef 42.9 ± 4.4cd 4.1 ± 3.5a 2

40vPET/60R-
PET

1873 ± 
152bc 43.0 ± 3.8cd 3.2 ± 0.5a 0

20vPET/80R-
PET

1776 ± 
204ab 46.3 ± 3.7ef 5.9 ± 9.1a 3

RPET 1728 ± 
259a 37.9 ± 4.4ab 19.1 ± 57.1b 2

20vPET/80R-
PET/3C30B

2029 ± 
132def 41.5 ± 5.8c 2.4 ± 0.5a 0

20vPET/80R-
PET/5C10A

2059 ± 
184f 40.6 ± 6.4bc 2.4 ± 0.4a 0

Values correspond to the average of 20 measurements and its standard deviation. Lower case letters a-f indicate significant differences 
among the values of the same parameter between different films (p< 0.05).

The occurrence of SO depends on: i) the physical properties of the polymer; ii) conditions of deforma-
tion, such as the deformation rate and temperature; and iii) the presence of a preformed neck or weak 
points that favor the formation of necking. Nonetheless, the causes of the SO are still controversial and 
are not completely clarified[29,30]�
The number of SO cases tended to increase with the presence of RPET, but the incorporation of clay 
hindered its appearance (Table 5). Depending on the dispersion degree, organoclays would create 
stress zones where there is no adequate dissipation of energy and premature fracture of the material 
occurred. Moreover, clay platelets may reduce the mobility of the polymer chains and inhibit the plas-
tic deformation in the nanocomposites.

4 Conclusions

In regard to vPET/RPET blends, DSC parameters were similar to those of the vPET up to 60% RPET. 
Tonset was slightly decreased with addition of RPET but any tendency was shown. The color difference 
of the films towards the red and yellow tones was not perceptible to the human eye and the opacity was 
unchanged with the increase of RPET. However, elastic modulus and the tensile strength were reduced 
by RPET addition, especially at concentrations greater than 80%.
On the other hand, morphology of nanocomposites was a combination of intercalated and tactoid 
structures. Incorporation of clays in 20vPET/80RPET blend caused an increase in the color difference 
less significant when Cloisite 10A was used and an increase of the elastic modulus.
No relevant changes were observed for elongation at break values of vPET/RPET films, except when 
stress oscillation phenomenon occurred during tensile tests. SO phenomenon was promoted by in-
creasing RPET concentration and higher deformations were registered. However, stress oscillations 
were inhibited by incorporation of clay that possibly created tension zones and produced premature 
breakage of the material.
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Optimization of the gas composition for an extended shelf life 
of fresh shiitake (Lentinula edodes) stored at room

temperature

Susanna Miescher, Selçuk Yildirim*

Life Sciences and Facility Management, Zurich University of Applied Sciences, Campus Reidbach, 
8820 Waedenswil, Switzerland

Abstract: Fresh shiitake have a shelf life of approximately three days when displayed in the 
shops at room temperature. One approach to extend the shelf life of mushrooms includes 
the control of the ambient gas composition through modified atmosphere packaging. A 
change in the ratio of the permeability for carbon dioxide and oxygen of the packaging, the 
beta- value, would allow a specific permeability and thus the adjustment of the optimum gas 
composition for the highly respiring shiitake. However, there is a lack of agreement in the 
literature considering the optimal gas composition for the storage of mushrooms, in particular 
for shii take. The aim of the present study was to determine the optimal gas atmosphere for an 
extended shelf life of fresh shiitake at room temperature. To determine the most eligible gas 
atmosphere, shiitake were stored in an air tight tent for 96 hours in gas compositions kep tata 
constant level with 2-10%O2 combined with 30-60% CO2, with the range based on the results 
of a preliminary study. The quality of the shiitake was examined before and after storage on 
the quality parameters color, texture, weight loss, and development of the mushrooms. All 
tested gas mixtures caused a smaller change in color and development stage compared to the 
mushrooms stored under ambient gas composition. 2% O2+ 40% CO2 significantly reduced the 
darkening of the veil to ΔL* values of -8.39 ± 0.6 compared to normal atmosphere with ΔL* 
values of -35.76 ± 1.41. Additionally, this gas atmosphere showed an inhibition of texturals 
often in gand weigh tloss. Overall, oxygen values of 1-4% and carbondioxide values of 30-
50% were shown to be most suitable to prolong the shelf life of shii take stored at room 
temperature.

Keywords: shiitake, shelf life, modified atmosphere packaging, controlled atmosphere

1 Introduction

Fresh mushrooms have a limited shelf life of about one to three days at room temperature. This leads 
to major challenges in their distribution and uncooled retail offering [1]. The rapid quality loss is in-
duced by their high metabolic activity, respiration rate and moisture content [2]. Various approaches 
to extending shelf life have been described in literature. Modified atmosphere packaging (MAP) of 
mushrooms has been shown to influence product’s deterioration. Lowering the oxygen content and 
increasing the carbon dioxide concentration may reduce the respiration rate and thus slow down the 
physiological development of the mushrooms [3-5]. However, data on the optimal gas composition 
for shiitake are contradictory and are mostly in combination with the reduction of temperature. This 
makes it difficult to optimize the permeability of the packaging to extend the shelf life of shiitake at 
room temperature.
*Correspondence to: Prof. Dr. Selçuk Yildirim, Life Sciences and Facility Management, Zurich University of Applied Sciences, Campus Reidbach, 8820 
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2 Goal of the research

The aim of the present study was to determine the optimal oxygen and carbon dioxide composition for 
fresh shiitake at room temperature. Therefore, different gas combinations were systematically tested 
on their influence on the quality of shiitake.

3 Execution of theResearch

Fresh shiitake were stored in an airtight PVC tent of a volume of 75 liters (Captair Pyramid 2200 
ANM, Erlab, Val-de-Reuil Cedex, France) for 96 hours at room temperature. Gas compositions of 2% 
O2/30% CO2, 2% O2/40% CO2, 2% O2/50% CO2, 2% O2/60% CO2, 5%
O2/40% CO2, 10% O2/40% CO2were kept at a constant level by gassing every 24 hours. CO2 and O2 
concentrations as well as temperature and relative humidity were monitored throughout storage. Shii-
take were analyzed for color, texture, weight loss and development characteristics at time 0 and after 
96 hours.

4 Results andconclusions

Modified atmosphere packaging with low O2concentrations (<10%) combined with high CO2 concen-
trations (³30%) resulted in delayed deterioration of shiitake. The discoloration of the velum over the 
storage period wassh own to be dependent on the gas composition. An increase of the O2content to 
5% and 10% caused a stronger change of color, while a CO2content of 30% and more led to a reduced 
browning of the velum. 2%O2+ 40% CO2 significantly reduced the darkening of the veil to ΔL* values 
of -8.39 ± 0.6 compared to normal atmosphere with ΔL* values of -35.76 ± 1.41. Textural softening  
of the shiitake was significantly lower in all modified atmospheres. In addition, development of the 
mushrooms, and thus the bending of the cap edge, slowed down, which can be attributed to the high 
CO2content [3,5].

5 Recommendations

In the development of an adapted permeability of the packaging material for fresh shiitake, a gas com-
position in the range of 1-4%O2 and 30-50 % CO2 should be reached in the packaging.
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Spoilage bacteria on chicken fillets packaged with different 
atmospheres

Anlaug Ådland Hansen*1, Birgitte Moen,1, Solveig Langsrud,1 1 Nofima, Ås, Norway

Abstract: It is important to ensure good quality preservation of refrigerated stored food, to 
obtain a sustainable, safe and economically profitable production chain. Fresh chicken is an 
increasingly popular source of muscle foods, but the shelf life is limited by bacterial spoilage. 
Increased knowledge of the initial microbial composition and factors that affect the microbial 
development, like packaging and storage temperature, can be used to improve shelf life. The 
aim of the study was to describe and define the most important spoilage bacteria on chicken 
fillets packaged with 100% N2and 60% CO2/40% N2�
Several bacteria represented by seven genera (Carnobacterium, Pseudomonas, Serratia, 
Hafnia, Brochothrix,
Lactococcus and Shewanella) were isolated from chicken fillets from two different producers. 
Their spoilage potential was investigated by inoculating them on fillet pieces prepared under 
strictly hygienically conditions, packaged with modified atmosphere (N2with or without CO2) 
and stored at 4 °C (13 days). A HDPE tray (RPC Bebo, Norway) with Biaxer top web (Wipak 
Oy, Finland) were used (tray sealing machine T200, Multivac, Germany). The gas/product 
volume ratio was 4/1. The fillets were sampled after storage and analyzed by headspace gas 
analysis (Checkmate 9900 O2/CO2analyzer, PBI Dansensor, Denmark), bacterial plate count 
(PCA, Oxoid, U.K.), high-throughput sequencing of bacterial 16S rDNA (MiSeq, Illumina), 
sensory profile of odour attributes (10 trained assessors), and volatile components (dynamic 
headspace GC-MS).
The results showed that growth of Pseudomonas, Hafnia and Serratia genera were inhibited 
by CO2� Fillets inoculated with either Hafnia, Brochothrix or Shewanella were spoiled when 
packed with 100% N2. In conclusion, packaging with CO2inhibited growth of several of the 
potential spoilage bacteria identified and seemed to result in less negative associated odour 
compared to packaging with 100%N2�

Keywords: modified atmosphere packaging, chicken, spoilage bacteria

1 Introduction

Improved knowledge about how to inhibit spoilage of food is an important action in the prevention 
of food waste related to the Sustainable Development Goal 12.3. Quality preservation of refrigerated 
stored food is important both in a sustainable, safe and economically profitable production chain. Fresh 
chicken is an increasingly popular source of muscle foods, but the shelf life is limited by bacterial 
spoilage. To better control quality and shelf life, improved knowledge about initial microbial compo-
sition and factors that affect the microbial development, like packaging and storage temperature, is 
important.

*Correspondence to: Anlaug Ådland Hansen, Nofima, anlaug.hansen@nofima.no
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2 Goal of the research

The aim of the study was to describe and define the most important spoilage bacteria on chicken fillets 
during refrigerated storage and the effect of packaging using two different packaging atmospheres 
(100% N2and 60% CO2/40% N2). The overall goal was to better understand bacterial spoilage and 
thereby to better improve quality and prolong shelf life.

3 Execution of the Research

Several bacteria represented by seven genera (Carnobacterium, Pseudomonas, Serratia, Hafnia, Bro-
chothrix, Lactococcus and Shewanella) were isolated from chicken fillets from two different Norwe-
gian producers. Their spoilage potential was investigated by inoculating them on fillet pieces prepared 
under strictly hygienically conditions, and packaged with modified atmosphere by use of two different 
gas mixtures (100 % N2, and 60% CO2, 40% N2) and stored at 4 °C (13 days). A HDPE tray (RPC 
Bebo, Norway) with Biaxer top web (Wipak Oy, Finland) were used for packaging by a tray sealing 
machine (T200, Multivac, Germany). The gas/product volume ratio was 4/1 (Figure 1). The fillets 
were sampled after storage and analyzed by headspace gas analysis (Checkmate 9900 O2/CO2analyzer, 
PBI Dansensor, Denmark). Bacterial plate count was performed by use of PCA (Oxoid, U.K.) with 
incubation for about 3 days at 25 °C. High-throughput sequencing of bacterial 16S rDNA (MiSeq, Il-
lumina) was performed from a 2 ml sample solution of the Stomacher solutions, centrifuged to a pellet 
for further analyzing. A sensory panel consisting of 10-11 trained assessors performed sensory profile 
of odour attributes, and volatile components were analyzed by use of dynamic headspace GC-MS. All 
of the analyses were performed on the same sample (from same package).

Figure 1. Hygienically processed chicken fillets (5 x 10 cm, x2) in HDPE trays with a gas volume to 
product volume ratio (g/p ratio) of 4/1.

4 Results and conclusions

It is known that CO2has a pronounced effect against Gram negative aerobe bacteria such as Pseudo-
monas by extension of lag phase and decrease in growth rate [1]. The N2gas has minimal effect on 
metabolic reactions and is added to replace oxygen and anoxic atmospheres, however, it may select for 
anaerobic bacteria. At aerobic conditions poultry is spoiled by Pseudomonas and particularly P. fragi 
and P. fluorescens [2-4]. At atmosphere with 40% CO2and < 0.25% O2Pseudomonas is shown to be 
inhibited [5], and in modified atmosphere Brochothrix thermosphacta and Lactobacillus are reported 
as spoilage organism. However, literature is inconsistent about main spoilage organism [2]. The re-
sults from the presented study showed that growth of Pseudomonas, Hafnia, Serratia and Shewanella 
genera were inhibited by CO2. Fillets packed with 100% N2could be spoiled by Hafnia, Brochothrix 
and Shewanella. In conclusion, packaging with CO2inhibited growth of several of the potential spoil-
age bacteria identified and seemed to result in less negative associated odour and prolonged shelf life 
compared to packaging with100%N2�
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5 Recommendations

The best quality preservation method for fresh chicken fillets is by use CO2in modified atmosphere 
packaging to inhibit specific spoilage bacteria during refrigerated storage.
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Study of methods for the determination of cure condition of 
food can lacquers

Yamashita, D. M. 1, Corsato, P. C. R1, Dantas, S. T.*1, Dantas, F.  B. H.1 1 Institute of Food Technology

Abstract: Lacquers are polymers applied onto the surface of metallic packages to 
function as a barrier to the conditioned product contact with the metallic surface in 
order to protect it from interaction and to avoid can failure and food waste. Their 
performance is influenced by the application conditions since the coating barrier de-
pends on the cross linking that is formed as well as the resin own characteristics. This 
study evaluated three epoxy phenolic lacquer formulations (A,Band C ) applied onto 
tinplate in laboratory. Five cure temperatures were used: 200oC – specified by the 
manufacturer, two under-cure (180oC; 190oC) and two over-cure (210oC; 220oC) 
temperatures. Different evaluation methods of the cure degree were applied, includ-
ing resistance to Methyl Ethyl Ketone ( MEK ) and Butyl Glycol ( BG ) solvents, 
determination of the extract content with extraction by acetone in closed system as 
well as the method of absorption of colorant methyl violet. Findings have shown 
that the gradient of temperature variation of 10o C results in clear differences in the 
dry coating layer, that varied from 7.82 g/m to 7.09 g/m2, from 6.34 g/m2 to 6.04 g/
m2 and from 6.93 g/m2 to 6.51 g/m2 between the lowest and highest temperature of 
cure for lacquers A, B and C, respectively. Regarding the cure degree, dissolution 
by MEK was effective in differentiating the cure condition for samples B and C and 
under-cure condition for sample A. BG method is suitable to indicate under-cure 
for samples A and B and is not applicable to sample C. Dye absorption resulted 
in differentiation only forover- cure in sample A and is not suitable for evaluating 
samples B and C. Solvent extraction showed to be suitable to the three lacquers and 
there were different percentages of extractions among them in the temperature range 
studied. The results confirmed the influence of the EP lacquer composition in the 
cure evaluation performance.

Keywords: metal packaging, internal lacquering, cure degree, epoxy phenolic 
lacquer

1 Introduction

The relevance of this research owes to the fact that can internal lacquering has a significant importance 
in the maintenance of metallic material properties. Lacquering also protects the   food from interaction 
with the metal, thus  avoiding product contamination with potentially  toxic substances that are present 
in these materials. In addition to that, the food/beverage interaction with the residual solvent of lac-
quers insufficiently cured may contaminate it  and alter its organoleptic properties. On the other hand, 
lacquers excessively cured may lose their flexibility to the point of provoking breaks in their surface 
that result in the exposure of the metallic material.

*Correspondence to: Silvia Tondella Dantas, Institute of Food Technology, silviatd@ital.sp.gov.br
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2 Goal of the research

The objective of this preliminary research was to raise data of lacquers cure degrees throughthe tra-
ditional methods as a technical basis for performance comparison in order to introduce an alternative 
method that allows some improvement in the differentiation of cure conditions. The final objective is 
to contribute for the failure diagnosis related to lacquer application.

3 Execution of the Research

Three different formulations of epoxy-fenolic lacquer were applied onto tinplate as  per  specified in 
the products technical bulletins. Then they were cured in a laboratory stove for 10 minutes in five dif-
ferent temperatures: 180 ºC, 190 ºC, 200 ºC (considered cure ideal temperature), 210 oC and 220 oC. 
The dry layer and the cure degree were determined in the test specimens of the five samples through 
qualitative methods of dissolution in solvents by using methyl ethyl ketone (MEK) and butyl glycol 
(BG) and by dye absorption method with methyl violet solution. The quantitative method of solvent 
extraction with acetone was also applied.[2]

4 Results and conclusions

The results of the dry layer of the three samples were coherent, since the less the lacquer is  cured, the 
higher the coating layer is, for there is more quantity of residual solvent not  evaporated during the 
cure. The evaluation of the cure degree by the dye absorption method was effective only for sample 
A. There was not visual differentiation in the specimens  of samples B and C. There was coherence 
in the results of the dissolution test in solvents, since the more intense the sample cure treatment is, 
more resistant it is to solvents. This was confirmed for solvent MEK. Nevertheless the BG allowed 
to differentiate only the sub-cure of samples A and B and no condition for sample C. The extraction 
with solvent was adequate for the three lacquers, resulting in different extraction percentages in the 
temperature range studied. These data will be useful in the study of thermal analysis application to 
evaluate the cure condition of epoxy phenolic lacquers to be accomplished in the next phase.

5 Recommendations

The data that have been raised show the variability of response of different formulations of a same 
resin in the application of the traditional evaluation methods of the cure degree, thus confirming the 
importance of the utilization of standards for the correct classification of epoxy phenolic lacquers cure 
degree as well as the relevance of having an alternative evaluation method.
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Flexible Low-Batch Size Manufacturing of Molded Paper 
Packaging with Barrier

Kiril Kirilov1*, Alexander Bardenstein1, Stanislav Landa1, Jesper Petersen2, Thierry Delagoutte3, and 
Olivier Mas4

1 Danish Technological Institute, Denmark 2 ecoXpac A/S, Denmark
3 Centre Technique du Papier, France 4 Cellulopack SAS, France

Abstract: The conventional technology of moulded cellulose packaging is based on toolsets 
comprising concave and convex mould metal parts and a fine hand-made metal wire net. This 
toolset needs to be tailor-made for each new packaging design, and the mould changeover is 
a time consuming and expensive operation. A flexible cost-effective time saving process of 
manufacturing the tool sets for wet moulding of cellulose has been developed. It comprises 
parts of moulds assembled from a universal set of metal bricks. A thermoplastic mockup of 
a moulded object is then thermoformed in a newly assembled mould. Next, a laser with a 
computer- controlled beam steering perforates this mockup. Finally, the perforated mockup 
serves as a net in the moulding toolset. The tests revealed that the changeover time of 
moulding tools has become a matter of hours without compromising the high quality of the 
moulded packaging. This makes it possible to test and optimize the packaging using low-batch 
size production. However, moulded paper containers have no barriers against permeation of 
moisture and oxygen, and they are not suitable for food packaging as such. The next step is 
therefore the application of multilayer barrier coatings to achieve a required product shelf life.

Keywords: wet moulded cellulose, quick mould changeover, thermoforming, laser perforation.

1 Introduction

Moulded cellulose (moulded paper pulp), is a packaging material, made either from recycled paper-
board or newsprint, or directly from virgin wood fiber. It is used for protective packaging, food service 
trays, beverage carriers, and of late as primary food packaging. The paper moulding has been around 
since the beginning of 20th century without any significant changes in the manufacturing process[1]. 
The existing technology is based on tool sets, which comprise at least three mould parts (concave  and 
convex moulds ) milled from whole pieces of metal (aluminium, brass, steel etc.) and a fine hand- 
made metal wire net (seeFigure1). The water from the cellulose slurry (paper pulp) is pulled through 
sucha net with the help of vacuum. The net is placed in one of the mould parts that is called a forming 
mould, e.g. in a convex wet-forming mould a sshown in Figure 1. The moulds have numerous through 
holes, which work as vents. The vents are imprescriptible elements of any mould design for any cellu-
lose-moulding method. It ensures better suction of the water and water vapor from the pulp. This entire 
toolset needs to be tailor- made for each new moulded object. There fore, the mould change over as it 
is implemented in the industry today is the most time consuming and expensive operation.

1 *Corresponding author, e-mail: kaki@dti.dk
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The moulding tool set presented in Figure 1 also comprises three parts. The forming mould is screened 
with a stainless-steel net and has a convex shape. The drying convex and concave moulds are coated 
with Teflon.

Figure 1. The traditional toolset for molding of wet cellulose: the convex wet-forming mold with the 
net (left) and the concave and convex drying molds (right).

The wet moulding of cellulose, also known as precision moulding process, is illustrated in Figure 2. 
Firstly, the forming mould descends into the pulp slurry. Meanwhile, the vacuum is applied throughth 
events. This sucks most of the water away and results in deposition of cellulose fibers on the mesh. 
This way a wet fiber mat is obtained. As a next step, the mould is pulled out from the pulp and applied 
upon the opposite-shape drying mould. Then the wet fiber mat that is an already preformed cellulose 
object is blown off from the forming mould and accommodated in the drying mould by application 
of vacuum. When the transfer of the fiber mat is completed, the drying process begins. The drying is 
handled between two drying moulds. These moulds are heated, and vacuum assisted. The moulded 
product is therefore dried by pressing and heating. The water vapor accumulated during the drying 
process is removed by suction throughth events. Finally, the moulded object is removed from the-
machine when the drying process is completed. The post-processing processes of trimming, coating, 
lamination, grafting, painting etc. may now be applied.

Figure 2. The workflow of wet moulding of cellulose.
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2 Flexible moulding of wet cellulosefibers

The concept of a new moulding toolset have been developed in a Eurostar’s program project called 
“Flexible tool making process for wet moulding of cellulose” with acronym FORMCELL. In this 
project, Danish Technological Institute (Denmark), Centre Technique du Papier (France), and two 
research-performing SMEs Cellulopack (France) and CamTech (Denmark) have collaborated toward 
the implementation of a flexible cost effective and time-saving process of manufacturing toolsets for 
industrial wet moulding of cellulose able to substitute the existing obsolescent technology. The main 
objective of FORMCELL was to develop a technological componentry necessary for easy and fast 
reconfiguration of moulding toolsets.

2.1 Brickmoulds

The idea in the heart of the FORMCELL technology was to implement a set of several interchange-
able and heteromorphous bricks, which enable flexible assemblies of moulds of arbitrary shapes. This 
technology offers the possibility to use the same constructive elements in different arrangements, quick 
changeovers and therefore low tooling and production costs. Another obvious advantage of the idea is 
that it can be implemented in already existing machines, which are originally expensive and inherently 
inflexible. Consequently, any customization of the moulding processes with regard to the products’ 
shape can be implemented in a low-cost routine- business manner. This option seems to be especially 
attractive for small- and medium-size packaging and food manufacturing companies since it is able to 
facilitate their customized small batch productions.
Figure 3 shows examples of different concave and convex bricks used for the mold arrangements.

Figure 3. Bricks for assembling of flexible moulds.
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Examples of assembled moulds are presented in Figure 4.

Figure 4. Different moulds assembled from functional bricks.
The development of the flexible toolsets in FORMCELL project was tailored and adapted to cover the 
whole range of Gastronorm tray sizes specified in the EN631 standards that are used in the food cater-
ing and retail industries. The tray dimensions covered by this standard are shown in Figure5.

Figure 5 Gastronorm tray sizes.

Figure 6 shows the dimensions of the flexible mould bricks. As it can be seen from Figures 5
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and 6 the Gastronorm tray sizes and the flexible mold bricks are multiples of each other. Therefore, the 
packaging trays produced by the flexible mould straight forwardly allow quick and broad penetration 
of the market of sustainable packaging solutions.

Figure 6 Dimensions of the bricks to match the sizes regulated by the EN631 Gastronorm standard�

2.2 Flexiblenet

The flexible moulding would not be applicable without combining the brick-mould technology with a 
complimentary flexible solution for the screening net. Toward this option, FORMCELL has replaced 
the stainless-steel shield with a thermoplastic mockup of the same shape. The conventional thermo-
forming or vacuum-assisted thermoforming process has been applied for this purpose. In the thermo-
forming process, a polymer plastic A-PET sheet with thickness of 600µm has been accommodated 
above a concave brick-built flexible mould and drown down against the surface by application of heat 
and vacuum in a conventional laboratory-scale thermoforming appliance. The moulds used for ther-
moforming of plastic mockups have been the same as the ones used for the cellulose moulding process. 
This step is illustrated in Figure7.

Figure 7 Thermoforming of thermoplastic sheet by using the flexible brick mould.
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Figure 8 Four corners forming brick mould used for thermoforming of A-PET plastic sheets

Figure 9 Thermoformed forming mold mockups

The next step in the implementation of the flexible plastic net molds has been perforation of holes by 
means of a laboratory- scale computer- controlled 60 WCO2 laser. The perforations have a diameter of 
200-250 μm and are arranged in a pattern similar to the steel-wire net structure. The most challenging 
task of the implementation of the perforated plastic mockups has been to achieve an openness (open 
area versus total area of the mould surface) equal or at least comparable to the openness of the steel-
wire net mould. This parameter is eventually responsible for the quality of the moulded object and 
the moulding cycle duration. The openness of the steel wire net has been measured to be ca. 40%. 
First experiments with the laser perforation revealed the openness of the perforated plastic net of 18% 
without loss of the mockup rigidity. Since this was not acceptable in terms of quality and performance 
of the moulds, the steps towards enlargement of the total open area were taken. The total number of 
the perforated holes was increased by a specially designed 3D-printed (Figures 10, 11) mockup holder 
used to keep the perforated object surfaces normal to the laser beam. The shape of the holder allows 
precise and stable positioning of the thermoformed mockup inside the laser cage and in the same time 
enable all the curved corners to be reached and perforated by the laser.
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Figure 10 3D printed laser perforation mockup holder

Figure 11 Different positioning of the thermoformed mockup during laser perforation

The improvement of the laser perforation procedure finally resulted in openness of approximately 30% 
(Figure 12). The quality of the molded objects was thereby improved and enabled successful moulding 
tests at industrial-scale facilities at Cellulopack SAS (France) in December 2018. The quality of the 
trays moulded using the newly proposed technology concurrently with the conventional steel wire net 
mould was reasonably comparable i.e. indistinguishable without a detailed microscopic study.

Figure 12 Perforated A-PET mockups
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3 Implementation and testing of FORMCELLtechnology

3.1 Novel cellulose moldingappliance

As a part of FORMCELL technology development, an experimental innovative appliance for mould-
ing of cellulose fibers has been designed and manufactured. The purpose of this machine was to repli-
cate the same features and conditions, which are available from current industrial moulding facilities 
using a smaller production area, being easier to operate and control. The market niche for such a 
machine exists primarily because all industrial fiber-moulding machines are large-dimensioned and 
heavy. Their footprints are at least several tenths of square meters. Moreover, they usually need a big 
initial volume of slurry to start the production process and a long start-up time is therefore required. 
Finally, yet importantly, they draw disproportionately large operational costs.
The new wet fiber-moulding machine was named the Mini Paper Factory (MPF). Its main components 
and sections are shown in Figure 8.

Figure 13: Mini Paper Factory machine – main components and sections
The production cycle of the MPF machine begins with immersion of the forming mould in the slurry 
tank. The wet fiber mat is obtained by application of vacuum for a certain time. Then the forming 
section lifts up. When the forming and drying moulds approach each other, the transfer of the formed 
wet mat is accomplished by blowing pressurized air through the forming mould and vacuum suction 
through the drying mold. In the next step, the drying section turns about and gets ready to complete the 
moulding cycle. At this step, the pressing station moves downward and the force of approximately 15 
kN thereby applied to the moulded object. Both drying moulds are heated and vacuum-assisted. The 
force is applied for the time necessary to develop the moulded object. It obviously depends on the ob-
ject size, sort of cellulose fibers, and their fraction in the slurry. Finally, the pressing station is unloaded 
and goes up, while the rotary drying section turns 90⁰ and stops. The moulding cycle is thereby com-
pleted. The product is blown away by means of pressurized air and the machine is ready to continue 
with the next production cycle.
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Figure 14: The production cycle of MPF.

Figure 15: MFP with a flexible brick-built mold attached.
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Figure 16: The Mini Paper Factory (MPF)

3.2 Industrial scale proof ofconcept

This development concluded with a full-scale manufacturing trial, where the newly developed toolset 
was tested at industrial conditions. The trial was performed at a cellulose moulding factory of Cellu-
lopack SAS in December 2018.

Figure 17 Flexible Brick Mould arrangement during the full-scale manufacturing trial

During the final trials two separate studies were carried out: a combined steel mesh and thermoplastic 
base mockup, and a solely thermoplastic based mockup trial. The trial with the
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combined net solutions, demonstrated an ineffective distribution of pulp. Whereas, the purely flexible 
mould trials saw a great increase in uniform pulp distribution. This effect is likely attributed to the 
varying nature of material and mould construction. An even distribution of material is a key determin-
ing factor for the subsequent processes, this result is seen as a positive indication

Figure 18 Uneven pulp distribution caused by difference of the openness of different forming nets.

Figure 19 Pulp distribution – Thermoplastic based forming mould mockup

During the trials it was proven that the rearrangement of the brick moulds into different configurations 
is possible with a changeover time of less than half of a workday. The resulting formed objects, pro-
duced using both plastic mockups and state-of-the-art steel wire nets, exhibited similar forming quality 
and production cycle duration.
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Figure 20 Uneven pulp distribution caused by difference in the openness of the nets

3.3 Metal and plastic net performancecomparison

As mentioned above, the presence of the metal mesh in the state-of-the-art forming mould affects the 
surface roughness of the moulded object. The net-facing surface is rougher than the surface facing the 
Teflon-coated drying mould (Figure20).
With the introduction of the new thermoformed-laser perforated mockup this adverse effect has been 
removed. The surface exposed to the net has the same surface structure and smoothness as the surface 
exposed to the Teflon coated drying mould. This is another advantage of the newly proposed technol-
ogy and assists a subsequent coating process.

4 Conclusions

A flexible cost-effective time-saving tooling process for industrial wet-moulding of cellulose substituting sta-
te-of-the-art technology has been developed. This includes the following development steps:
• The design and manufacturing of a set of several interchangeable and heteromorphous bricks that 
enabled flexible assemblies of moulds of arbitrary shapes. This technology offered the possibility to use the 
same constructive elements in different arrangements, quick changeovers and therefore low tooling and pro-
duction costs proved during the full- scale industrial trials.
• The development of a production process of perforated plastic inlays required for the forming of 
cellulose objects by separation of fibres from water. It comprises vacuum- assisted thermoforming of polymer 
plastic sheets accommodated above the same assembled brick-mould as used for the wet-cellulose moulding, 
and perforation of the thermoformed inlays by means of a computer-controlled CO2 laser manipulator. These 
inlays were used concurrently with traditional steel wire nets in the full-scale industrial trials and demonstra-
ted similar results.
• The development of a laboratory-scale cellulose moulding unit capable of replicating the entire set of 
industrial cellulose moulding process parameters. The unit was used for the
 
optimisation and performance approval of the developed flexible toolset and the moulding process parameters.
This development concluded with a full-scale manufacturing trial, where the newly developed toolset was 
tested at industrial conditions. The rearrangement of the brick mould into different configurations was proven 
possible with a changeover time of less than half a workday. The resulting formed objects, produced using 
both plastic inlays and state-of-art steel wire nets, exhibited similar forming quality and production cycle time.
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Next level of corrugated board research
Astrid O. Glasenapp1*, Johan Alfthan1, Lennart Salmén1, Jasna S. Stevanic1, Elisabeth Björk1, Claes 

Holmqvist1, Li Yang1, Jesper Berthold1 

1RISE, Stockholm, Sweden 
Abstract: For the first time in the Bioeconomy research program at RISE, corrugated board 
has an own research area. Research is building around the main driving forces in the corrugated 
board value chain like e-commerce, improved box performance and digital printing. The main 
weakness of corrugated board, its moisture sensitivity, is also addressed. These main driving 
forces and weaknesses of corrugated board are mirrored in the themes of this large research 
program area: Fibre sorption and deformation mechanisms: Fundamental knowledge on 
the mechanisms behind moisture sorption and deformation on fibre level is developed to 
increase moisture and creep resistance through modification of paper materials. State of the art 
methods for characterization of the fibre ultra- and nano-structure such as Fourier Transform 
Infra-Red spectroscopy (FTIR), Small Angle X-ray Scattering (SAXS), and Wide Angle X-ray 
Scattering (WAXS) give new insights on mechanisms and clarify effects of moisture as well as 
chemical modifications. Papermaking for improved base sheets: Concepts that are explored 
are fibre-based strength additives produced with novel refining techniques, and modified 
ZD-profiles in the sheet for better mechanical properties. Box mechanics: Mechanical 
performance of structures such as corrugated board boxes can be predicted through physically 
based mathematical modelling by taking the behaviour of the constituent materials as well as 
the geometry into account. Appropriate material models for the corrugated board are identified 
and finite element models for simulation of corrugated board packaging performance are 
developed� Tool for inkjet printability on corrugated: There is a genuine need for improved 
inkjet printability on corrugated materials thanks to rapid development in e-commerce as 
well as digitalization along the corrugated value chain. Effective measurement methods and 
knowledge around ink-substrate interactions are developed to enable board producers and 
converters to have effective product development and predictable printability on not only 
liners but also on corrugated materials.

Keywords: corrugated board, moisture, box mechanics, inkjet printing, fibre sorption

1 Introduction

The largest Research Program at RISE – Research Institute of Sweden and its division Bioeconomy is 
the so called “Bioeconomy Research Program” running during 2018–2020. Nine different programs 
focusing on different subjects are offered in this research program, examples are nanocellulose, lignin, 
paperboard and for the first time also corrugated board. The corrugated board program “Improving 
corrugated board performance” will be presented. The aim of the corrugated board program is to 
strengthen and expand the market position of corrugated board, as well as for paper-based packaging 
in general. This can be achieved by eliminating the weaknesses of these products. Weaknesses include 
their sensitivity to moisture, limitations in print quality and the deterioration of liner and fluting. These 
weaknesses will be addressed by developing new process solutions for the base papers and relevant 
testing methods for packaging paper, packaging and print properties. The main driving forces and 
weaknesses of the development of corrugated board are:
E-commerce is a main driver
Corrugated board is today the most important transport packaging material with a 2–4% annual growth 
rate in volume over the last decades. E-commerce is a main driver of both demands on box-properties 
and corrugated volume worldwide.
Two major advantages of corrugated over many other package materials such as most plastics are its 
strength/weight ratio performance and sustainability/recyclability.
Improved box performance
Moisture sensitivity, limitations in print quality and the deterioration of liner and fluting quality due to 
both lower paper grammages and an ever-decreasing fibre quality (higher percentage of recycled fibre) 
are the major challenges of corrugated board. Typical solutions to meet these challenges are at present 
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over-engineered box with unnecessary high safety factors. Hence, systematic solutions to meet these 
challenges, from papermaking to converting/printing and finally box performance via the corrugating 
machine, are needed and greatly valuable.

Digital printing and service features
The market position of corrugated board and paper-based packaging in general, can be defended, and 
most likely expanded, by digital printing and by enabling/introducing service features that go beyond 
the conventional, e.g. intelligent packaging. For this, new innovative solutions can be applied to the 
corrugated board area. Furthermore, the corrugated board area is missing quick and relevant testing 
methods in many areas. These must be developed for mechanical (e.g. packaging paper, creep, box 
mechanics) as well as for printability issues (e.g. washboarding, banding, print non-uniformity etc.).

2 The research program Improving corrugated board performance

The research program Improving corrugated board performance consists of four pre-competitive 
themes, that will be presented here, as well as application-oriented research. The structure is shown in 
Figure 1�

Fibre sorption and deformation mechanisms
Fundamental knowledge on the deformation mechanisms behind moisture sorption and deformation 
on fibre level is needed to increase moisture and creep resistance through modification of paper mate-
rials. State of the art methods for characterisation of the fibre nano-structure such as Fourier Transform 
Infra-Red spectroscopy (FTIR), Small Angle X-ray Scattering (SAXS), and Wide Angle X-ray Scatter-
ing (WAXS) will give new insights on deformation mechanisms and clarify effects of moisture as well 
as chemical modifications. Collaboration with the Petra III DESY synchrotron facility may provide 
additional characterisation methods.

Papermaking for improved base sheets
The aim of this theme is to develop concepts to improve the base paper for corrugated board (liner, 
fluting) so that it better supports light-weighting, converting, printing and box performance. Concepts 
that will be explored are fibre-based strength additives produced with novel refining techniques and 
fractionation of recycled furnishes. Activities in pilot scale will ensure fast implementation of results.

Figure 1. Structure of the research program Improving corrugated board performance.
Examples for some results of the program within the themes Fibre sorption and deformation mecha-
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nisms and Box mechanics are presented.
Box mechanics
The mechanical performance of structures such as corrugated board boxes could be predicted through 
physically based mathematical modelling by taking the behaviour of the constituent materials as well 
as the geometry into account, but this possibility is not often used in the packaging industry due to a 
lack of efficient tools and procedures. Box mechanics will support application-oriented research proj-
ects through development of mathematical modelling tools and procedures, as well as test methods 
providing necessary input.

Tool for inkjet printability on corrugated
There is a genuine need of improved inkjet printability on corrugated materials thanks to rapid devel-
opment in e-commerce as well as digitalization along the corrugated value chain. This PCR theme aims 
at developing effective measurement methods and knowledge around ink-substrate interactions and 
improved printed image quality. These will enable board producers and converters to have effective 
product development and predictable printability on not only liners but also on corrugated materials.

3 Materials and Methods

Fibre sorption and deformation mechanisms
Paper sheets made from a softwood kraft pulp were produced in a Finnish sheet former and used for 
FTIR spectroscopy (20 g/m2) and X-ray scattering (45 g/m2) studies.

In-situ FTIR spectroscopy was performed using a Varian 680-IR FTIR spectrometer (Varian Inc., San-
ta Clara, CA, USA). Samples with dimensions of 18 x 25 x 0.03 mm (width–length–thickness) were 
mounted in a specially constructed Polymer Modulator (PM100) (MAT-Manning Applied Technology 
Inc., Troy, ID, USA) and deformed at constant tensile load of 1.5 N (samples defined as unloaded) 
and 12 N (samples defined as loaded). A Modul Humidity Generator (MHG 32) (Project Messtechnik, 
Ulm, Germany) was used for generating a constant relative humidity (RH) of 80%. The samples were 
deuterium-exchanged under a conditioning period of 2 h, in order to monitor accessible cellulose sur-
faces. Background and sample spectra were scanned using a 0° polarization in relation to the stretching 
direction of samples, a spectral resolution of 1 cm−1 and a spectral range of 4000–700 cm−1; 32 scans 
were collected. Spectra were baseline corrected and normalized at 1160 cm−1 (cellulose glycosidic 
bond (C–O–C) antisymmetric stretching vibration). Difference spectra were calculated by subtracting 
the spectra measured at 12 N with the spectrum measured at 1.5 N (cf. spf (t) at 12 N – sp1 at 1.5 N) 
(see also Figure 5b). The absorption bands at 3330 cm−1 (–OH groups stretching vibration), at 2500 
cm−1 (–OD groups stretching vibration), at 1425 cm−1 (–C–O(6)H groups bending vibration) and 
at 1160 cm−1 (glycosidic bond (C–O–C) antisymmetric stretching vibration) from these difference 
spectra were used to determine the effect of load and time on the creep phenomenon at specific RH and 
tensile load applied�

In-situ X-ray scattering (SAXS/WAXS) measurements were performed on an Anton Paar SAXSpoint 
2.0 system (Anton Paar, Graz, Austria) under vacuum, equipped with a Microsource X-ray source 
(Cu Kα radiation, wavelength 0.15418 nm) and a Dectris 2D CMOS Eiger R 1M detector with 75 µm 
by 75 µm pixel size. A sample with dimensions of 15 x 35 x 0.06 mm (width–length–thickness) was 
mounted on a Tensile Stage TS600 (Anton Paar, Graz, Austria) (see Figure 2a). Instrument control was 
performed using a SAXSdrive software and post-acquisition data processing was performed using a 
SAXSanalysis software (Anton Paar, Graz, Austria).
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Figure 2. a) Tensile stage, TS600, with a mounted sample; b) Tensile stage, TS600, mounted inside a 
humidity chamber

In-situ X-ray scattering (SAXS/WAXS) measurements will be also performed at the DESY Synchro-
tron facility (Petra III beamline P03/MiNaXS) in Hamburg, Germany, this time at controlled humidity. 
Tensile load will be controlled using a Tensile Stage, TS600, mounted inside a specially constructed 
humidity chamber (see Figure 2b) and controlled using a TS600 control unit and software (Anton 
Paar, Graz, Austria). Humidity will be controlled using a Modul Humidity Generator (MHG 32) and 
software (Project Messtechnik, Ulm, Germany).

Box mechanics
Paper properties, corrugated board properties and box performance are linked to each other as shown 
in Figure 3. Geometrical features are added when going from paper properties to corrugated board 
properties and then to box performance. The step from paper properties to corrugated board properties 
is often not trivial and has been the subject of several studies. It is of interest by itself since it allows 
corrugated board properties to be predicted, but also as an intermediate step when predicting box per-
formance.

Figure 3. Links between paper properties, corrugated board properties and box performance with 
examples of measurements.

The strength measured with the edge compression test (ECT) is an important property for box perfor-
mance. Several models linking paper properties to ECT has been suggested[1-4]. A problem with these 
models is that they require fitting parameters. These parameters do not have a clear physical explana-
tion and do not seem to be consistent between data sets. In the research program, two different methods 
to address ECT have been investigated with the aim to eliminate the need for fitting parameters.
The first method was to use an alternative measurement method for the compressive behaviour of 
paper, a long span compression test (LCT). In the long span compression test, strain can be measured 
in addition to stress while in the normally used short span compression test (SCT) only stress can be 
measured with accuracy. The obtained stress-strain curves were added to obtain a theoretical ECT 

a)
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curve, and the resulting stress at failure was compared to ECT.
The test pieces used in ECT as well as LCT are much larger than SCT test pieces, so there could be a 
size effect. Hence, the second method was to estimate the size effect on strength by assuming a Weibull 
material. The ratio of mean strengths  and  for two volumes  and  was then assumed to be given by

       (1)

where the Weibull shape parameter  depends only on the coefficient of variation  of the material and 
can be approximated by [5]�

4 Results and Discussion

Fibre sorption and deformation mechanisms
When a cellulose material (i.e. wood pulp fibres) is subjected to a constant tensile load with time under 
a high constant RH, the creep is occurring. This phenomenon is hypothesized to be a plastic deforma-
tion of a material based on sliding motion between structures on supramolecular level, i.e. at cellulose 
fibril/fibril aggregate surfaces. This deformation mechanism can be studied with FTIR spectroscopy. 
By subjecting a cellulose material to D2O, the surface –OH groups at positions 2 and 6 on Glcp (glu-
copyranose) units are exchanged by –OD groups, and D2O molecules are adsorbed at surface –OH 
at positions 3 on Glcp units and at newly created –OD groups at positions 2 and 6 on Glcp units (see 
Figure 4a). The spectra in Figure 4b illustrate an absorption signal coming from –OH groups from 
crystalline cellulose and an absorption signal coming from –OD groups and D2O molecules from sur-
face cellulose. These two signals are resolved and not overlapping with other absorption signals. This 
makes possible to study the behaviour of the surface cellulose in relation to the bulk cellulose.

FIBRIL
SURFACE

CRYSTALLINE 
FIBRIL
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Figure 4. a) Chemical structure of surface and crystalline cellulose of the original and D2O 
exchanged cellulose; b) Absorption spectra of the original (black spectrum) and D2O exchanged 

cellulose (blue spectrum)

The difference spectra (cf. spf (t) at 12 N – sp1 at 1,5 N) in Figure 5a showed the effect of load and 
time on the creep phenomenon at 80% RH and tensile load of 12 N. Sorption of D2O molecules was 
increased with load applied. This sorption of D2O molecules was continuously increased with in-
creased loading time. Also, molecular loading of cellulose molecules was seen by three split signals 
from these spectra (i.e. signals from intramolecular hydrogen bonds O(3)H…O(5), C–O(6)H groups 
and glycosidic bonds).
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Figure 5. a) Difference spectra; b) Experimental set-up for creep tests

X-ray scattering (SAXS/WAXS) measurements showed no structural changes in the sample during 
creep tests, i.e. there were no structural changes in the sample on the supramolecular level (SAXS) and 
no changing in orientation of fibrils in the sample and no changes in the crystallinity (WAXS) within 
21 h when subjected to constant tensile load of 20 N. That was most likely due to the dry atmosphere 
inside the instrument, i.e. vacuum, which is required for proper running of the instrument, in which 
state the sample may behave more as a fully elastic material. Hence, X-ray scattering study using 
DESY Synchrotron was initiated, in order to look at in-situ changes of the supramolecular structure. 
Results from this study will come later.

Box mechanics
Three different single corrugated boards and the corresponding liners and boards where used to evalu-
ate the different methods to predict ECT. The results are shown in Figure 6.

Figure 6. Comparison of experiments, predictions by methods suggested other authors[1-4], and 
predictions by the LCT and size effect methods suggested here.

As can be seen the prediction based on the long span compression test (LCT) predicts the ECT quite 
well without need for any fitting parameter. Taking the size effect into account without any fitting pa-
rameter tended to overestimate ECT. It was predicted that size effect reduced the strength of the papers 
by a factor 0.74 to 0.84 compared to the measured SCT values, resulting in ECT predictions that were 
0.74 to 0.80 times the weighted sums of the SCT strengths. This can be compared to expression of 
Dimitrov[1] for a double wall corrugated board,

,   (2)

where 0.6982 is the fitting parameter. The two methods thus gave reasonable, physically based predic-
tions without the need for any fitting parameters.
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5 Conclusions

FTIR spectroscopy studies concerning fundamental understanding of relation between moisture sorp-
tion and deformation mechanism showed that the deformation occurs on supramolecular level (i.e. on 
surface of cellulose fibrils/fibril aggregates). Cellulose material subjected to constant load and high rel-
ative humidity (RH) with time most likely undergoes a plastic creep deformation. Cellulose molecules 
are taking load and water sorption is increasing due to load applied.
The strength measured in the edge compression test (ECT) could be predicted reasonably well with 
two different methods without need to resort to fitting parameters. In the first method, a long span 
compression test was used, which gave good agreement with ECT when adding the contributions of 
the different papers. In the second method the size effect was estimated, which allowed short span 
compression test results to be used.
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Perforations on Boxes – Some Fundamental Facts
Thomas Trost1*1, Anton Hagman1

1 RISE, Kista-Stockholm, Sweden

Abstract: The grocery retail industry is faced with low margins and an ever-increasing 
competition from e-commerce applications. Therefore, as a mean to save time, money and 
increase the efficiency in the supply chain, perforated shelf-ready packages (SRP) have since 
a long time been used. However, there are also problems related to this perforation; it weakens 
the transport packaging and makes it more sensitive to damage on the way to the shelf. The 
current guidelines are focused on appearance of the box on the shelf, e.g. how much of the 
product is seen and evenness of perforate edge, and not on the mechanical properties of the 
box� 
Today there exists much knowledge about perforations inhouse in the die cutting industry. This 
knowledge is however unattainable for outsiders. Further the question arises about how well 
founded said knowledge is. The scientific literature offers little information about the basics 
of perforation and how it affects the mechanical properties of the board and box. This study is 
an attempt to build knowledge, useful to converters and industrial users, in a systematic way. 
In this paper several perforation patterns have been studied from a mechanical point of view. 
The experiments were designed to answer some basic questions about how different cut/uncut 
ratios affects the strength of the perforation and package. Among methods studied were tensile 
testing, bending stiffness and edge compression test. The different methods were compared 
regarding sensitivity to discriminate between different perforation patterns and give a useful 
classification of the perforation. 
Keywords: Corrugated, Shelf Ready Packaging (SRP), Perforation, Package testing

1 Introduction

It has in retail and grocery industry since long time existed a strive for saving time and labour costs 
by increased efficiency in the flow of commodities. A study by Saghir and Jönson showed by using 
the “law of large numbers” that incredible savings could be done by the large retailers. To get more 
efficiency in the retail using of shelf ready packaging (SRP) using perforated corrugated packages 
to enhance the opening is one of the tools. However, perforations on the box means that there is an 
increased risk for damage during transportation due to the weakened structure of the box. There exist 
several guidelines from the retailer chains, e.g. from Walmart or Coles. However, they focus mainly on 
the visibility in the shelfs, characterizing five “easies”, namely easy to identify, open, replenish, shop 
and dispose or return (Miyares). No focus is on the perforation itself and mechanical properties affect-
ed. Only the display performance or selling perspective is treated, e.g. Coles mention about perfora-
tions “Special attention should be given to ensuring the perforations are robust enough to withstand 
the supply chain, while being easy enough to open instore”. It means there is a need to characterize 
the perforation.
Only very few mechanical tests on perforations have been found in the literature. Luangsa-Ard et al. 
performed studies on canned fruits in corrugated boxes. They studied both straight and curved perfora-
tion and compared results after compression test, vibration test and stacking test. Neidoni et al. studied 
the influence of perforations on the BCT value which was used as an optimization criterion of boxes. It 
was found that perforations had little effect on the BCT values. Similar results were found by Alfthan 
et al. when they investigated perforations influence on the BCT value.

2 Materials and Methods

Four different corrugated boards, from a Swedish corrugated board manufacturer, were used in this 
study. The boards consisted of two sets of liner and fluting material configured with either B or C flut-
1 *Correspondence to: Thomas Trost, RISE, Torshamnsgatan 24A, SE 164 40 Kista-Stockholm, Sweden. E-mail: thomas.trost@ri.se
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ing, designated as visualized in Figure 1. Using a cutting table the boards were cut with five different 
perforation patterns. The goal ratios between cut and uncut material, together with the measured ratio 
is shown in Table 1. An example of how the perforations appeared and how the cut-uncut ratio was 
measured can be found in Figure 2.

B-flute C-flute
Kraft top liner BK CK
White top liner BW CW

Figure 1: Board designations 

Goal ratio Actual ratio for the different boards 
Cut/Uncut BK BW CK CW Side

2.5/4 4.3/2.3
3.0/3.5

3.2/2.3
3.1/3.4

4.5/2.1
2.9/3.6

4.5/2.0
3.4/3.0

Top
Bottom

2.5/2.5 4.3/0.6
3.0/2.1

4.3/0.8
3.1/1.8

4.3/0.6
2.9/2.2

4.4/0.6
3.1/1.8

Top
Bottom

4/4 6.0/2.3
4.4/3.5

5.9/2.3
4.5/3.6

5.9/2.2
4.3/3.6

5.9/2.0
4.4/3.4

Top
Bottom

4/2 5.8/0.3
3.9/2.1

5.6/0.2
4.4/1.6

4.1/1.8
4.6/1.4

6.1/0
4.3/1.7

Top
Bottom

8/4 9.8/2.4
8.6/3.6

9.6/2.3
8.2/3.9

n�a�
n�a�

10.0/2.0
8.4/3.6

Top
Bottom

Table 1: Cut/uncut ratios, goals vs. actual cuts on front- and backside for the four different board 

types.
Figure 2: Example of perforations from a C-flute board cut from the white front side. The nominal 

cut/uncut ratio was 4/4. 

The different boards were delivered from the cutting table in perforated A4 sized sheets. All perfora-
tions were cut in lines parallel to the MD direction (as seen in Figure 3). From these sheets test pieces 
were manually cut in sizes appropriate for the different tests. Four different mechanical tests were 
performed: ECT, tensile tests, and 3-point-bending.



29th  IAPRI Symposium on packaging

Packaging Materials

Figure 3: The orientation of the perforations compared to board direction.

Edge crush test (ECT): The ECT was carried out in accordance with ISO 3037, specifically the sample 
size was 25 by 100 mm and the loading rate 12.5 mm/min (50 %/min). The samples were cut using a 
Billerud Cutter with fresh razor blades manufactured by Lorentzen & Wettre. Before the samples were 
tested the distance from the bottom edge to the perforation was measured and the parallelity of the 
perforation and the edge was ensured.  The maximum force was recorded, if local maxima occurred, 
the final value was recorded.

Tensile test: Tensile tests are not usually performed on corrugated board since the clamping force need-
ed to avoid clamp slippage is guaranteed to compress the fluting of the board. The test was however 
deemed useful in the present case, since the presence of a perforation line, placed centered between the 
clamps, localizes the rupture. 30 mm wide samples were used, with a clamping length of 100 mm at a 
strain rate of 50 mm/min (50 %/min). The whole force-displacement behaviour was recorded, although 
the primary interest was in the maximum force sustained. 

3-point-bending: A three point pending test was performed on samples that were 30 mm wide placed 
on supports with a span of 84 mm. The perforation was placed straight under, and parallel to, the de-
scending fulcrum. The reaction force – displacement behaviour was recorded. The following parame-
ters were assessed: maximum force, initial bending stiffness and initial breaking point.  

3 Results and Discussion

ECT
Based on ECT tests performed on board CK it could be concluded that the measured ECT strength 
dropped to around 50% of the unperforated strength for all samples, independently of perforation type 
and placement, see Figure 4. The deformation was localized to the perforation as can be seen in Figure 
5. The perforated area was typically kinked with some localized buckling. 
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Figure 4: ETC results for board CK.

Figure 5: Example of kinking and buckling, post peak, during ECT test.

Tensile tests
The perforation strength for the different boards and perforation ratios can be seen in Figure 6. The 
trends are similar for all four board types. The difference in strength that can be observed for unperfo-
rated boards is much less, if at all, pronounced for the perforated boards. In Figures 7 and 8 the strength 
is presented against the amount of uncut material (calculated as actual uncut length times number of 
whole uncut sections), for the back and front side of the board. While Figure 7 hints at the expected re-
sult that the strength should increase with increasing amount of uncut material, Figure 8 shows a clear 
linear trend. This indicates that it is the uncut material in the top liner that controls the behaviour. This 
is not surprising considering that the top side cuts were longer than the bottom side cuts. The remaining 
strength (as percent of unperforated strength) against the percentage of uncut material (compared to 
total width) is presented in Figure 9.
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Figure 6: The perforation strength as measured through tensile tests, for all boards and perforation 
types. The notation 0/1 means unperforated material.

Figure 7: Strength vs. the length of uncut material on the backside of the board. Uncut length 30 mm 
means unperforated material.

Figure 8: The strength vs. the length of uncut material on the front side.
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Figure 9: Percentage of strength vs. percentage of uncut material.

3-point-bending:
Figure 10 shows the 3-point-bending curves (up to peak load) for board BK. Two observations can be 
made from these curves, that the initial buckling force is reduced for perforated samples and, perhaps 
less intuitively, that the initial bending stiffness is mostly unaffected by the perforation. Both these 
trends were fairly consistent for all board types. That the buckling initiation is dependent on the perfo-
ration strength is fairly straight forward from a solid mechanics point of view, and the different perfo-
rations do indeed rank the same way both with regard to perforation strength as well as initial buckling 
(seen as a change of slope in the curve). The second observation, that the pre-buckling bending stiff-
ness is unaffected, is not as straight forward, but is likely explained by the fact that the perforation is a 
very small part of the whole sample. 

Figure 10: Three-point bending curves for the different perforations on the board.

Looking at the results from the mechanical testing taken together they can both explain some re-
sults seen in previous studies, as well as shed some light on what the actual trade-offs are when 
choosing a perforation. As an example, the observation made by Alftan et al. that different per-
forations showed little influence on the box compression test could be explained by the un-
affected stiffness. BCT tests is a test of the whole construction, while ECT-test is consid-
ered as a material test, i.e. a more localized damage occurs, affecting the measured values. 
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As trade-offs it can be concluded that ECT is affected by perforations, but that the cut/uncut ratio have 
little influence, i.e. having a perforation affects much more than the particular kind of perforation. 

In the same way the bending stiffness is not affected, except for extreme cases. And here it is important 
to note that the actual cut/uncut ratios in this study, especially on the top side, were much larger than 
what is indicated by the nominal values/designations. Thus the one remaining concern is the strength 
of the perforation itself, which boils down to a trade-off between ease of opening and risk of accidental 
opening� 

4 Conclusion

Based on the results from this study the following things could be concluded:
* Different liner materials and fluting types seem to respond similarly to different kinds of perforations.
* Perforating using a cutting table leads to damages to the top layer which governs the measured be-
haviour of the perforation, an observation which is well in line with the industry experience. 
* The cut/uncut ratio of the perforation should have little influence on the “whole box” mechanics, 
since the stiffness remains unaffected, and the measured ECT shows an equal strength drop for all 
ratios�
* The cut/uncut ratio has, as was expected, a large influence on the strength of the perforation. 
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Abstract: When aluminum is applied to paper and lacquer coated paper, hygroexpansion and 
substrate roughness can impair the aluminum coating. Both effects manifest as an increase in 
electrical  resistance  and  gas  transmission.  The  sheet  resistance  of  aluminum  coated  onto 
different rough paper surfaces and on PET was measured via eddy currents at different relative 
humidities (0–95%). The effective resistivity was calculated based on the measured resistance 
and  aluminum  mass  per  unit  area,  combined  with  a  value  for  aluminum  density  from  
the literature.  On  PET  a  normalized  value  for  the  effective  resistivity  correlated  linearly  
with  a normalized  value  for  the  oxygen  transmission  rate.  Moreover,  effective  resistivity  
of  the aluminum correlated with the substrate roughness. Substrate paper roughness was 
reduced by an   ethylene   vinyl   alcohol   co-polymer   (EVOH)   pre-coating.   This   pre-
coating   increased hygroexpansion. At relative humidities of up to 50%, hygroexpansion 
linearly correlated with the   increase   in   effective   resistivity,   which   is   related   to   the   
mechanical   straining   and deformation  of  aluminum.  Aluminum  started  to  crack  first  
on  rough  substrates  and  later  on smooth substrates. Thinner aluminum coatings cracked at 
lower hygroexpansions than thicker coatings.

*correspondence to:    Martina Lindner, Fraunhofer Institute for Process Engineering and 
Packaging IVV, Giggenhauser Straße 35, 85356 Freising, martina.lindner@ivv.fraunhofer.de 

1 Introduction

For  food  packaging,  a  high  gas  barrier  is  required  and  can  be  achieved  by  physical  vapor 
deposition (PVD) of aluminum on polymeric substrates. To achieve a high gas barrier, these aluminum  
coatings  have  to  be  virtually  defect-free.  However,  due  to  decreasing  mineral  oil resources, the 
usage of polymeric substrates must be reduced and could be replaced by paper. Two challenges need 
to be addressed when polymeric substrates shall be replaced by paper in such applications: roughness 
and hygroexpansion. In the case of paper substrates the surface roughness of paper is in the micrometer 
range. Roughness can lead to defects in the inorganic coating, as illustrated in Figure 1.

Figure 1: Roughness and cracks in metallized surface (left), defects let oxygen permeate (right)
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The second challenge associated with the PVD coating of paper is hygroexpansion, which is the   mois-
ture-induced   dimensional   change   of   a   material.   Cellulose   fibers   in   paper   are hygroscopic  
and  swell  due  to  the  uptake  of  water  from  the  air.  When  a  closed  aluminum coating  is  required,  
hygroexpansion  is  a  challenge  during  PVD  because  the  metallization  of paper  takes  place  under  
a  high  vacuum  (~10−6  mbar)  so  the  water  evaporates  and  the  paper shrinks. After metallization, 
the paper is transferred to humid air and subsequently expands as water enters the paper. Consequently, 
the aluminum coating is strained and eventually cracks [1]
(Figure 1).
Both, defects formed due to hygroexpansion and due to substrate roughness, therefore impair the 
aluminum coating and also manifest as an increase in electrical resistance [1-9]. This paper describes 
some effects that have been observed concerning the correlation between substrate roughness, hygro-
expansion, electrical resistivity and oxygen permeation.

2 Materials and methods

2.1 Ethylene vinyl alcohol copolymer (EVOH) coating
EVOH (ethylene content of this grade was ~8 mol%) was dissolved in water and applied on a one  
side  pigment  coated  paper  in  a  reel-to-reel  process  using  the  lacquering  and  lamination plant 
at Fraunhofer IVV. It was coated once on the pigment coated side (PC) and once on the non-pigment 
coated side (noPC) and dried at 85°C.

2.2 Physical vapor deposition of aluminum coating
The following samples were produced by PVD coating (Figure 2):
a)   PC/Al: Aluminum was deposited on the pigment coated paper side.
b)   PC/EVOH/Al: The paper was coated with EVOH on the pigment coated paper side, then aluminum 
was deposited on top of the EVOH.
c)   noPC/Al: Aluminum was deposited on the non-pigment coated paper side.
d)   noPC/EVOH/Al: The paper was first coated with EVOH on the non-pigment coated paper side, 
then aluminum deposited was on top of the EVOH.
e)   PET/Al: Polyethylen terephthalate was coated with aluminum.

Figure 2: A schematic description of the samples that were produced, as described in the previous 
enumeration [10].

Physical vapor deposition (PVD) of aluminum was carried out using the electron beam heating method  
at  Fraunhofer  IVV  at  a  vacuum  of  10-5  mbar.  The  coating  thickness  was  varied  by changing 
the web speed from 0.5 to 3.5 m/min at steps of 0.5 m/min at an evaporation rate of
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2–3.5  nm/s.  Further  process  details  can   be  found  elsewhere   [11].  The  coating  weight (cwNOMI-

NAL) and thickness (dNOMINAL) of aluminum applied to the surface of each sample was calculated based 
on a previously described model [11]. Both values are linked by the literature value for aluminum 
density (δLIT) as shown in Equation 1.

Following their removal from the PVD coating unit, the paper rolls were transferred to a drum contain-
ing silica gel to keep the RH to 0% during storage.

2.3 Determination of aluminum effective resistivity at different strains
The samples a-e (Figure 2) were then taken one by one and the sheet resistance was measured at five 
predetermined points on each sample. After this first measurement at 0% RH, the  paper samples a-d 
were transferred to a climate chamber with humidity values of 35, 50, 70, 85 and 95% RH at 23°C to 
trigger hygroexpansion. In the case of aluminum coated PET, the polymer was strained in a tensile 
testing equipment. The sheet resistance (R■) was measured using the eddy current method. The sheet 
resistance (R■) of a resistor with thickness d and resistivity ρ is defined as shown in Equation 2.

The  effective  resistivity  (ρEFF)  was  then  calculated  from  the  thickness  (dNOMINAL)  and  the mea-
sured  sheet  resistance  (R■)  as  shown  in  Equation  3.  ρEFF  is an  indication  for  the  defect density 
in the aluminum.

            𝜌  = 𝐼𝐴 ∙ 𝑅∎

The relative effective resistivity increase (γ) was calculated from the effective resistivity at a strain of 
0% and at a given strain/hygroexpansion ε of x%, where x is in the range of 0-2 for paper substrates 
and 0-20 for PET (Equation 4).

The theoretical increase in resistivity γtheoretical  due to the mono-axial expansion ε of aluminum without  
any damaging  effect  can  be  estimated  by  the  following  assumption:  The  volume  of aluminum 
(cross-section A × length L) is constant under strain ε, namely A ∙ L = A0  ∙ L0. Under strain, the material 
expands in length but also thins. Thus, A decreases and L increases due to plastic deformation. Based 
on that assumption, Equation 5 can be derived [12].

𝑡ℎ𝑒𝑟𝑒𝑡𝑖𝑐𝑙  = (1 +  )2  −  1

(1)

(2)

(3)

(4)

(5)
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2.5 Hygroexpansion
The  hygroexpansion  measurement  was  carried  out  on  three  samples  (288  ×  200  mm2)  from 
each paper. The samples were dried in silica gel at 23°C. Then, each was stored in a climate chamber 
at 23°C for 24 h, with sequentially increasing RH values of 35, 50, 70, 85 and 95%. The samples were 
taken from the drum/climate chamber and scanned at a resolution of 1200 dpi.  Subsequently,  the  
distance  between  certain  measuring points  was  measured.  From  these data, the percentage length 
increase ε at increasing RH values was calculated by setting l0  in relation to the increased lengths l as 
shown in Equation 6.

2.6 Surface roughness
Roughness was determined using the mechanical profile method. Here, we used the roughness term Rz 
according to DIN EN ISO 4288:1998 and DIN EN ISO 3274:1998.

2.7 Oxygen transmission rate measurement
The oxygen transmission rate was measured according to DIN 53 380 Part 3 at 23°C, 50% RH.

3 Results and discussion
3.1 Effect of substrate roughness on resistivity: comparison of paper and PET substrates
On  PET,  the  effective  resistivity  ρEFF   decreases  with  increasing  aluminum  coating  weight, ap-
proaching a value of approximately 5 µΩ∙cm, which is two times higher than the literature bulk  value  
of  2.7  µΩ∙cm  [13].  In  the  present  case,  the  resistivity  reaches  a  minimum  at  a coating   weight   
of   ~0.12   g/m2,   and   higher   coating   weights   seem   to   give   no   further improvement.
On  paper  substrates,  there  is  an  additional  factor.  Paper’s  surface  roughness  prevents  the forma-
tion of a complete layer and introduces additional defects, thus increasing the resistance and resistivity. 
Accordingly, the resistivities are approximately one order of magnitude higher than on PET.

Figure 3: Rough surfaces induce defects in aluminum coatings and thus lead to a higher effective resistivity ρEFF  (left); 
smooth substrates like PET lead to a closed aluminum layer at sufficiently high coating weights, rough substrates like 

paper lead to defects (Images taken from [14]).

3.2 Correlation between effective resistivity and oxygen permeability on PET substrate
As known, the oxygen transmission rate decreases vastly with increasing aluminum thickness / coating 
weight.  However,  it  reaches  a  minimum at  approx.  0.2 g/m2  (Figure  4,  left).  This  is because  
defects  in  the  aluminum  coating  are  covered  and  closed  with  increasing  aluminum thickness.  
As  explained  in  the  previous  section,  such  defects  also  increase  the  effective resistivity  of  the  
aluminum  coating.  This  correlation  becomes  clear,  when  both  values, resistivity and  oxygen  
transmission  rate,  are  normalized  (Figure  4,  right).  In  the  case  of  the oxygen  transmission  rate,  
the  transmission  rate  of  the  metallized  polymer  OTRmetallized  is normalized to the transmission rate 
of the pure polymer film OTRpolymer. The higher this factor (OTRmetallized /OTRpolymer; y-axis), the more 
defects are present in the aluminum coating. In the case of the  electrical  effective resistivity, the value 
ρEFF  is normalized to  the literature value ρLITERATURE. The higher this factor (ρEFF/ρLITERATURE;  x-axis), 
the more defects are present in the aluminum  coating.  When  ρEFF/ρLITERATURE=1,  the  coating  has  
ideal  properties  equal  to  bulk aluminum. In Figure 4 (right), it can be seen, that both normalized axis 
correlate well. Thus, the electrical resistivity can be used as an  indication for the expectable  oxygen 
transmission rate. The question is, if this observation can be used to find out more about defects that 
appear in  aluminum  coatings  which  are  applied  on  paper;  the  effect  of  substrate  roughness  and 

(6)
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hygroexpansion, as well as their effect on the expectable gas barrier.

Figure 4: Correlation between oxygen transmission rate and aluminum thickness (left). More defects in the aluminum lead to a 
higher effective resistivity ρEFF and thus to a higher oxygen transmission rate OTRmetallized  (right).

3.3. Correlation between substrate roughness and resistivity on paper
In  order  to  find  out,  if  the  paper  substrate  roughness  can  be  correlated  with  the  effective re-
sistivity, aluminum in different thicknesses was applied on differently rough paper surfaces (sample  a  
and  c  from  Figure  2,  each  created  on  two  different  paper  grades)  (Figure  5).  All curves  show  
a  characteristic  minimum  resistivity  value  ρOFFSET   [Ω∙nm]  at  high  aluminum thickness, superim-
posed by a variable resistivity ρn  [Ω∙nm] at lower thickness.

𝜌  =  𝜌  +  𝜌

Figure 5: Characteristic  minimum resistivity  value ρOFFSET  at high  aluminum thickness, superimposed by  a variable resistivity 
ρn  at lower thickness (left), correlation between substrate roughness RZ, aluminum thickness dNOMINAL, and effective resistivity 

ρEFF, as described by Equation 8 (Image taken from [15]).

ρOFFSET  and ρn  were found to increase with substrate roughness. Additionally, ρn    depends on the  

(7)
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(8)

thickness  dNOMINAL.  These  observations  can  be  combined  to  the  following  descriptive approach:
  

𝜌  =  𝑅  ∙  ∙  +  𝜌𝑙  𝑖𝑡 ∙ (1 +  𝑅  ∙ ) 

This equation was used to fit the three dimensional graph in Figure 5. This correlation fits well (R2  = 
0.88). The results show that the effective resistivity ρEFFECTIVE  is not constant, but rather increases with 
substrate roughness and decreasing aluminum thickness.

3.4 Effect of lacquer coating on hygroexpansion
As mentioned in the introduction, not only roughness but also hygroexpansion is relevant is such a 
process. Roughness is known to be adjustable by polymer coatings on paper. However, it was not yet 
clear, if and in how far such coatings affect hygroexpansion of paper. Therefore, paper  was  coated  
with  EOVH  on  the  pigment  coated  side  and  the  non-pigment  coated  side (PC/EVOH, noPC/
EVOH, a-b in Figure 2). Hygroexpansion was higher for the EVOH-coated papers than for the pure 
paper, but highest when  EVOH was applied to the noPC side. This indicated that the EVOH pene-
trated further into the noPC side of the paper because the surface contained more pores and channels. 
EVOH thus fills the voids in the noPC paper and occupies space  that  the  fibers  would  otherwise  fill  
during  expansion.  Because  this  space  between  the fibers  is  now  occupied  by  EVOH,  the  paper  
expands  further,  particularly  on  the  noPC  side where more EVOH has penetrated between the fi-
bers. This is because EVOH does not prevent water molecules from permeating towards the fibers, but 
it allows water molecules to permeate towards the fibers, which leads to fiber hygroexpansion. More-
over, the EVOH itself absorbs water and swells, which further intensifies the effect. Thus the lacquer 
coating has two adverse effects: it smoothens the surface, which reduces the amount of defects in the 
aluminum coating. Simultaneously, it increases paper hygroexpansion, which increases the amount of 
defects in the aluminum coating.

Figure 6: Effect of lacquer coating on paper hygroexpansion (Image taken from [10]).

3.5 Effect of lacquer coating and hygroexpansion on resistivity
In  order  to  evaluate,  if  the  effect  of  EVOH-coatings  on  hygroexpansion  (section  3.4)  or  the 
substrate roughness (section 3.3) has a stronger impact on electrical resistivity increase γ, the effective 
resistivity increase γ was determined for noPC/Al; PC/EVOH/Al and PET/Al. From Figure 7 the fol-
lowing conclusions can be drawn:
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1.    The relative effective resistivity increase γ correlated with hygroexpansion and strain ε.
2.    The relative effective resistivity increase γ is much higher in the case of paper. In the case of
PET film, the strain applied to reach similar γ is 10 times higher.

Figure  7:  Relative  effective  resistivity  increase  during  paper  hygroexpansion  for  aluminum  in  different  thicknesses 
applied on paper without pigment coating (noPC/Al; left), with EVOH coating (PC/EVOH/Al; middle) and on PET film 

(PET/Al; right) (Image taken from [10]).

3. In the ideal case (smooth substrate surface, low hygroexpansion, and thick coatings)  γ is 
similar to the value expected, according to the geometrical deformation model in Equation 5.  This  
indicates  that  no  additional  defects  occurred  during hygroexpansion and that no additional defects 
should b0e expected in the case of smooth substrates and thick coatings (~69 nm).
4. On smooth surfaces (PC/EVOH/Al, hPyEgTro/Aexlp),anthseionefefe[c%t ]of the aluminum 
thickness (d) is more  explicit. Thinner coatings  (<35  nm)  led to a higher relative effective resistivity 
increase γ�
5. On non-EVOH coated paper (noPC/Al), the effect of aluminum thickness on the increase in γ 
was lower because the aluminum already contained many defects before hygroexpansion, due to its 
roughness and porosity (compare Figure 3). Hence the additional defects due to hygroexpansion did 
not significantly affect the resistivity value.

4 Conclusion
In this study we showed, that effective resistivity can be used as an indirect indication about the expect-
able gas barrier performance of aluminum coatings on PET substrates. Moreover we showed, that the 
effective resistivity of aluminum applied on paper is affected by defects that are   caused   by  substrate   
roughness   and   hygroexpansion.   Both,   substrate   roughness   and hygroexpansion  of  paper,  are 
affected  by polymer  coatings.  However  it  is  not  yet  clear,  if  a similar correlation between ox-
ygen transmission rate and resistivity on PET (as in  Figure 4) can also be observed for paper based 
substrates�
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Abstract:  This  research  study  describes  how  properties  of  recycled  polypropylene  can  
be improved using knowledge-based sorting prior to mechanical recycling process. PP was 
sorted from post-consumer waste (PCW) into four sub-fractions according to the processing 
techniques used:  injection  molded,  thermoformed  (transparent  and  black  respectively)  
and  bottles.  All samples  were  washed,  dried,  grinded  and  compounded  prior  to  further  
characterization  and analysis. Injection molded samples had Melt Flow Index (MFI) 63 
g/10min, whereas both the thermoformed fractions and the bottle fraction had MFI < 4 
g/10min. A commercial PCW rPP comprising  all  afore  mentioned  fractions  had  MFI  13  
g/10  min  and  thus  was  not  fit  for  use neither  in  bottles,  thermoformed  nor  in  thin  walled  
injection  molded  packaging.  The  MFI  as well  as the  mechanical  properties  for  the  sorted  
materials  were  close  to  the  respective  virgin materials. The thermal stability was evaluated 
by thermogravimetric analysis (TGA), showing that  Tonset  was  on  the  same  level  for  all  
samples,  while  in  contrast  to  the  other  fractions,  the thermoformed   samples   showed   
two   step   degradation.   Similarly,   Differential   Scanning Calorimetry (DSC) showed 
that all samples gave characteristic PP curves. The thermoformed samples, PP bottles and 
commercial rPP showed an additional melting peak prior to PP melting temperature, implying 
contamination with other polymers. This research gave new insight and demonstrated the 
importance of better sorting for improved quality of  recycled postconsumer waste PP materials

Keywords: sorting, recycling, polymer quality
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1 Introduction

EU’s action plan for a circular economy has identified plastics as a key priority, with specific targets 
to recycle 45% of plastic packaging waste by 2020 and 60% by 2025 [1]. Constant growth in plastic 
packaging demand is causing increase of plastic packaging waste. Although there is a positive trend in 
recovery and a decrease in post-consumer plastic waste  delivered to  landfill, recycling rates are still 
on the low level [2-4]. Use of recycled plastic materials in manufacturing is  a  requirement  for  the  
development  of  the  circular  economy concept  and  global  sustainable goals,  and  is  an  important  
future  prospective  worldwide  [5-7].  Recycling  processes  of  post- consumer waste (PCW) have 
been widely studied, and appeared as a complicated procedure, due to  the  need  for  sophisticated  ma-
terial  separation  and  disadvantages  in  recycled  materials properties [3, 5, 8-13]. Polyolefins (poly-
propylene PP and polyethylene PE) represent almost 50% of the European plastic demand, and PP has 
approximately a 20% share in total plastic production. About one-half of all PP is used for packaging, 
hence it ends in municipal solid waste [5, 14, 15]. Waste derived from high consumption plastic as PP 
presents a major global challenge [3, 15-17]. There is a need to obtain high and predictable quality of 
recycled materials coming from household considering that different types and grades of polymers end 
up in PCW for recycling[12, 13].
In the case of PP, the main effect of recycling is lowering of melt viscosity (increase in melt flow index)  
and  molecular  weight  decrease  [15].  Da  Costa  et-al.  (2007)  [18]   reported  that  multiple extru-
sion  process  is  influencing  both  mechanical  and  thermal  properties  of  PP.  Exposure  to higher 



29th  IAPRI Symposium on packaging

Packaging Materials

temperatures as well as presence of moisture can give thermal, thermo-oxidative and /or mechanical 
degradation of PP [18]. These factors should be considered when developing recycling processes tar-
geting high performance applications of recycled PP.
There  are  significant  and   important  differences  between  PP  materials   used  in  packaging ap-
plications�  The  materials  are  selected  based  on  the  conversion  technique  used,  and  on require-
ments  in  the  end  use  application�  Different  PP  grades  are  tailor  made  for  certain applications� 
A material  made  for thermoforming of  trays  cannot be used  in  injection  molded thin walled butter 
containers and vice versa� Recycled PP materials (rPP) from PCW contain a wide variety of  PP types  
used in  consumer packaging, and thus the rPP will be an average of these materials.
This research presents a new approach to sorting of rigid plastic from PCW to more detailed and nar-
rowly  sorted  polymer  fractions.  In  this  case  PP  was  sorted  according  to  the  conversion tech-
niques used. Successful and precise determination of polymeric properties could be the main path for 
recycled materials to compete with virgin ones [5, 13, 16]. This technique has been chosen according 
to the know-how in PP production and how PP grades can differ in their characteristic, thus influencing 
the properties and quality of recycled PP [15, 16].
In  a  case  study,  collected  PP from  PCW was  divided  into  four  sub-fractions  according to  the 
conversion technique used, i.e. thermoforming (TF, transparent and black), injection moulding (IM) 
and extrusion blow moulded bottles (Bottles). The PP sub-fractions were characterized by convention-
al  techniques  and  compared  to  appropriate  virgin  and  recycled  reference  samples. This research 
gave new knowledge and data regarding the importance of better sorting of PCW. It  was  demonstrat-
ed  that  knowledge-based  and  narrow  sorting  could  be  a  decisive  factor  in accomplishing high 
value recycled PP materials that may be used in packaging applications.

2 Materials and Methods

2�1 Materials

Collection of rigid plastics post-consumer waste from 60 representative households in Norway was 
carried out for seven weeks. The consumers rinsed the used plastics packaging in cold water and 
brought it to the collecting point. All collected rigid waste was sorted according to ASTM International 
Resin Identification Coding System (RIC), weighed and divided into five fractions as follows: poly-
propylene (PP), polyethylene (PE), polystyrene (PS), polyethylene terephthalate (PET)  and  others  
(unlabeled  and  multilayered  materials  and  PVC)  [19].  For  this  study  the  PP fraction was further 
sorted into four sub-fractions according to the conversion technique, i.e. to injection molded (PP IM), 
thermoformed (transparent PP TF trans. and black PP TF black) and extrusion  blow  moulded  bottles  
(PP  bottles). A  PP  reference  material  (BH345MO,  Borealis GmbH, Vienna, Austria) was purchased 
as commercially available product, while a recycled PP (rPP)  semi  commercial  test  material  was  
kindly  provided  by  IVA  (Follumveien  100  3515 Hønefoss),  a  Norwegian  recycling  company  for  
rigid  materials.  After  final  sorting  all  sub- fractions were cut in pieces, washed with water (40°C) 
in a washing machine (AEG 8000 series Lavamat,  ÖKOMix;  Electrolux  PLC; Addington  Way,  
Luton,  Bedfordshire,UK)  and  dried  at 80°C (Dryer: FarragTech CARD 110S; FarragTech GmbH 
Dammstrasse 61, A-6922 Wolfurt, Austria) for two hours. After drying, the material was grinded on 
the grinder GK205 (with filter, maximum diameter 3mm, 1989, Maskin AB Rapid S-33010 Bredaryd,  
Sweden)  and  compounded  on  twin  screw  extruder  Prism  24TSE-24-HC  (diameter 24mm,  2010  
from  Prism, The old  stables,  Friars  alley  Lichfield,  Staffordshire,  England).  For mechanical 
properties  samples  were  prepared  according to  ISO 294  –  ISO  19069-2, using an Engel  ES/65  
cc90  injection  molding  machine  (Engel Austria  GmBh  Ludwig-Engel-Straße  1 4311 Schwertberg 
Austria), while for thermal analysis samples were compression molded from pellets into sheets of 0�2 
mm thickness.
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2�2 Characterisation

2�2�1 Melt flow index
The melt mass-flow index (MFI) was measured according to ISO 1133 on a Davenport MFR,
3/2297, Davenport (Ryenstubben 5, Sentrum N-0101 OSLO) testing machine. A sample of about
5 grams was heated above its melting point and forced to flow through a capillary using a piston actu-
ated by a specified weight, (2.16 kg). MFI is presented as the weight of melt in grams flowing through 
the capillary in 10 minutes.

2�2�2 Mechanical properties
Tensile  properties  were  measured  on  a  Zwick  Z010  (ZwickRoell  GmbH  &  Co.KG August- 
Nagel-Straße 11, 89079 Ulm, Germany) apparatus with 5 kN load cell, according to ISO 527- 2:2012, 
using type 1A multipurpose specimen. The test speed was 1mm/min for tensile modulus and 50mm/min 
for stress and strain at yield and break� Elastic modulus and elongation at break (εB) are presented graph-
ically as average values of five replicates and standard deviations� Charpy  impact  test  was  performed  
on  a  Charpy  impact  tester  (CEAST  Resilvis  Cryo  125 automated  impact  pendulum,  Ceast  S.p.A,  
Italy)  according  to  ISO  179-1:  2010  using  the specimens with a V-notch, knife with radius 0�25 ± 
0.05mm (Notch Milling Machine ZNO 2010, ZwickRoell   GmbH   &   Co.KG   August-Nagel-Straße   11   
89079   Ulm,   Germany).    Non- instrumented  Charpy  impact  test  characterizes  the  impact  resistance  
of  thermoplastics  under defined  conditions�  The  test  is  performed  on  injection  molded  bars,  placed  
horizontally  as  a “beam” on two support points, and broken by a pendulum released in line between the 
points of support with constant speed� The results are presented as impact strength [kJ/m2] average of ten 
replicates with standard deviations�

2�2�3� Thermal properties
Thermal  analysis  was  carried  out  on  a  DSC  Netzsch  204-F1  analyzer  (NETZSCH-Gerätebau 
GmbH;  Gebrüder-Netzsch-Straße  19,  95100  Selb;  Germany)  according  to  ISO11357-3-2013 
standard method, from room temperature to 225°C in a nitrogen atmosphere. The scanning rate was  
set  at  10  °C/min  and  an  empty  aluminum  pan  was  used  as  a  reference�  Calibration  was 
performed using an indium sample. Melting temperature (Tm), and enthalpy of melting (ΔHm) were 
obtained from the second heating scan. Thermal stability of PP samples was further investigated 
by thermogravimetric analysis (TGA) according to ISO11358-1997 standard method, using a Q500 
Thermogravimetric Analyzer (TA Instruments, New Castle, DE 19720). The samples were heated 
from 25°C to 600°C at a heating rate  of  10  °C/min  under  nitrogen  flow.  The  results  are  presented  
as  TGA and  DTG  curves. Measurements were conducted in two replicates�

3 Results and Discussion

MFI  is  a  parameter  commonly  used  to  describe  molecular  weight  and  flow  properties  for polyole-
fins.  Differences  in  melt  flow  index  are  implying  different  polymer  grades  and  their characteristics  
[15,  17]�  MFI  for  all  PP  fractions  and  reference  virgin  and  recycled  material  is presented in Table 1�

Sample MFI [g/10min]
PP virgin 45

PP IM 63
PP TF trans. 3�6
PP TF black 1�4
PP bottles 2�1

rPP 13

Table 1. Melt flow rate (MFI) of PP fractions (PP IM, PPTF trans, PP TF black, PP bottles, PP
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virgin and rPP
The selected PP virgin sample is a heterophasic copolymer, commonly used in injection molded thin  
walled packaging applications, with  MFI of 45g/10min. For other packaging application, e.g.  ther-
moformed  trays  or  blow  molded  bottles,  other  PP types  with  MFI  typically  below  4 would  be  
used.  The  melt  flow  index  (MFI)  influences  both  processability  in  the  conversion equipment and 
mechanical properties. PP IM had MFI 63 g/10min, whereas both PP TF trans, PP  TF  black  and  PP  
bottles  were  <  4  g/10min  (3.6g/10min;  1.4g/10min  and  2.1g/10min respectively). The rPP, con-
taining all the fractions had MFI 13 g/10 min. and thus not fit for use neither in bottles, thermoformed 
nor in thin walled injection molded packaging.

Mechanical properties are often decisive in polymer applications, and it is important to choose materi-
als which fulfils the requirements [13]. Elastic modulus (E-modulus) and impact strength are  present-
ed  in  Figure  1  and  elongation  at  break  (EB)  in  Figure  2.  E-modulus  describes  the stiffness of a 
material. Stiffness and impact strength are two important mechanical properties for packaging applica-
tions. The E-modulus was from 1160 to 1840MPa for all measured samples. The impact strength was 
on the same level for PP virgin (5.6±0.4kJ/m2). PP IM (4.4±0.3kJ/m2) and PP TF trans. (5.8±0.4kJ/
m2) as well as for rPP (5.7±0.4kJ/m2). PP TF black showed higher E-modulus (1840 MPa) and lower 

impact strength (1.9kJ/m2) probably influenced by addition of carbon black.
Figure 1. Impact strength and elastic modulus of PP fractions compared to reference PP and rPP

Interestingly,  PP  bottles  showed  higher  impact  strength  than  all  other  samples  (8.5  kJ/m2). 
Impact strength can be influenced by the molecular weight where lower MFI gives higher impact 
strength. It can be seen from the results that the measured mechanical properties of the recycled PP 
IM fraction are in the same range as the virgin PP, intended to be used in thin walled packaging ap-
plications�
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Figure 2� Elongation at break of different PP fractions compared to reference PP and rPP

Elongation at break varied to a high extent, with very high standard deviations. Lowest EB was mea-
sured for PP TF black samples (4%), while highest EB was for PP bottles (134%) (Figure 2). The 
difference in EB between the various materials is mainly due to inherent different material properties.   
The   high   standard   deviations   may   be   due   to   inhomogeneous   material   or   to contamination 
from various sources (labels, adhesives etc.) in the sorted material fractions. Based on mechanical 
properties, narrowly sorted PP IM fraction as secondary polyolefin source could substitute virgin PP 
material in certain applications. The same approach could be applied for the other fractions if relevant 
references were used.

Thermal    properties    were    evaluated    by    differential    scanning    calorimetry    (DSC)    and 
thermogravimetric  (TGA) analysis. Results  from  DSC  measurements  are  presented  as  second 
heating scans (melting curves) in Figure 3. The  PP  virgin  reference  sample  showed  characteristic  
melting  endothermic  peak  at  165°C. Similar curve has been recorded for the PP IM sample. Both 
PP TF fractions (trans. and black) showed  a  very  small  additional  peak  prior  to  the  PP  melting  
peak  at  123  °C  and  121°C respectively. Similar curves, but with more distinguished peaks, were 
detected also for PP bottles an  PP  recycled  from  PCW  around  125°C.  In  the  case  of  rPP,  this  
can  be  attributed  to contamination  of  PE  in  the  PP  PCW stream  (125°C  is  typical  melting  point  
for  PE).  For  PP bottles and PP TF, the peak at around 125 °C is probably due to cross contamination 
from PE items during the manual sorting�
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Figure 3� DSC curves of different PP fractions compared to reference PP and rPP

PP bottles showed similar thermal behavior with first melting at 125°C, however, lower melting peak 
then all other fractions at 154°C. The content of the PP bottles fraction was mainly ketchup bottles, 
which could be tested separately to define why the melting temperature is lower than for all other PP 
fractions� PE contamination is probably partly the reason, and this may also explain the higher impact 
strength compared to the other fractions� The melting curve for rPP verifies that PP is the main con-
stituent, however, there seems to be cross contamination from PE. 
From TGA curve it can be observed that Tonset was on the same level for all samples (Table 2 and
Figure 4).

weight loss at 
99,8%

weight loss at 
99,5%

Tonset Residue at 50°C

T (°C) m (g) T (°C) m (g) T (°C) % mg %
PP virgin 324 17 363 17 436 97 0�03 0�14

PP IM 234 16 297 16 434 96 0�24 1�50
PP TF transp 275 17 319 17 436 94 0�06 0�36
PP TF black 252 21 328 21 420 94 1�35 6�55
PP bottles 251 17 297 17 437 93 0�14 0�82

rPP 235 17 273 17 436 96 0�32 1�95

Table 2� TGA properties of different PP fractions compared to reference PP and rPP

However,  for  all  recycled  samples  degradation  starts  at  lower  temperatures.  This  could  be 
explained by contamination of the PP fraction with PE during the collecting and sorting steps as well 
as by possible thermo-mechanical degradation of recycled PP due to high temperatures and shear degra-
dation during processing [13, 14]�
Residues at 550°C for sample PP TF black were present in higher amount (6.6%) compared to both 
virgin PP and all other fractions, probably due to the presence of carbon black, which is not degraded 
in this temperature regime.
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Figure 4. TGA curves of PP fractions compared to reference PP and rPP

4 Conclusion

From  the  simulated  case  study  and  knowledge-based  sorting,  four  PP  sub-fractions  were eval-
uated and characterized. Melt flow index, mechanical and thermal properties were measured for all 
recycled sub fractions and compared to both virgin and recycled reference PP samples. High  varia-
tion  in  MFI  (from  1�4  to  63g/10min)  was  observed�  This  confirms  the  major differences in PP 
types in the various sub-fractions and consequently very different processing and  application  range�  
The  PCW  rPP  had  mechanical  properties  comparable  to  the  virgin reference and the sub-fractions 
PP IM and PP TF trans� The MFI value was 13g/10 min, placing this sample in between all the tested 
sub-fraction samples. Due to this MFR, the material is not suitable  neither  for  thin  walled  injec-
tion  molding  nor  for  thermoformed  trays  for  consumer packaging. The high Elongation at break 
showed very high standard deviation for some of the fractions,  probably  due  to  inhomogeneous  
materials  and  contamination. The  thermal  analysis showed  contamination  from  other  polymer  
materials,  probably  PE,  in  some  of  the  evaluated fractions� According  to  all  presented  results,  
improved  sorting  prior  to  the  material  recycling process  is  a requirement  to obtain high quality 
recycled polymer, with possible  application  in their  primary  use�  Hence,  this  research  gave  new  
knowledge  and  information  regarding  the importance of better sorting for improved quality of re-
cycled materials and points to the need of careful   sorting   of   waste   in   order   to   minimize   loss   
of   the   virgin,   tailormade   polymer characteristics in the recycling process�
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Box compression strength of packages in different climates

Marin Gustav*, Mikael Nygårds
RISE - Research Institutes of Sweden, Stockholm, Sweden

Abstract: Packages made of five folding box boards made on the same paperboard machine 
have been analysed. The paperboards were from the same product series but had different 
grammage (235, 255, 270, 315, 340 g/m2) and different bending stiffness. The paperboards 
are normally used to make packages, and since the bending stiffness and grammage varies the 
packages performance will be different. In this study, two different load cases were defined
and Box Compression Tests (BCT) were performed at different levels of relative humidity (30,
50, 70, 90 % RH) and were evaluated as a function of moisture ratio.

The result showed a linear relation between the box compression strength and the moisture 
ratio. In addition, when the data was normalized with the measurements for the standard 
climate (50 % RH) and was evaluated as a function of moisture ratio, the result indicated that 
the normalized box compression strength for all the paperboards and both of the load cases 
could be expressed as a linear function of moisture, dependent of two constants a and b.

Consequently, the study indicates that it is possible to estimate the Box compression strength at 
different climates of a package made of paperboard, by knowing the box compression strength 
for the standard climate (50 % RH and 23 °C) and the constants a and b.

Keywords: Paperboard, moisture, mechanical properties, package performance

*Correspondence to: Gustav Marin, RISE - Research Institutes of Sweden, Box 5604, SE-114 
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1 Introduction

Boxes that are used to transport goods are often stored and stacked, often many boxes are stacked on 
top of each other.  It is therefore  important to  have  and  maintain  high  box  compression  strength  of 
the  box. The strength of packages is often characterised by the box compression test (BCT). A package 
is loaded between two parallel plates, and force-displacement data is recorded. The initial peak load 
is evaluated as the BCT value; which have been shown to depend on bending stiffness and the short 
compression test value. Grangård [1] formulated the relation according to:

where Fc  denotes the short compression strength (SCT), Sb the bending stiffness and k is a param-
eter that is dependent of for instance the geometry and the quality of the creases of the package. The 
Grangård formula is similar to the McKee formula [2] that is often used to predict the BCT values of 
corrugated board boxes. From the Grangård formula it can be concluded that the BCT value is a com-
bination of bending of the panels and a local failure that is represented by the SCT value. Hence, at 
peak load the panel will bulge out, and a local compressive will be initiated. For paperboards, the SCT 
value can be correlated to delamination, which is associated to out-of-plane shear properties [3-4]. To 
maintain high BCT values it is therefore important to have and maintain both high bending stiffness 
and out-of-plane properties, which often can contradict since high bending stiffness often is achieved 
by increasing the bulk of the paperboard.

(1)
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Packages that are made of paperboards are sensitive to moisture. When the moisture is increased, the 
strength and stiffness properties of paperboard will decrease; it has been shown to decrease linearly 
with moisture ratio [5]. However, both SCT and bending stiffness decrease linearly with increased 
moisture ratio. But the SCT values will decrease more than the bending stiffness. Ideally one would 
like to be able to predict BCT at different climates by using the knowledge how different paperboard 
properties vary due to climate changes. The aim of this work was to investigate how BCT for boxes 
made of different paperboards change due to different climates.

2 Materials

In this study, five folding box boards all manufactured on the same paperboard machine, but with dif-
ferent grammage,  were  used.  Their  structural  properties,  (thickness,  t,  grammage,  w  and  density,  
ρ)  at  standard climate  can  be  seen  in  Table  1,  and  their  mechanical  properties  as  a  function  of  
moisture,  have  been characterized earlier, by performing tests at 20 %, 50 %, 70 % and 90 % relative 
humidity (RH) [5].

A B C D E

Thickness, t [mm] 0�305 0�34 0�366 0�455 0�502

t (std) [mm] 7.24∙10-3 6.24∙10-3 6.36∙10-3 7.05∙10-3 82∙10-3

Grammage, w [g/m2] 250 260 260 330 360

Density, ρ 819 764 711 725 717

Table 1. Structural properties of five different folding box boards measured at 50 % RH and 23 °C.

3 Methods

The  geometrical  pattern  in  Figure  1  was  creased  and  cut  from  the  five  different  paperboards  
in  Table  1 respectively, by using a flat die cutter. The gray lines in Figure 1 denote the creasing lines. 
Note that the machine direction (MD) was the same for all packages in this study. The packages were 
assembled with tape in a controlled climate room at 50 % RH and 23 °C.

Figure 1� Geometrical pattern of the package�
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3.1 Box Compression Test (BCT)

To investigate the box compression strength as a function of moisture for the paperboards respectively, 
five Box Compression Tests (BCT) were performed for each board at four different levels of RH. The 
purpose was to use the same levels of RH as a previous study [5], but due to limitations in the climate 
room, these tests were performed at 30 %, 50 %, 70 % and 90 % RH. The specimens were conditioned 
for at least 24 hours and tested in the same room. The test procedure was using a uniaxial MTS-system 
(MTS Systems Corp., Eden Praire, MN, USA). The setup required two rigid plates and load cell to 
obtain a force-compression curve, according to Figure 2. The upper plate was fixed to the piston of the 
MTS-system and positioned 1 mm above the top of the package. The piston was extended with the load 
rate 10 mm/min, which exposed the package to a compressive displacement. The prescribed distance 
was set to 15 mm. To ensure parallel plates, a spirit level was used. Furthermore, the distances between 
the corners of the rigid plates were measured.

To evaluate how the box compression resistance is affected by moisture, the definition of moisture 
ratio was used:

where mw is the mass of water at each level of RH and md  is the mass of the dry solid content. The 
expression for mass of water is

𝑚𝑤  =  𝑚𝑡𝑡𝑎 𝑙  −  𝑚.                                                               

The mass of the dry solid content was measured after drying the specimens in a furnace at 115 °C for 
60 minutes.

Figure 2. Test equipment for BCT.

(2)

(3)
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The current package was exposed to BCT in two different load cases: Laying position and standing 
position, which are defined in Figure 3.

(a)                                                                                   (b)

Figure 3� Two different load cases: (a) Laying position and (b) standing position�

Due to the orientation of the machine direction, defined in Figure 1, the panels in load case (b) were all oriented in 
MD, while the panels in load case (a) were a combination of MD and CD. However, due to assumed local failure 
criteria, Fc  was assumed to be equal to SCTCD  according to:

𝐹, 𝑎 𝑦 𝑖𝑔  =  𝐶                                                                                                             (4)

𝐹, 𝑆𝑡𝑎 𝑖𝑔  =  𝐶                                                                                                        (5)

4 Results

The effect of moisture had a distinct effect on the box compression strength as observed in the raw 
data in Figure 4-Figure 8. From the result, it was generally observed that the box compression strength 
decreased when the tests were performed at higher level of RH. It was also seen that the compression 
stiffness decreased remarkably clear between 70 % and 90 % RH. The black circles that can be ob-
served in the figures denotes the maximum compression strength for each specimen.

(a)                                                                      (b)
Figure 4. Force-compression curves for paperboard A for the load cases: laying (a) and standing (b).

(4)

(5)
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(a)                                                                                   (b)
Figure 5. Force-compression curves for paperboard B for the load cases: laying (a) and standing (b).

(a)                                                                                   (b)
Figure 6� Force-compression curves for paperboard C for the load cases: laying (a) and standing (b).

(a)                                                                                   (b)
Figure 7� Force-compression curves for paperboard D for the load cases: laying (a) and standing (b).
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(a)                                                                                   (b)
Figure 8. Force-compression curves for paperboard E for the load cases: laying (a) and standing (b).

The box compression strength as a function of moisture ratio for each paperboard respectively, was 
estimated using Grangård’s formula according to Eq. (1). Linear approximations of these results can 
be seen in Figure 9 where the measured results from the BCT were included as a comparison. Here, 
the constant k, was adjusted to fit for 50 % RH for all the paperboards respectively and was different 
for the both load cases.

(a)                                                                                   (b)
Figure 9� Grangård’s formula (line) and performed BCT (dots) for: (a) laying load case and (b) 

standing load case�

When the measured bending stiffness and SCT at different RH was used in the Grangård formula, then 
the BCT values was predicted well for all paperboards except for Paperboard E, as seen in Figure 9 (b). 
The Grangård formula overpredicted the BCT values for Paperboard E for standing boxed. Paperboard 
E was the thickest paperboard, with the lowest out-of-plane properties [5]. When the standing boxes 
were tested, delamination was more dominating in the test than predicted by the Grangård formula. 
Apart from that the, Grangård formula worked remarkedly well to predict the BCT values when the 
moisture content varied.
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5 Discussion

Often the BCT strength is measured in standard climate, and thereafter additional measurements are 
performed in other climates. Previously Marin et al. (2019) have shown that the relation between the 
normalized mechanical property and the moisture ratio can be formulated according to:

where the constants a and b, for this specific study, can be obtained according to Table 2. The BCT 
value at 50 % RH can therefore be used to normalize the BCT values. In addition, the R2  value for the 
linear approximation can be seen in Table 2.

              A                                       b                                       R2
Laying load case                  -5.35                                  1.36                                    0.97
Standing load case              -5.66                                  1.40                                    0.96

Table 2� Constants a and b for different load cases�

From Table 2 it can be seen that the linear equations for both the load cases respectively were similar. 
Therefore, all measured normalized values can be seen as a function of moisture in Figure 10, where 
the linear relation can be described according to Table 3.

              A                                        b
Both load cases                    -5.5                                    1.38

Table 3� Constants a and b for both load cases�

Figure 10. Normalized box compression strength as a function of moisture ratio for both laying and 
standing load case�

(6)
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6 Conclusions

The study shows that it is possible to estimate the box compression strength at a specific climate, by 
knowing the constants a and b, and the box compression strength at standard climate. This result was, 
however, quite expected,  since  the  box  compression  strength  is  dependent  of  two  properties  that  
also  follows  this  linear relation.  More  surprisingly  is  the  conclusion  that  this  normalized  relation  
is  the  same,  disregarding  the difference in geometry of the two different load cases.

The study also shows that it is possible to use the Grandgård formula for different level of moisture, 
but it seems that it overpredicts the results for thick paperboards.
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In-situ Changes of Thermo-mechanical Properties of Poly(lactic 
acid) Film Immersed in Aqueous-alcoholic Solutions

Uruchaya Sonchaeng, Rafael Auras*, Susan Selke, Maria Rubino
School of Packaging, Michigan State University, East Lansing, MI, USA, 48824

Abstract: Polylactic acid (PLA) has been widely used as a commercial polymer for packaging� 
However, PLA usage is limited since its thermal and mechanical properties may be affected 
by environmental  conditions  such  as  temperature,  humidity,  and  chemical  exposure�  The  
glass transition temperature (Tg) of PLA may decrease when PLA is in contact with organic 
solvents� Furthermore,  PLA  shows  hydrolytic  degradation  when  exposed  to  water.  In  
this  study,  the thermo-mechanical properties (i.e., loss and storage moduli) and the Tg’s of a 
neat amorphous PLA  film  were  measured  using  a  dynamic  mechanical  analysis  (DMA)  
with  and  without immersion in selected alcohols (numbers of carbon atoms in the main chain 
between 1–6) and their aqueous solutions� The DMA measured Tg  of PLA at dry conditions 
was 62.7±1.6 oC. The largest Tg  reduction was observed in methanol immersion (Tg  = 14.3±0.9 
oC) and the smallest reduction in 1-hexanol immersion (Tg = 41.0±0.1 oC). PLA immersion in 
straight-chain alcohols showed a potential trend of smaller  Tg  reduction with higher number  of 
carbon atoms in the alcohol  chain.  Initial  results  may  indicate  that  structural  configuration  
and  position  of  the hydroxyl group in alcohols do not affect changes in the Tg  (i.e., Tg  in 
1-propanol = 29.6±0.8 oC and  Tg   in  2-propanol  =  30.0±2.3 oC).  In  case  of  aqueous  
solutions,  the  Tg’s  of  PLA  when immersed in water, 50% 2-propanol, and 100% 2-propanol 
were 53.3±3.8 oC, 33.6±0.3 oC, and 30.0±2.3 oC, respectively, indicating that reduction in Tg  

is concentration dependent� This work provides an initial understanding of the in-situ changes 
in thermo-mechanical properties of PLA in  contact  with  alcohols  and  alcohol  aqueous  
solutions,  which  is  useful  for  the  design  and development of PLA as a packaging material.

Keywords: solvent immersion; glass transition temperature; compatibility; DMA; PLA
*Correspondence to: Rafael Auras, School of Packaging, 448 Wilson Road, Michigan State University, East Lansing, 
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1 Introduction

As concerns for environmental sustainability have increased during the past decades, usage of poly-
mers  originated  from  renewable  resources  has  gained  acceptance.  One  of  the  major commercial 
biodegradable and  renewable  polymers is poly(lactic acid)  (PLA),  which  can  be made  from  corn,  
cassava,  or  sugar  beet.  Properties  of  PLA  can  be  tailored  based  on  the compositions of initial 
monomers in the production stage[1]. While PLA has suitable properties for applications in the medi-
cal, textile, agricultural, and packaging fields[2–5], its properties are affected by the service and storage 
environments such as temperature, humidity, and contacted substances. In general, how a polymer in-
teracts with environmental chemicals depends on factors such as the nature of the polymer, the time of 
exposure, the temperature, the external stresses, and the concentration of  the surrounding chemicals[6]� 
Polymers such  as  PLA may lose their mechanical properties when in contact with organic solvents 
because the sorption of solvents can induce plasticization, dissolution, swelling, or recrystallization of 
the polymer[7–11]. Additionally, hydrolytic   degradation   of   PLA  can   occur   when   PLA  is   exposed   
to  water  or   aqueous solutions[9,12,13]. Depending on the fields and applications, reduction in mechan-
ical properties or degradation may be advantageous or detrimental. In the medical field, degradation of 
PLA is essential  when  it  is  implanted  in  the  human  body  or  used  for  controlled  drug  delivery 
systems[14,15]. On the other hand, for some applications in the food and medical packaging field, it is a 
disadvantage for a container to lose its strength when being in contact with chemicals. Therefore, it is 
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crucial to know the behaviors of polymers such as PLA when being used, both intentionally and  unin-
tentionally, in  contact  with organic  solvents and  aqueous solutions. By knowing and predicting the 
possible changes in PLA properties, its range of performance can be improved, and unwanted changes 
can be prevented�
While  there  are  a  number  of  studies  looking  at  the  effect  of  organic  solvents  on  PLA’s mor-
phologies[7,8,10,16–18], one study[9]  initially addressed some of the in-situ changes happening when PLA 
is immersed in solvents. The lack of knowledge in PLA properties during the solvent immersion led 
us to the overall goal of this research, which is to gain a better understanding of the in-situ changes 
in the properties of PLA when in contact with solvents. Alcohols and their aqueous solutions were 
selected as solvents for our immersion studies since alcohols have been widely used as food simulants 
and are chemicals that are likely to be in contact with PLA during its useful life. The glass transition 
temperature (Tg) was used as the thermo-mechanical property of interest to determine changes in PLA. 
Our specific objective is to determine in-situ changes in  PLA’s  thermo-mechanical  properties  when  
immersed  in  organic  solvents  and  aqueous solutions.

2 Materials and Methods

PLA cast film made from PLA Ingeo™ 2003D resin (NatureWorks, LLC, Minnetonka, MN) was 
produced in a Rancastle Microtruder (Randcastle Extrusion Systems, Inc., Cedar Grove, NJ) with a 
1.5875 cm diameter screw, 34 cc volume and 24/1 L/D ratio at 193–215 °C and 49 rpm. The produced 
PLA film of 20 ± 5 µm was exposed to selected solvents (Sigma-Aldrich Corp., St. Louis, MO) listed 
in Table 1, and the Tg  was quantified using the peak tan(delta) value from an RSA-G2 Solids Ana-
lyzer (TA Instruments, New Castle, DE) DMA unit. The RSA-G2 settings were as follows; loading 
gap 15 mm, preload force 100 g, strain 0.2%, frequency 1 Hz, and ramp rate 5.0 °C/min. For each 
DMA experiment, a film sample was cut to a size of 10 mm x 50 mm and mounted with the tension 
clamps. The DMA temperature ramp started at 25 °C for dry film (no immersion) and for water and 
aqueous solution immersions, and 0–10 °C for pure alcohol immersions. The temperature ramp ended 
at approximately 20 °C above the temperature at peak tan(delta). For the immersion experiments, the 
RSA-G2 immersion cell was installed, the solvent was  precooled  to  the  desired  starting  temperature  
and  poured  into  the  immersion  cell  that contained  a  mounted  sample,  and  then  the  temperature  
ramp  started  immediately.  Each experiment was performed at least in triplicate. A TRIOS software 
(TA Instruments, New Castle, DE) was used for the DMA data analyses.

Table 1. Selected solvents for immersion tests and their properties.

3 Results and Discussion

Figure 1 illustrates a typical RSA-G2 DMA test result of PLA immersion in the straight-chain alcohols 
where the tan(delta), which is the ratio of the loss modulus to the storage modulus, is plotted against 
the test temperature. Comparing the peak tan(delta) values, the Tg of PLA is lower when immersed in 
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alcohol with lower number of carbons in the main chain. The result implies that smaller straight-chain 
alcoholic molecules can diffuse faster through the free volume region of PLA. This agrees with a 
general observation that an increase in the size of the compound in the same series (i.e., straight-chain 
alcohols with increasing number of carbon atoms in this case) results in a decrease in the diffusion co-
efficient through a polymer matrix[20]. Interactions of the alcohol molecules with PLA cause swelling 
and plasticization of the PLA matrix, leading to an increase in mobility of the PLA chain and thus a 
decrease in the Tg�

Figure 1. Tan(delta) of PLA film in different alcohols as a function of temperature.

To  compare  the  effects  of  the  solvent  structures  on  Tg,  1-propanol  which  is  a  straight-chain 
alcohol and 2-propanol which is a branched-chain alcohol were selected as solvents. These two alco-
hols  are  structural  isomers  with  3  carbon  atoms  and  the  same  chemical  formula.  Their chemical 
structures are shown in Table 1. For typical alcohols with small number of carbons, a linear alcohol 
is more tightly packed than its branched isomer(s)[21]. Figure 2 shows that the Tg’s of PLA when im-
mersed in 1-propanol and 2-propanol are not different. The result may suggest that the branched and 
shorter chain in 2-propanol does not affect the reduction of Tg. However, more experiments  on  other 
alcohols  with  higher  number of  carbon  atoms  are still  needed  to confirm this finding.

Figure 2� Tan(delta) of PLA film in 1-propanol and 2-propanol as a function of temperature. Numbers
#1 and #2 show replicates of each experiment.
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The RSA-G2 DMA results for PLA immersion in water, 2-propanol, and 50% (v/v) 2-propanol aque-
ous solution are shown in Figure 3. Compared to the Tg  of PLA film before immersion, the reduction 
in Tg  is largest in pure (100%) 2-propanol. The Tg  reduction becomes smaller as the concentration of 
2-propanol in water decreases. These Tg reduction trends are in good agreement with the results pre-
viously reported by Iñiguez-Franco et al.[9] that Tg of PLA dropped from 60 °C before  immersion  to  
36  °C  when  immersed  in  50%  ethanol  and  that  Tg  decreased  when  the concentration of ethanol 
in aqueous solutions increased. This finding may imply concentration dependency of the diffusion 
coefficient of 2-propanol in PLA.

Figure 3� Tan(delta) of PLA film in water, 2-propanol and 50% (v/v) 2-propanol aqueous solution 
compared to tan(delta) of PLA film with no immersion as a function of temperature.

The Tg  values measured by DMA without immersion and during in-situ immersion in alcohols, alcohol 
solutions, and water are summarized in Table 2. Statistical comparisons of the Tg’s in straight-chain 
alcohols, marking with lowercase letters, show that Tg’s are different in different alcohols. The Tg’s in 
1- and 2-propanol are not statistically different, as marked by the same uppercase letter. Finally, com-
parisons of the Tg’s at dry conditions and in 50% 2-propanol, 100% 2-propanol, and water, marking 
with Greek letters, show that all Tg’s are statistically different.

Table 2� A summary of Tg  of PLA film sample immersed in different solvents�
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4 Conclusion

Tg  of PLA decreased when immersed in alcohols and alcohol aqueous solutions. The number of carbon 
atoms and the concentrations of alcohols in aqueous solutions affected the Tg  reduction. However, the 
chemical structure of alcohol did not affect the reduction in Tg for different isomers of propanol. Since 
changes in Tg affect the temperature range where PLA can be used, it is critical to know the changes 
in properties of PLA and the environments where PLA will be exposed to. The trend in Tg reduction 
of PLA as a function of the number of carbon atoms in alcohols and the interactions between PLA and 
alcohols may be used for prediction of PLA’s Tg in contact with other alcohols and alcohol aqueous 
solutions; however, further experiments are required to establish the underlying phenomena.
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Abstract: In present, food packaging has been pirated by imitation or counterfeiting, adversely 
to food industry and consumers have been harmed. The good solution was the film from konjac 
glucomannan   mixed   with   chitosan   and   turmeric   by   produce   bio-packaging   to   
protect environment and piracy. Konjac is a kind of starch while chitosan is a plasticizer and 
turmeric contains fluorescent curcumin. The objectives of this research were 1) to determine 
the proper ratio of konjac to chitosan as well as drying time for film forming, 2) to determine 
the fluorescent effect of turmeric on the film, and 3) to evaluate the effect of turmeric on 
film properties. The research showed that 0.5% chitosan and 0.5% konjac (w/v) was the most 
appropriate ratio in 1% acetic acid solution as its clear  solution  without any sediment. Drying 
at 50✓C  for 12 hours resulted in film forming with the best tensile properties compared 
among 8, 10, 12 and 14 hours. The addition of turmeric solution (1% turmeric powder in 
ethyl alcohol) resulted in fluorescent film under UV light and the highest fluorescent degree 
was observed in film containing 4% (v/v) of the turmeric solution in konjac/chitosan film 
solution. More addition of turmeric solution yielded  more  fluorescent  degree,  however  it  
adversely  more  affected  tensile  strength,  % elongation  and  puncture  resistance  of  konjac/
chitosan  film,  due  to  the  less  solid  content  of konjac and chitosan. The konjac/chitosan 
film containing turmeric can be heat sealed as LDPE film and dissolved in hot water with 
temperature at least 92✓C, corresponding to its softening point.  Therefore,  the  fluorescent  
bioplastic  film  has  possibility to  be  used  as  dry condiment packages that can contain some 
security feature for content authentication. If this bioplastic film is  controlled  for  health  
safety,  it  may  be  applied  as  edible  packaging  to  minimize  the  food packaging waste.

Keywords: chitosan, fluorescent bioplastic film, konjac glucomannan, food packaging, 
security, turmeric

1 Introduction

By 2015, global production had increased to 322 million metric tons per year, which approachesthe 
total weight of human population produced in plastic every year. Approximately half is usedfor  pack-
aging  and  other  disposables,  40%  of  plastic  waste  is  not  accounted  for  in  managedlandfills or 
recycling facilities [1]. Since humans produce high amount of plastic and recycle onlya few percent-
age, leaving the other to break down in oceans and landfills where they harm thefood chain and our 
environment. In recent years, much attention has been focused on researchto replace petroleum-based 
commodity plastics, in a cost-effective manner, with biodegradablematerials  offering  competitive  
mechanical  properties.  A  large  number  of  bioplastics  on  themarket today are made from cellu-
lose, a plant-based polysaccharide material, finding application in packaging and simple containers 
for food. The bioplastics derived from renewable biomasssources, such as vegetable fats and oils, 
corn starch, or microbiota while the petroleum-basedplastics are derived from petroleum or natural 
gas. Production of such plastics tends to requiremore  fossil  fuels  and  to  produce  more  greenhouse  
gases  than  the  production  of  bio-basedpolymers (bioplastics). Some bioplastics are designed to 
biodegrade by breaking down in eitheranaerobic or aerobic environments, depending on how they are 
manufactured. Some polymerblends are not biodegradable, but have a lower carbon footprint than pe-
troleum-based plasticsused for the same applications. Some  researches  in  edible  films  is  connected  
with  the  development  of  easily  degradablepackaging,  non-aggressive  to  the  environment.  Konjac  
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glucomannan  is  a  natural,  odorlesssoluble fiber that is found in the roots of konjac plants which con-
tain much hemicelluloses toproduce the alternative bio-plastic film and edible film. Some bioplastic is 
made using chitosan,a form of chitin, which is a tough polysaccharide that is responsible for the hardy 
shells of shrimpand other crustaceans with an alkaline substance, like sodium hydroxide. Unlike other 
plant-based bioplastics (e.g. cellulose, starch), the main natural sources of chitosan are from marineen-
vironments and do not compete for land or other human resources. The scalable manufacturingmethod 
shows that chitosan, which is readily available and inexpensive, can serve as a viablebioplastic that 
could potentially be used instead of conventional plastics for numerous industrialapplications.

Tumeric is a plant that’s a member of the same plant family as ginger. As with all spices, turmericis 
a mix of chemical compounds, but its bright yellow colour is due to the presence of a particularcom-
pound: curcumin. Turmeric is the yellowish powder used to flavor foods, while curcumin isa chemical 
contained within turmeric powder which is dissolved in alcohol to use for water-containing products. 
The turmeric solution in alcohol (such as vodka or ethyl alcohol) is visiblegreen-yellow light, giving 
the incredible fluorescence seen in a darkened room with a UV torch.The aims of this study were to 
produce the bioplastic films from blends of konjac glucomannanas a kind of starch and chitosan as a 
plasticizer, to determine the optimum ratios in mixture andto  analyze  the  casting  conditions  that  re-
sult  in  films  with  optimum  physical  and  mechanicalproperties. The turmeric containing fluorescent 
curcumin was also added in the film to make ithealth  benefits  and  fluorescence  for  security  feather.  
All  bio-based  components  in  film  ispurposed to be applied as safety edible packaging.

2 Methodology

2.1 Determination for Proper Ratio of Konjac to Chitosan

The chitosan solution of 0.5% (w/v) was prepared by dissolving in 1% acetic acid solution. Thepre-
liminary test showed the best solubility of chitosan without any sediment. The amount ofkonjac  glu-
comannan  powder;  0.5,  1.0  and  1.5%  (w/v)  respectively,  was  then  compared  forsolubility in 1% 
acetic acid solution. After that, both types of aqueous solution were mixed andcontinually stirred with 
magnetic stirrer for 3 hours. The solubility and compatibility of aqueousmixture with different ratios 
of konjac glucomannan powder were observed to find the optimumresult in a clear and smooth film 
forming without residual agglomerate of powder.

2.2 Determination for Drying Time of Film Forming 

The  aqueous  polymer  blend  of  konjac and  chitosan  was  kept  for  24  hours  in  a  desiccatorcon-
taining silica gel beads to absorb the air bubble occurred by solution stirring which couldcause the 
roughness of bioplastic film surface. The polymer solution of 300 ml was then pouredinto the 50 x 50-
cm square tray to expand from the central area and form a thin smooth film bysolution casting process. 
The liquid film was dried by curing in the oven at a temperature of 50°Cfor 8, 10, 12 and 14 hours, 
respectively. Before further testing, the dried konjac/chitosan filmsheets were kept for 24 hours in the 
ziplock bag containing a few packs of silica gel desiccantmoisture absorber.

2.3 Determination for Drying Time on Mechanical Properties of Konjac/chitosan Film

The  thickness  of  konjac/chitosan  film  sheet  was  repeatedly measured  on  5  areas  with  themi-
crometer to find the average thickness value. The film sheet samples were cut into a width of 2.54 cm 
and a length of 15 cm to analyze for the tensile strength and percentage of elongationusing the tensile 
strength tester following ASTM D882-12 (Standard Test Method of Thin PlasticSheeting). Each sam-
ple was tested with 500-N load cell at a distance between upper and lowergrips of 5 cm with the pulling 
speed of 0.5 cm/min. The average data was found from the repeatedtesting of 5 sheets for a sample. 
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The mechanical properties of 4 different samples with differentcuring times were compared to find the 
appropriate drying time for film forming.

2.4 Determination for Fluorescent Effect of Turmeric on the Konjac/chitosan Film

The turmeric solution was prepared with proper solubility by dissolving 1% (w/v) of turmericpowder 
in 99.8% ethyl alcohol. The residual colloid of turmeric powder in solution was separatedby using 
centrifugation at a speed of 13,000 rpm for 5 minutes. The yellowish turmeric solutionwas then added 
in the aqueous mixture of konjac and chitosan which was continually stirred for 3 hours before film 
forming by solution casting process. The volume of turmeric solution mixingwas varied at 0, 1, 2, 3 
and 4% (v/v), respectively. The fluorescent effect degrees of 5 film sheetsamples were compared under 
the UV-A lamp in the standard colour box using 30 observers forevaluation by ranking.

2.5 Evaluation for the Effect of Turmeric on Konjac/chitosan Film Properties

The  bioplastic  film  with  proper  ratio  of  konjac   to  chitosan  added  with  optimum  volume  oftur-
meric solution (±0.5% v/v) was prepared again using the same process and optimum condition.The  
properties  of  konjac/chitosan  film  sheets  were  tested  to  evaluate  the  effect  of  turmericsolution 
at 3.5, 4.0 and 4.5% (v/v) on the film as follows:

2.5.1 Tensile strength and percentage of elongation
The effect of turmeric on the tensile strength and % elongation of konjac/chitosan film sampleswere 
analyzed using the tensile strength tester as the procedure mentioned in 2.3. The averagedata was cal-
culated from 5 repeated tests per sample to compare the effect results.

2.5.2 Tear resistance
The konjac/chitosan film sheets were cut and tested by the Thwing-Albert’s elmendorf tear tester fol-
lowing ASTM D 1922-09 (Standard Test Method for Propagation Tear Resistance of PlasticFilm and 
Thin Sheeting by Pendulum Method).  The multiple tests were repeated to find theaverage data of the 
tear strength using 200-g pendulum and the average data of each sample wasanalyzed.

2�5�3 Puncture resistance
The konjac/chitosan film sheets were cut into 15 x 15 cm to determine the puncture resistanceand test-
ed on a universal  testing machine (Instron model 1123) following ASTM F 1306-08(Standard  Test  
Method  for  Slow  Rate  Penetration  Resistance  of  Flexible  Barrier  Films  andLaminates). The 
multiple samples were repeatedly tested to find the average data of punctureresistance using crosshead 
speed of 25 cm/minute.

2.5.4 Thermal properties
The melting temperature (Tm) or softening point of konjac/chitosan film was analyzed by usingthe 
Differential Scanning Calorimetry (DSC) Thermal Analysis. The film sample amount of 9.24mg was 
placed in the sample pan sat on a furnace. Both the sample pan and the empty reference
pan were heated from 25°C to 350°C by increasing the temperature of 5°C every 1 minute. Heatflow 
is measured by comparing the difference in temperature across the sample and the referencepans.  The  
melting  property  of  samples  in  heated  water  of  various  temperatures  was  alsodetermined. The 
konjac/chitosan film samples were cut into 6.54 x 10 cm and put into 350-mldistilled water which was 
heated to 78, 92 and 100°C, respectively. The temperature of waterwas  controlled  for  5  minutes  
to  determine  the  physical  appearance  of  konjac/chitosan  filmsamples every 1, 3 and 5 minutes, 
respectively.
2.5.5 Seal strength
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In  this  study,  the  heat-seal  strength  of  the  konjac/chitosan  film  as  the  sealant  material  wasinves-
tigated by measuring the maximum force required to separate two layers of the sealed film.The konjac/
chitosan film samples were cut into 2.54 x 15 cm before sealing with a machine(Max-Well  Model  FS-
300)  using  a  temperature  setting  at  level  8.  The  seal  strength  of  thebioplastic film was analyzed 
using a universal testing machine as ASTM F 88 (Standard TestMethod for Seal Strength of Flexible 
Barrier Materials). The seal was peeled apart by holdingthe  two  tails  of  film  samples  with  the  op-
posing  grips  at  a  constant  speed  between  200-300mm/min. The maximum tensile force required to 
separate the two ends of the seal was recordedand 5 tests were repeated to find the average data.

3 Results and Discussion

3.1 Proper Ratio of Konjac to Chitosan
With various amount of konjac glucomannan powder; 0.5, 1.0 and 1.5% (w/v), it showed that 0.5% 
(w/v) of konjac glucomannan powder was completely dissolved in 1% acetic acid solutionafter stirring 
for 3 hours. The konjac solution was clear without any residual sediment while 1.0%and 1.5% (w/v) of 
konjac glucomannan powder could not  properly dissolved in the chitosansolution  and  remained  too  
much  sediment.  Therefore,  0.5%  (w/v)  konjac  and  0.5%  (w/v)chitosan was the most appropriate 
ratio in 1% acetic acid solution as its clear solution withoutany sediment before film forming.

3.2 Proper Drying Time for Film Forming

It was found that the bioplastic film of konjac and chitosan formed with various curing time weres-
mooth and clear with the film thickness around 0.02 - 0.03 mm. The tensile strength and %elongation 
at break of the bioplastic films cured at 50°C for 8, 10, 12 and 14 hours are shown inFigure 1, indicat-
ing that the mechanical properties of konjac/chitosan film were influenced bythe drying time. Although 
the longer period yielded better tensile strength and % elongation, themechanical properties of the film 
were dropped after curing for 14 hours. It was found that thefilm was easily teared when pulling from 
the tray if the film was cured for longer than 12 hours.In this study, drying at  50°C for 12 hours result-
ed in film forming with the best mechanicalproperties  compared  among  8,  10,  12  and  14  hours  
due  to  the  optimum  period  for  solventevaporation and film property preservation.

Figure 1 Tensile strength (left) and % elongation (right) of konjac/chitosan film with various curing 
time

3.3 Fluorescent Effect of Turmeric on the Konjac/chitosan Film

After addition with turmeric solution in the  konjac/chitosan  film, the clear film (Figure 2  a)became 
yellowish colour (Figure 2 b) in the normal daylight due to the colour of turmeric andappeared fluo-
rescent or visible green-yellow light in a darkened room under a UV-A lamp, asshown in Figure 2 c.



29th  IAPRI Symposium on packaging

Packaging Materials

Figure 3 The konjac/chitosan film with different turmeric solution from 1 to 4% (v/v)

The  bioplastic  film  from  konjac   and  chitosan with  increasing  turmeric  solution  volume  had-
slightly more fluorescent effect  from 1 to 4%  (v/v), respectively,  as shown in Figure 3. Thefluorescent 
degree of konjac/chitosan film (0, 1, 2, 3 and 4%) was then evaluated by 30 observerswho were our 

undergraduate students. The konjac/chitosan film samples were ranked by theobservers in order from 
low to high degree under the UV-A lamp in the standard colour box, asshown in Figure 4.

Figure 4 The konjac/chitosan film samples with different amount of turmeric solution
The fluorescent degree was ranked from low to high, as the data shown in Table 1. It was foundthat the 
amount of turmeric solution affected the fluorescent degree because 93.33% of observersranked the 

highest degree for the film sample containing the most amount of turmeric solution(4% v/v).

Table 1. Fluorescent degree ranking from level 1 to 5 (low to high) evaluated by 30 observers

3.4 Effect of Turmeric on Konjac/chitosan Film Properties
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3.4.1 Tensile strength and percentage of elongation
The results showed that the addition of turmeric affected the konjac/chitosan film mechanicalproper-
ties.  The  trend  of  tensile  strength  and  %  elongation  were  significantly  reduced  withincreasing 
volume of turmeric solution to 3.5, 4.0 and  4.5%  (v/v), respectively, as shown inFigure 5. This indi-
cated that the turmeric solution of 4±0.5% (v/v) reduced the solid content ofthe konjac and chitosan 
in aqueous mixture, resulting in poorer mechanical properties. However,the konjac/chitosan film with 
turmeric had appropriate tensile strength range (43.74-66.95 MPa)while the typical values of tensile 
strength at break of a commercial HDPE films were 37 MPa(MD)  and  28  MPa  (TD)  [2]   and  the  
tensile  strength  of  pure  LDPE  films  was  9.43  MPa  [3].Unfortunately, this konjac/chitosan film had 
very low value of elongation (<2.06%) while theelongation values at break of a commercial HDPE 
films were 859% (MD) and 3% (TD) [2].Therefore, the bioplastic film from konjac  and chitosan con-
taining turmeric could be applied asa grocery plastic bag or small sachet which are not required for the 
flexible property.              .

Figure 5 Tensile strength (left) and % elongation (right) of the konjac/chitosan film containing 
turmeric

3.4.2 Tear resistance and puncture resistance
The  results  showed  that  the  tear  resistance  values  were  slightly  increased  with  increasingturmer-
ic solution  in  the konjac/chitosan  film,  as  shown  in  Figure 6  (left).  However,  the  tearresistance 
of this bioplastic film was very low (<8.73 grams-force) comparing with the averagetear resistance of 
HDPE (11.51-13.69 grams-force) and polypropylene (15.46 grams-force) [4]. Itwas  indicated  that  the  
konjac/chitosan  film  might  be  applied  for  easy-tear  dry  condimentpackages or sachets. Figure 6 
(right) showed that the puncture resistance of the konjac/chitosanfilm was decreased with increasing 
turmeric solution, due to the less solid content of konjac andchitosan similar to the results of tensile 
properties. The puncture resistance of konjac/chitosanfilm  was  lower  than  that  of  polyethylene  
and  polypropylene  (6.63-65.64  N).  Therefore,  thestiffness of the konjac/chitosan film was not good 
enough for packing the sharp or hard products.

Figure 6 Tear resistance (left) and puncture resistance (right) of konjac/chitosan film containing 
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turmeric

3.4.3 Thermal properties
The  melting  temperature  (Tm)  of  the  konjac/chitosan  film  analyzed  by  DSC  was  88°C,cor-
responding to Tm  of konjac glucomannan (67.27°C) [5]  and Tm  of chitosan (110°C) [6]. Thedata 
could be applied for temperature setting when the condiment packaging was heat-sealed ormelted in 
the hot water as an edible packaging. To minimize the packaging waste, the bioplasticfilm should be 
edible with health safety by easily melting in hot water during food cooking. Itwas  found  that  the  
konjac/chitosan  film  could  not  be  dissolved  in  normal  water  from  roomtemperature to 80°C, but 
could be melted or dissolved in hot water with temperature at least 92°C  by 3-5  minutes,  due  to  its  
melting  temperature  (Tm)  of  88°C.  However,  the  bioplastickonjac/chitosan film  was very good 
melted by 1 minute with the boiling water at 100°C whilethe  general  petroleum-based  plastic  films  
were  insoluble.  This  indicated  that  the  bioplastickonjac/chitosan film could be applied as edible 
packaging to minimize the food packaging waste.

3.4.3 Heat-seal strength
The heat-seal strength of the konjac/chitosan film was shown in Figure 7, indicating that thestrength 
was reduced after addition of turmeric solution in the film, due to the less solid contentof konjac and 
chitosan, resulting in poorer adhesion of 2 film layers. The average value of heat-seal strength was 
around 0.9 N/25.4 mm (0.9 N/in) which was very lower than that of LDPE film(15.19 N/25.4 mm) [7]. 
Therefore, the bioplastic konjac/chitosan film containing turmeric couldnot be applied as general flex-
ible packaging for packing the mass or heavy products but shouldbe applied as a small dry condiment 
packages that can contain some security feather.

Figure 7 Heat-seal strength of the konjac/chitosan film containing turmeric

The konjac/chitosan film was also tested by forming and filling with the dry condiment powderas  
small  packages  or  sachets  to  ensure  the  real  application,  as  shown  in  Figure  8.  Since thebio-
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plastic film was made from the edible materials; konjac, chitosan and turmeric, the packagescould be 
applied as edible packaging to cook together with the hot water or hot food.

Figure 8 Model of dry condiment packages using the konjac/chitosan film containing turmeric

4 Conclusion

The clear bioplastic film could be made from 0.5% (w/v) konjac glucomannan powder mixedwith 
0.5% (w/v) chitosan powder dissolved in acetic acid solution. The optimum drying time forfilm  form-
ing  was  12  hours  which  was  enough  period  for  solvent  evaporation  and  optimummechanical 
properties. The konjac/chitosan film could be added with turmeric powder which issoluble in ethyl 
alcohol for security feather by fluorescent effect under UV-A lamp. The turmericsolution should not 
be added more than 4% (v/v) to avoid the film opaque and poorer mechanicalproperties.  The  melting  
of  this  bioplastic  film  was  good  in  the  hot  water  around  92-100°C.Therefore, the fluorescent 
bioplastic film made from konjac glucomannan mixed with chitosanand turmeric had a trend to be ap-
plied as edible security food packaging for dry condiment whichcould be cooked in the boiling water 
to minimize the packaging waste. The turmeric which hasbeen used as a spice and herb not only con-
tains curcumin for medicinal properties but also madethe bioplastic film fluorescent for value added 
and contain some security feather for contentauthentication of food packaging.
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Abstract: The objectives of this study were to investigate the effects of glycerol concentration 
and  zeolite  5A  (Z5A)  incorporation  sequence  on  properties  of  poly(butylene  adipate-
co- terephthalate)/thermoplastic starch (PBAT/TPS) films. Z5A was incorporated to improve 
mixing between PBAT and TPS.The samples were prepared with PBAT:TPS weight ratios 
of 40:60 and 60:40, glycerol contents in TPS of 35 and 40 phs, and Z5A concentration of 3 
wt%. Melt-mixing was  carried  out  through  two  different  incorporation  sequences  in  a  
twin-screw  extruder.  In sequence I (SI), premixing of PBAT with Z5A was done prior to melt 
blending with TPS; and in sequence II (SII), compounding of TPS with Z5A was performed 
prior to melt blending with TPS. Increasing  glycerol  content  in  TPS  and  incorporation  of  
Z5A  via  SII  route  resulted  in improved mixing and mechanical properties PBAT/TPS blend.
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1� Introduction

Nowadays,  the  environmental  impact  of  post-consumer  packaging  is  of  great  concern, espe-
cially  the  waste  from  plastic  packaging  .Many  companies  are  seeking  an  alternative  to reduce 
packaging waste from conventional plastics by using biodegradable materials .However, the  cost  of  
such  materials  is  relatively  high  when  compared  with  conventional  plastics. Accordingly,  the  
biodegradable  plastics  are  often  blended  with  plasticized  starches,  such  as cassava  and  corn  
starches  or  incorporated  with  natural  fiber.  Poly(butylene  adipate-co- terephthalate) (PBAT) is a 
biodegradable aliphatic-aromatic copolyester with toughness and low modulus of elasticity, rendering 
its mechanical behavior similar to that of LDPE[1,2].   However, it  still  has  certain  limitations,  in-
cluding  low  tensile  strength,  high  production  cost  and  slow biodegradability[3], thus blending with 
low cost biodegradable materials become an alternative approach. Thermoplastic starch (TPS) is less 
expensive and can be processed using the same technologies  and  machinery  as  the  petroleum-based  
plastics.  However,  TPS  has  limited applications  due  to  its  moisture  sensitivity,  poor  tensile  
properties,  and  occurrence  of  starch retrogradation[4,5]. Thus, blending TPS with PBAT has become 
an alternative to improve the properties and stability of TPS and reduce the cost of PBAT. However, 
melt blending of these two  polymers  often  results  in  immiscible  blends.  An  interesting  approach  
to  improve  the miscibility  and  mechanical  properties  of  the  polymer  blends  is  incorporation  of  
nano/micro inorganic fillers such as zeolites .Zeolite 5A is nanoporous crystalline aluminosilicate ma-
terial with low Si/Al ratio and has been used as a filler to improve the mixing of polymer blends) e.g., 
LLDPE, PP, PLA, in addition to enhance the mechanical properties of polymers and polymer blends. 
Zeolites have been used as fillers to improve the physical and mechanical properties of polymers) e.g., 
PE, PLA )and also used as a compatibilizer for immiscible polymer blends[6,7]. For   example,   Djoum-
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aliisky   and   Zipper[8]    found   that   adding   1-2   wt%   of   zeolite   into PP/LDPE/HDPE/PS blend  
resulted in  improved compatibility,  Young’s  modulus,  and  impact strength. Thipmanee and Sane[9]  

found that incorporation of zeolite 5A 1-5 wt% into PE/TPS blend  also  increased  the  miscibility  and  
tensile  properties  of  PE/TPS  blend.  In  addition, improvement of mixing of polymer blends can be 
done not only by using compatibilizer but also tuning  the  rheological  properties  and  volume  frac-
tions  of  blend  components.  Thus,  some research groups reported on the effect of glycerol content 
on properties of TPS-based blends and the effect of blending sequence on properties polymer blends. 
Martin and Avérous[10] found that increasing glycerol content from 10 to 35 phs in PLA/TPS blend led 
to decreased size of TPS dispersed phase. Furthermore, Rodriguez-Gonzalez et al.[11]  also reported the 
same trend with increasing glycerol content (36 to 40 wt%) in PE/TPS blend, as decreased viscosity 
of TPS led to  good  distribution  of  TPS  dispersed  phase  in  PE  matrix.  Moreover,  the  effect  of  
blending sequence  of  polymer  blend  has  been  reported  by  Jarnthong  et  al.[12],  As’  habi  et  al.[13]   

and Thipmanee et al.[14] They reported that the chemical affinity between filler and polymer, as well as 
mixing sequence, played important roles in determining the mixing of blend components, microstruc-
tures, and properties of composites.  Furthermore, better distribution of the dispersed phase effectively 
enhances the mechanical and thermal properties of polymer blends.
In this work, an attempt was carried to improve mixing of PBAT/TPS blend by incorporating zeolite 
5A (Z5A). The effects of glycerol content in TPS and Z5A incorporation sequence on phase mor-
phology, microstructure, thermal and tensile properties of PBAT/TPS/Z5A films were systematically 
investigated�

2. Materials and Methods

2�1 Materials
Cassava starch and industrial grade glycerol were obtained from Tongchan (Thailand) and Siam Chem-
icals Solutions (Thailand), respectively. PBAT (Ecoflex®F blend C1200) was purchased from BASF 
(Germany).

2.2 Preparation of thermoplastic starch
Cassava starch and glycerol with weight ratios of 100:35 and 100:40 were pre-mixed with an all- pur-
pose  planetary  mixer  for  30  min.  The  mixture  was  then  fed  into  a  co-rotating,  fully intermesh-
ing twin-screw extruder (LTE-20-40, Labtech Engineering, Thailand), with a screw diameter of 20 mm 
and screw-length to diameter ratio (L/D) of 40:1, using a screw speed of 190 rpm and a temperature 
range of 90‒150 °C. The extrudates were cut into 2.5 mm length with a pelletizer (LZ-120, Labtech 
Engineering).

2.3 Preparation of PBAT/TPS/Z5A composites
Two different mixing sequences were used to incorporate Z5A into PBAT/TPS blends before preparing 
PBAT/TPS/Z5A composite films (Figure 1). In sequence I, premixing Z5A in PBAT was performed 
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before melt blending the compound with TPS. For sequence II, premixing Z5A in TPS was carried out 
Figure 1. Mixing sequences used for preparing PBAT/TPS/Z5A composite pellets and films

before melt blending with PBAT. The blend composites were prepared with PBAT:TPS weight ratios 
of 60:40 and 40:60. The composite pellets obtained from extrusion process  were  converted  into  films  
by  blown  film extrusion  with  a  thickness  range  of  25-30 micron using a single-screw extruder 
(LE25-30/C, Labtech Engineering), with a screw diameter of 25 mm and screw-length to diameter ra-
tio of 30:1, using a screw speed of 25-30 rpm and a temperature   range   of   160‒180°C.  The   detailed   
constituents   of   the   samples   of   SI   and SII-composites are listed in Table 1.

Sample code Z5A (wt%) PBAT (wt%) TPS (wt%)
Starch (wt%) Glycerol (wt%)

PBAT 0 100 0 0
G35P60T40 0 60 29�6 10�4
G35P60T40-SI 3 58�2 28�7 10�1
G35P60T40-SII 3 58�2 28�7 10�1
G35P40T60 0 40 44�4 15�6
G35P40T60-SI 3 38�8 43�1 15�1
G35P40T60-SII 3 38�8 43�1 15�1
G40P60T40 0 60 29�6 11�8
G40P60T40-SI 3 58�2 28�7 11�5
G40P60T40-SII 3 58�2 28�7 11�5
G40P40T60 0 40 44�4 17�8
G40P40T60-SI 3 38�8 43�1 17�2
G40P40T60-SII 3 38�8 43�1 17�2

2.4 Characterization
SI  and  SII-composite  films  were  characterized  by  a  scanning  electron  microscope  (SEM, QUAN-
TATM 450, FEI, Netherlands) at an accelerating voltage of 10 kV. The composite films were extracted 
with an aqueous solution of hydrochloric acid (3N) at room temperature for 2 weeks  to  investigate  
the  distributions  of  Z5A  and  TPS  dispersed  phase.  Energy  dispersed spectroscopy (EDS) mapping 
of composite films was also performed to determine the elemental compositions (silicon and aluminum 
elements) films by using a scanning electron microscope (OXFORD X-MAX50) operated at 15 kV.

Tensile tests of composite films were conducted according to ASTM D882-02 using a Universal test-
ing machine (Instron 596, USA) equipped with 5 kN load cell using a crosshead speed of 500 mm/
min and a gauge length of 50 mm.

X-ray  diffraction  (XRD)  analysis  of  composite  films  was  carried  out  using  a  D8  Advance (Karl-
sruhe, Germany) with a Cu Kα radiation (l = 0.154 nm) operating at 30 mA and 40 kV. The samples 
were scanned over a 2θ range of 5-40°at a scan rate of 0�02°/sec.

Thermal  properties  of  composite  films  were  analyzed  by  a  differential  scanning  calorimeter 
(DSC).  The  samples  were  heated  from 25  to  250°C  at  a  heating  rate  of  10°C/min  under  N2 

atmosphere with the flow rate of 50 mL/min using a Mettler Toledo instrument (DSC1 STARe, Swit-
zerland).

The data were analyzed using SPSS statistic Version 19.0, with the one-way analysis of variance 
(ANOVA) and the significant difference at p < 0.05 between mean values was determined with Dun-
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can’s new multiple-range test.

3. Results and Discussion

3.1 Phase morphology of PBAT/TPS/Z5A composites

SEM micrographs of PBAT/TPS and PBAT/TPS/Z5A films are shown in Figure 2. Both PBAT/TPS 
and PBAT/TPS/Z5A films showed phase separation due to the difference in polarities of PBAT )hydro-
phobic) and TPS )hydrophilic), resulting in TPS dispersed phase distributed in the  PBAT  continuous  
phase.  The  blend  morphology  was  found  to  primarily  depend  on  the content of glycerol present 
in TPS as the shape of TPS-rich phase changed from spherical to elongated shape and the size of dis-
persed phase became smaller with increasing glycerol content, from 35 to 40 phs. This was caused by 
that increasing glycerol content led to reduced viscosity of TPS and hence facilitated the shape defor-
mation of dispersed phase and improved the mixing of  TPS/PBAT  blend[11].  The  morphology  of  
PBAT/TPS/Z5A-SI  and  PBAT/TPS/Z5A-SII composites also depended on glycerol content, similar 
to that of PBAT/TPS blend. The shape of dispersed phase in SI and SII-composites prepared by using 
35 phs of glycerol changed from spherical to elongated shape when increasing TPS content from 40 to 
60 wt%. Furthermore, it was observed that the size of dispersed phase in PBAT/TPS/Z5A composites 
prepared via SII was  larger  than  that  produced  via  SI  route.  Besides,  the  size  of  TPS  dispersed  
phase  also increased with decreasing PBAT:TPS ratio. The obtained results suggest that increasing 
glycerol content in SI and SII composites reduced the size of TPS-dispersed phase and changed the 

shape of   dispersed   phase   from   spherical   to   elongated   structure.   Increasing   TPS   content   
and incorporating Z5A into TPS led to increase the size of TPS dispersed phase.40

Figure 2. FESEM micrographs of PBAT/TPS blend and PBAT/TPS/Z5A composites after selective 
removal of TPS dispersed phase by extraction of film samples with an aqueous hydrochloric acid 
solution (3N). The film samples were prepared with different glycerol contents, PBAT:TPS ratios, 

and blending sequences.

Energy dispersed spectroscopic (EDS) analysis of unextracted SI and SII composite films revealed 
the presence of silicon (Si) and aluminum (Al) in Z5A Figure 3 shows EDS element mappings of Si 
and Al in SI-composites, premixed PBAT with TPS before blending with TPS, and exhibits uniformed 
distribution of Z5A in PBAT/TPS/Z5A-SI films, especially in the sample with  high  glycerol  content  
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(i.e.,  G40P60T40-SI)  possibly  due  to  the  low  viscosity  of  TPS facilitating the migration of Z5A 
from PBAT to TPS droplets and hence mixing between PBAT and TPS. However, the Si and Al map-
pings of G40P40T60-SI showed uneven distribution of Z5A particles, possibly caused by the increases 
in both TPS content and dispersed phase size. For  SII-composites,  premixed  TPS  with  Z5A  before  
blending  with  PBAT,  more  uniformed distributions  of  Si  and  Al  elements  occurred  with  in-
creasing  glycerol  content,  especially G40P60T40-SII (Figure 4), possibly because the low viscosity 
of TPS facilitates the movement of Z5A from TPS toward PBAT phase, allowing even dispersion of 
Z5A particles and improving mixing  of  PBAT/TPS  blend.  However,  increasing  TPS  content  from  
40  to  60  wt%  in  SII- composites (i.e., G40P40T60-SII) resulted in uneven distributions of Si and 
Al elements due to the increase in size of TPS dispersed phase and more Z5A still remained with TPS 
droplets�

G35P60T40-SI

Silicon mapping                   Aluminium mapping

30 μm                                                  30 μm                                                    30 μm

G35P40T40-SI                                      Silicon mapping                     Aluminium mapping

30 μm                                                 30 μm                                                   30 μm

30 μm                                                   30 μm                                                 30 μm

Figure 3. SEM images and EDS mappings element of silicon and aluminum in unextracted PBAT/
TPS/Z5A composite films prepared by SI-method.

G35P60T40-SII

Silicon mapping                      Aluminium mapping

Silicon mapping

Silicon mappingG40P40T60-SI Aluminium mapping

Silicon mapping

Silicon mapping

G35P40T40-SII

G35P40T40-SII

Aluminium mapping

Aluminium mapping
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30 μm                                                 30 μm                                                  30 μm

Figure 4. SEM images and EDS element mappings of silicon and aluminum in unextracted PBAT/
TPS/Z5A composite films prepared by SII-method.

3.3 Tensile properties

Figure 5 shows tensile properties of PBAT/TPS/Z5A composites in comparison with those of PBAT, 
PBAT/TPS blend. Melt blending with 40-60 wt% of TPS resulted in decreased tensile strength, Young’s  
modulus,  and  elongation  at  break of PBAT decreased from  20.1 MPa, 29.8 MPa, and 474.2% to 
9�2-13.2 MPa, 12.6-14.3 MPa, and 363.7-433.0%, respectively, due to the immiscibility  of  the  blend  
components  (see  Figure  2).  Incorporating  3  wt%  of  Z5A  in  the PBAT/TPS  blends  (40:60  and  
60:40)  via  SI  and  SII  methods  containing  35  phs  of  glycerol resulted in decreased tensile strength 
from 11.7-12.0 to 7.7-9.7 MPa and elongation at break from 433.0-477.3 to 230.3-345.0%, but in-
creased modulus from 12.6-14.3 to 30.8-45.9 MPa. This could be resulted from the presence of Z5A 
particles reduces both the molecular entanglement among blend components and the mobility of blend 
matrix [17]. Similar trends were generally obtained  for  G40P40/T60-SII  composites.  It  was  also  
observed  that  elongation  at  break  of composites prepared by SII method was generally lower than 
those produced via SI, except for G40P60/T40-SII composites, possibly caused by the increase in size 
of TPS dispersed phase. In contrast, incorporation of Z5A into G40P60/T40 blend via both SI and SII 
sequences resulted in increased tensile properties. Furthermore, compared to SI, SII was more effective 
to improve the tensile properties of G40P60/T40 blend as the tensile strength, elongation at break, and 
modulus increased  from  9.2  to  20.9  MPa,  363.7  to  633.3%,  and  32.4  to  37.2  MPa,  respectively. 
Interestingly, G40P60/T40-SII had comparable tensile strength to neat PBAT and its toughness was  
even  better  than  PBAT.  The  results  imply  that  the  tensile  properties  increase  because increasing 
glycerol content improves the dispersion of Z5A particles and hence mixing between PBAT and TPS.
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(a)

(b)

(c)

Figure 5. Tensile properties of PBAT, PBAT/TPS blends, and PBAT/TPS/Z5A composites); (a) 
tensile strength, (b) elongation at break and (c) young’s modulus. Different letters indicate significant 

differences between groups (p≤0.05).
3.5 Thermal properties

Thermal transitions of PBAT, TPS, PBAT/TPS blends and PBAT/TPS/Z5A composites were char-
acterized by DSC analysis are shown in table 2. The first heating cycle is shown in Figure 6, PBAT 
showed a glass-transition temperature (Tg) about -28°C and two melting temperatures (Tm) around 57 
and 119°C, corresponding to poly(butylene adipate) (PBA) segment and poly (butylene terephthalate) 
(PBT) segment[18,19].   Melting peaks of G35TPS and G40TPS occurred at ~199°C. Melt blending 
PBAT with G35TPS and G40TPS had no effect on the Tg  of PBAT, but  led  to  decreased  Tms  of  
PBAT  and  TPS.  Incorporating  Z5A through  SI  and  SII  had  no significant effect on Tg  of PBAT; 
however increased Tm  of PBT segment, except for the case G40P60T40 composites. Furthermore, 
adding Z5A led to decreased Tm  of TPS, especially SII composites,  while  increased  the  area  under  
the  melting  peaks.  The  results  suggest  that  Z5A functions as nucleating agent for TPS. The Tm  of 
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TPS shifted toward lower temperatures and closer to Tm of PBAT, especially in SII-composites, im-
plying that SII sequence is more effective to improve the distributive mixing between PBAT and TPS.  
Moreover, it was found that the addition of Z5A increased the heat of fusion (ΔHf ) of PBAT in PBAT/
TPS/Z5A films especially SI composites, suggesting that Z5A acts as nucleating agent for PBAT and 

larger amount of Z5A still remains with PBAT phase in SI composites.

When   considering   DSC   cooling   cycle   of   PBAT/TPS   blends   and   composites,   only crys-

tallization of PBAT occurred. The crystallization temperature (Tc) and heat of crystallization (ΔHc) 
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of PBAT in PBAT/TPS blends reduced when compounding with Z5A. In addition, SII composites 
generally exhibited lower Tc  and ΔHc  compared to SI composites, implying that SII improves  mixing  
between  blend  components  and  prevents  melt  crystallization  of  PBAT. However, for G40P60T40-
SII, incorporating Z5A actually increased Tc of PBAT, suggesting that compounding G40TPS with 
Z5A prior to melt blending with PBAT facilitates the migration of Z5A from TPS to PBAT during 
mixing, allowing Z5A to act as nucleating agent[20]  in PBAT continuous phase, as well as improves 
mixing between TPS and PBAT.

Figure 6. DSC thermograms of PBAT, TPS, G40P60T40, G40P60T40-SI and G40P60T40-SII; (a,b)
heating cycle and (c) cooling cycle.

Table 2. Thermal properties of PBAT, TPS, PBAT/TPS blends, and PBAT/TPS/Z5A composites
4. Conclusions

Enhanced mixing between PBAT and TPS was achieved by increasing glycerol content and addition  
of  Z5A.  Increasing  glycerol  content  in  TPS  resulted  in  decreased  viscosity  of  TPS dispersed  
phase  and  hence  led  to  more  deformation  of  dispersed  phase  shape,  reduction  in dispersed   
phase   size,   and   improvement   in   mixing   of   PBAT/TPS   blend.   Furthermore, incorpora-
tion of Z5A via both SI and SII methods influenced the morphology of PBAT/TPS/Z5A composites. 
Maximum enhancement in tensile properties was achieved with G40P60T40-SII because premixing 
of PBAT prior to blending with TPS improved distributions of PBAT, TPS, and Z5A migrated from 
G40TPS to PBAT phase during mixing and uniformly distributed in PBAT/TPS blend.
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Abstract: Cushioning materials and thermal insulators can be used for supporting any 
packaging system for better protection and preservation of a product within by a desired period� 
However, most cushions and  insulators are commonly made of polystyrene (PS),  others are  
petroleum- based polymers which are known to cause a negative impact to the environment 
throughout its life-cycle.  As  the  result,  bio-based  materials  from  plants  have  gained  more  
attentions  to  be chosen  as  the  substitution  of  the  petroleum-based  polymers.  Packaging  
materials  made  from cassava starch for example is used to produce a bio-based foam due to 
its natural abundance and cost effectiveness. But the starch-based foam has experienced some 
of the limitation in terms of poor mechanical properties and moisture absorption� Reinforcing 
into the composite matrix by the natural fiber obtained from coconut coir has a potential to 
improve the bio-based material’s properties. This research is therefore aimed to develop the 
starch-based foam from thermoplastic starch  (TPS)  incorporated  with  the  surface  modified  
coconut  fiber  (SCF).  The  TPS/SCF expandable extruded pellets were produced by mixing 
the cassava starch with glycerol/distilled water and sodium bicarbonate as a blowing agent 
with varied contents of SCF (1, 2, 3, 4 and 5 phr).  The  TPS/SCF  foam  was  processed  by  
a  twin-screw  extruder  under  the  conditioned temperature ranged from 65 to 100 ºC and the 
screw speed at 100 rpm. The TPS/SCF foam was moulded by a compression machine under 
the temperature and pressure at 165 ºC for 10 min and 130   bar,   respectively.   The   resultant   
TPS/SCF   foam   was   further   investigated   for   the morphological characteristics by a 
scanning electron microscope (SEM) at 50x magnification. The results showed that the SCF 
has a good dispersion and compatibility with the TPS foam matrix. The properties of TPS/SCF 
foam with compressibility tests indicated the better trend by the SCF additions, resulting not 
only increased compressive strength of the TPS foam, but also the thermal conductivity of the 
foam-structure (indicated by K-Value).

Keywords:  Thermoplastic starch, Foam, Surface modified, Coconut fiber.
*Correspondence to: Lerpong Jarupan, Department of Packaging and Materials Technology,  
Faculty of Agro-Industry, Kasetsart University, Bangkok 10900, Thailand. E-mail: lerpong.j@
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1 Introduction

A package is not only used to contain the product but also to protect and preserve it from any envi-
ronmental hazard during storage, transportation and distribution. Damages to a packaged- product 
system may be resulted from compression, shock and vibration. Therefore, cushioning materials and 
insulators may be necessary to support the packaging performance. In general, most cushions and 
insulation materials are made of petroleum-based polymers because of many advantages  such  as  
light-weighted,  durable  and  able  to  process  to  use  for  a  wide  range  of applications. Polystyrene 
(PS), in particular, has gained popularity in a food packaging industry as a cushion and insulator in 
order to protect any kind of damages occurred in the distribution system. However, the end-of-life of 
these petroleum-based materials is known to contribute the negative impact to the environment in a 
form of plastics waste due to its difficulty for disposal and composting.
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Up to present, starch has been chosen as raw material to produce bio-based foam [1-4]  to reduce  the  
environmental  problems  due  to  its  natural  abundance  and  cost  effectiveness. However, it is highly 
sensitive to moisture absorption, and consequently decreasing the impact strength  and  dimensional  
stability.  There  are studies  reporting that  adding natural  fibers  can reinforce the starch-based foam.
[5-7] Coconut (Cocos nucifera Linn.) is one of economically agricultural products of Thailand. Besides 
using as raw material in processed food products, many types of waste from coconut such as dust, coir 
and fiber obtained all have the potential to use in varied applications. This can be counted as value 
adding to such the agricultural waste.

In this work, coconut fiber was undergone a chemical reaction for the surface modification. This is 
because raw natural fibers have poor interaction with matrices due to the polarity and hydrophilic 
properties. Similarly to the work of Hemsri et al., (2012) [8] which investigated the morphological and 
chemical components of the modified surface of natural fibers reported the higher degree of roughness 
and cleaner than raw fibers because some components such as natural wax, hemicellulose and lignin 
were eliminated.[8-10] Diao et al., (2014)[9] reported that roughness of  the  fiber  surface  increased  the  
interaction  and  compatibility to  the  starch  matrices,  hence resulting in higher mechanical proper-
ties  than the raw fiber. As the result, this research  was aimed to develop the starch-based foam from 
thermoplastic starch (TPS) incorporated with the surface  modified  coconut  fiber  (SCF).  The  TPS/
SCF  foam  was  processed  by  a  twin-screw extruder to produce expandable extruded pellets [11-12]  

and the TPS/SCF foam was produced by compression molding. Mechanical and thermal properties of 
the TPS/SCF foam were analyzed.

2 Materials and Method

2.1 Coconut fiber

A brunch of coconut fiber in this study was the by-product of processed  young NAM HOM coconut  
industry  in  Samut  Songkhram  province,  Thailand.  Coconut  fiber  was  collected  and extracted 
from the fibrous mesocarp or coconut coir by a fiber extraction machine, and further cut  by  a  hammer  
mill  machine.  The  coconut  fiber  was  then  treated  with  sodium  hydroxide (NaOH) (aka alkali 
treatment) at 170 ºC for 90 min. After that, the treated coconut fiber was rinsed with fresh water to 
remove NaOH residual before it was treated with sodium disulfide (Na2S) for the surface modification 
at 170 ºC for 90 min. The resultant fiber was rinsed with fresh water until pH = 7 was reached and 
underwent in a hot-air dried oven at 50 ºC for 24 hr. The surface modified coconut fiber (SCF) was 
separated by sieving into 1-7 mm length (Retsch Laboratory test sieve No. 20, 30 and 40)

Figure 1� Fiber extraction machine          Figure 2� Photograph of raw coconut fiber and SCF

2.2 TPS/SCF foam

The TPS/SCF mixture was prepared by using a native cassava starch provided by Tong Chan Regis-
tered Ordinary Partnership, Thailand, followed by drying at 50 ºC for 24 hr. The mixer was first  used  
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for  blending  the  cassava  starch,  and  glycerol  and  distilled  water  that  used  as  a plasticizer, so-
dium hydrogen carbonate (NaHCO3) used as a blowing agent and SCF at various volumes (as shown 
in Table 1) and stored for 24 hr prior to the extrusion process. A twin-screw extruder  (LTE-20-40;  
Labtech  Engineering,  Thailand)  was  used  to  process  the  TPS/SCF expandable extruded pellet 
under the conditioned temperature profiles ranging from 65 to 100 ºC  with  the  screw  speed  at  100  
rpm.  The  TPS/SCF  foams  were  produced  by  compression molding (Labtech Engineering, Thai-
land) in a mold whose dimension is 150×150×10 mm with the conditioned temperature at 165 ºC for 
10 min under the pressure level of 130 bar and cooling for 6 min.

Table 1� Composition of the TPS/SCF foams

2.3 Characterization

2.3.1 Morphology
Morphology of the coconut fiber was characterized using a scanning electron microscope (FEI Quanta 
450; Thermo Fisher Scientific, US) with acceleration voltage was 10 kV and the samples were sput-
ter-coated with gold. Both of the raw and the surface modified coconut fibers were characterized  at  
1000x  magnification  similar  to  the  TPS/SCF  foams  were  dipped  in  liquid nitrogen before break-
ing in cross-sectional pieces, cell volume and cell density of the foams were captured at 100x magnifi-
cation. The cell volume (Vf) can be calculated using Equation (1) according to ASTM C303. [13]

Volume = length × width × thickness × 10-3

Density (ρ) = mass / volume

                                                                                                                                  (1)

where ρf  is the density of the TPS/SCF foam and ρ is the density of TPS. The cell density (Nf) can be 
calculated using Equation (2), defined as the number of cells per unit volume (cell/cm3)
  
                                                                                                                      (2)

where  is the number of cells structure in the SEM images,  is the magnification factor of the SEM 
images and 𝑎 is the area of the SEM images (cm2).

2.3.2 Compressive strength and thermal conductivity
The  TPS/SCF  foams  were  cut  into  the  size  of  100  mm  in  length  and  25  mm  in  width.  The 
specimen were investigated by using universal testing machine (Testometric 350) with a 500 N load 
cell and testing speed of 2.5 mm/min, according to ASTM D1621. For thermal conductivity, the TPS/
SCF foams specimens were measured according to ASTM C518 by using heat flow meter (HC-074-
200; EKO Instruments, Japan). [14]



29th  IAPRI Symposium on packaging

Packaging Materials

3 Results and Discussion

3.1 Morphological properties of the coconut fibers and the TPS/SCF foams

The morphology of coconut fiber at 1000x magnifications were shown in Figure 3, indicated that the 
fiber surface modification affected on the fiber surface comparative with by the raw coconut fiber. It is 
apparently that the natural wax and hemicellulose as well as lignin were spotted. On the other hand, 
the surface modified coconut fiber indicated the rough surface, resulted by the reduction of the compo-
nents and thus cleaner than the raw and NaOH treated coconut fiber.

                    Raw coconut fiber                NaOH treated coconut fiber                       SCF

Figure 3� SEM images of coconut fiber of 1000x

Also, the morphology of TPS/SCF foams were shown in Figure 4. It is possible to observe that, in 
TPS/0SCF, the unity of closed-cell structure and higher number of cells by the comparison with others 
were seen. The TPS/SCF foams with the various volume of SCF added increased the cell size for both 
closed-cell and open cell structures yet but number of cells were decreased. The SCF had a good dis-
persion and interaction with matrices, but the TPS/4SCF indicated the fiber agglomeration as similar 
to the TPS/5SCF. The calculated cell volumes and cell densities were shown in Table 2, indicting that 
the addition of SCF resulted in the increased cell volume.

  TPS/0SCF                                     TPS/1SCF                                     TPS/2SCF

  TPS/3SCF                                     TPS/4SCF                                    TPS/5SCF

Figure 4� SEM images of cross-sections of TPS/SCF foam of 100x
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Table 2. Physical properties of the TPS/SCF foam

3.2 Mechanical and thermal conductivity

Mechanical property of the TPS/SCF foams in term of compressive strength were shown in Table 3. 
The results show that the compressibility was tended to increase with the SCF addition. As seen  in  
the  TPS/3SCF,  the  compressive  strength  out  performed  those  of  the  TPS/4SCF  and TPS/5SCF. 
This may be resulted from the dispersion and the SCF agglomeration on the structure. The increasing 
cell size was seen in agreement with the SEM images.

Means in the same row with different letters are significantly different at 0�05 level

Table 3. Compressive strength of the TPS/SCF foam

Thermal conductivity expressed as K-value to present the thermal insulation of the TPS/SCF foams 
was shown in Table 4. The results showed that the K-Value decreased as increasing the SCF, hence 
increasing the thermal resistance can be predicted for the insulation applications.

Table 4. Thermal conductivity of the TPS/SCF foam
4 Conclusion

Thermoplastic starch-based foam incorporated with surface modification of the coconut fiber with  the  
various  volumes  were  produced  as  expandable  extruded  pellets  by  extrusion  and compression.  
The  addition  of  SCF  enhanced  the  compressive  strength  and  also  thermal resistance or insulation 
property, outperformed those of TPS without the addition of SCF (i.e. TPS/0SCF). However, with 
higher SCF volume, SCF was agglomerated and affects to cell size and  mechanical  property.  The  
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observed  results  of  moderate  addition  of  SCF  (TPS/3SCF) presented  the  good  fiber  dispersion  
and  interaction  between  reinforcing  fiber  and  the  TPS matrices affecting the improvement of both 
mechanical and insulation properties.
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Biaxial orientation of biodegradable PLA/PBAT/TPS blend for 
packaging application
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Abstract:    Polylactic     acid/thermoplastic     starch/poly(butylene     adipate-co-terephthalate) 
(PLA/TPS/PBAT) blend is a promising biodegradable material to be used in flexible packaging 
application.  The  presence  of  PLA and  PBAT  improves  the  mechanical  and  moisture  
barrier properties of TPS. However, the PLA/TPS/PBAT blend still has poor mechanical 
and gas barrier properties due to random molecular orientation of polymers. The objective 
of this work was to improve the performance  of PLA/TPS/PBAT blend by biaxial stretching 
process. To prepare biaxially oriented (BO) films, PLA/TPS/PBAT resins were prepared by 
melt blending of PLA,
TPS and PBAT using a twin-screw extruder, followed by sheet extrusion and biaxial stretching.
The effects of PLA:TPS:PBAT ratio (20:40:40 and 40:40:20), stretching rate (22.5−150 
mm/s) and annealing time (0−60 s) on morphological, mechanical, thermal, and gas barrier 
properties of PLA/TPS/PBAT films were investigated. All biaxial stretching experiments were 
carried out at a constant annealing temperature and draw ratio of 90 °C and 4 x4, respectively. 
The obtained BO films were characterized by scanning electron microscopy, X-ray diffraction, 
and differential scanning  calorimetry,  and  tested  for  tensile  properties  and  oxygen  
permeability.  Results obtained  from  X-ray  diffraction  and  differential  scanning  calorimetry  
revealed  that  biaxial stretching increased the crystallinity of PLA/TPS/PBAT blends and the 
crystallinity increased with   stretching   speed   and   annealing   time.   Tensile   strength   
and   Young’s   modulus   of 40PLA/40TPS/20PBAT blend increased from 17.5 to 28.5−43�2 
MPa and 325�9 to 646�7−822.2 MPa,  respectively,  whereas  elongation  at  break  reduced  
from  295.9%  to  75.7−99.5%  after biaxial stretching process. Furthermore, biaxial stretching 
improved oxygen barrier property of PLA/TPS/PBAT blend by at least 10 times. The changes 
in tensile and oxygen barrier properties occurred due to the increase in crystallinity of BO-
PLA/TPS/PBAT films.

Keywords: biaxial, microstructure, crystallinity, biodegradable, film, packaging

Correspondence  to:  Amporn  Sane,  Department  of  Packaging  and  Materials  Technology,  
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1� Introduction

In recent years, renewable and biodegradable materials have become increasing important due to  en-
vironmental  concern.  Polylactic  acid  (PLA)  and  poly(butylene  adipate-co-terephthalate) (PBAT) 
are biodegradable polymers and can be used for food packaging due to their suitable mechanical prop-
erties and gas permeabilities[1-2]. These polymers, however, still have limitations including high cost. 
To resolve for this problem, biodegradable polyesters are often blended with thermoplastic  starch  
(TPS),  which  is  a  biodegradable  material  produced  from  starch  and plasticizer. In addition, binary 
blends of PLA/TPS and PBAT/TPS are not miscible and often results in poor mechanical properties 
and uncontrollable water vapor and oxygen permeabilities due  to  their  random  molecular  orienta-
tion  and  uneven  distribution  of  compositions  of  the blends[3-4]. Therefore, previous studies focused 
on ternary blend of PLA/TPS/PBAT[5-6]�

However, the properties of ternary blend of PLA/TPS/PBAT was not sufficient for the packaging 
application. Biaxial orientation (BO), which is a method to apply stretching in machine (MD) and 
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transverse directions (TD), is an alternative to improve molecular orientation of polymers by con-
trolling the stretching speed, temperature, and drawing ratio to enhance the mechanical, gas barrier, 
and optical properties[7]. For instance, BO technique has been employed to produce biaxially oriented 
polypropylene (BOPP)[8-9]  and biaxially oriented polyethylene terephthalate (BOPET) films[10]� Auras  
and  coworkers[11]  reported  that  biaxially  oriented  polylactic  acid  (BOPLA)  possessed lower CO2  

and O2  permeabilities than polystyrene. Ou and Cakmak studied the influence of the biaxial stretching 
mode (simultaneous and sequential stretching) on the crystallinity of BOPLA film[12]. They found that 
simultaneous stretching generated poorly ordered crystallization which was isotropic in plane and se-
quential stretching led to an ordered crystalline structure in the first stretching, but it was destructive 
in the second stretching, resulting in a less crystalline structure than for the simultaneous mode. The 
microstructure development of BOPLA film using biaxial stretching was intensively investigated by 
Jariyasakoolroj and coworkers. At a low stretching rate (3 mm/s), BOPLA was initiated to develop 
a mesophase and δ crystalline structure with a crystallite size of nearly 60 nm but it was not aligned 
identically, resulting in poor mechanical properties. When BOPLA was stretched at a higher speed (75 
mm/s) with a draw ratio of 5x5, an isotropically δ crystalline structure with a small crystallite size (<L> 
= 10 nm) was the main component; consequently the BOPLA film had a high level of toughness[13]�
In  this  work,  the  influences  of  PLA:TPS:PBAT  ratio  (20:40:40  and  40:40:20)  and  biaxial param-
eters (stretching rates of 22.5, 75 and 150 mm/s; annealing times of 0 and 60 s) on thermal, mechani-
cal, and oxygen permeability properties of PLA/TPS/PBAT blend were investigated.

2. Methodology

2.1 Sample preparation

TPS was prepared by mixing cassava starch and glycerol with a weight ratio of 100:30, for 30 min 
using a 20 L mixer (Mitsubishi, Japan). The starch-glycerol mixture was extruded using a co-rotating, 
fully intermeshing twin-screw extruder (LTE-20-40, Labtech Engineering, Thailand) with a screw 
diameter of 20 mm, a screw length to diameter ratio of 40:1, and a screw speed of 180 rpm at tempera-
tures of 120–160 °C. TPS extrudate was cut into pellets using a pelletizer (LZ−120 pelletizer, Labtech 
Engineering, Thailand). Before preparing the PLA/TPS/PBAT blend, PLA and PBAT were dried at 50 
°C in a hot-air oven overnight. The PLA, TPS and PBAT pellets were melt blended with weight ratios 
of 40:40:20 and 20:40:40 the same twin-screw extruder with temperatures of 115−155 °C and a screw 
speed of 180 rpm. The polymer blend resins were converted into PLA/TPS/PBAT sheets using a sin-
gle-screw extruder equipped with a chill roll set (CF−W400, Chareon TUT, Thailand) at a temperature 
range of 130−155 °C. The obtained sheets were cut into rectangular pieces (96 mm length, 96 mm 
width) and then preheated at 90 °C for 60 s before simultaneous biaxial-stretching using a laborato-
ry biaxial stretcher (KARO IV, Bruckner, Germany). The stretching rate was varied at 22.5, 75, 150 
mm/s, the annealing time was varied between 0 and 60 s, at an annealing temperature of 100 °C and 
draw ratio of 4 x 4 to obtain BO-PLA/TPS/PBAT films.

2.2 Characterization

2.2.1. Scanning electron microscopy
The  surfaces  of  BO-PLA/TPS/PBAT  films  were  investigated  using  a  scanning  electron micro-
scope (Quanta 450 FEI, Netherlands).

2.3.2 X-ray diffraction
X-ray diffraction patterns of BO-PLA/TPS/PBAT films were investigated with Cu−Kα  radiation (D8 
Advance, Bruker, Germany). The analysis was carried out in a range of 5–40° with a rate of 0.02°/s.
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2.3.3 Differential scanning calorimetry

Thermal properties of BO-PLA/TPS/PBAT films were determined using a differential scanning cal-
orimeter (DSC1 STARe, Mettler-Toledo, Switzerland). Samples were heated from −80 to 250 °C at 
a heating rate of 5 °C /min and then cooled down to 30 °C at a cooling rate of 10 °C/min and finally 
heated from 30 to 250 °C at a heating rate of 5 °C/min under a nitrogen atmosphere.

2.3.4 Tensile testing
The BO-PLA/TPS/PBAT films were cut into a rectangular shape (1 cm width, 10 cm length) along 
the machine direction (MD) and then stored at 50% RH, 25 °C for 2 days before tensile measurement. 
Tensile testing was performed according to ASTM D-882 [14]  with a crosshead speed of 50 mm/min 
(series 900, Applied Test Systems, USA). Ten replicates were tested for each sample.

2.3.5 Oxygen permeability
Oxygen  transmission  rate  (OTR)  of  BO  films  was  determined  using  an  oxygen  permeation 
analyzer (8000 oxygen permeation analyzer, Illinois Instruments, Inc, USA) according to ASTM 
D3985[15]. The films were cut into a circular shape with a diameter of 14 cm and kept at 50 %RH,
25 °C at least 2 days before testing. Triplicate measurements of each sample were tested. Then, the 
oxygen permeability (OP) was calculated using Eq. (2):

OP = OTR x l / ∆p                                                               (2)

where OP is oxygen permeability (cc.mil/m2.day.atm), l is an average film thickness (mil) and Δp is a 
partial pressure difference of oxygen gas between the two sides of the film (atm).

2.3.6 Statistical analysis
The results were determined using one-way analysis of variance (ANOVA) with the significant dif-
ference (p≤0.05) followed by Duncan multiple comparison for mean values (SPSS Statistics version 
19.0).

3. Results and Discussion

3.1 Morphology of BO PLA/TPS/PBAT films

Figure   1   shows   SEM   images   of   initial   sheets   and   biaxially-oriented   (BO)   films   of PLA/
TPS/PBAT   blends   with   PLA:TPS:PBAT   ratios   of   40:40:20   and   20:40:40.   BO- PLA/TPS/
PBAT films were prepared with varied stretching rate (0−150 mm/s) and annealing time (0−60 s). 
Surface morphology of initial sheet revealed that there was phase separation due  to  different  polarity  
between  hydrophobicity  of  polyesters  (PLA  and  PBAT)  and hydrophilicity of TPS[16]. TPS was dis-
persed phase and PLA and PBAT became continuous or dispersed phase depended on the ratio of poly-
mer blend.  Both continuous and dispersed phases were extended during biaxial stretching process of 
PLA/TPS/PBAT films (Figure 1). At low stretching rate  (i.e., 22.5 mm/s) without annealing step, the 
dispersed phases were extended into elongated shape and the movement traces of dispersed and con-
tinuous phases appeared and became more obvious, compared to those obtained from higher stretch-
ing rate. On contrary, increasing annealing time from 0 to 60 s (Figure 2) reduced the appearance of 
movement  traces  of  dispersed  and  continuous  phases  occurring  during  biaxial  stretching process.  
The  morphology  of  BO−films  also  depended  on  PLA:TPS:PBAT  ratio,  as  more spherical-shaped   
dispersed   phase   present   in   BO-20PLA/40TPS/40PBAT   film   than BO−40PLA/40TPS/20PBAT. 
When the BO films contained PLA as the minor component, PLA  formed  spherical  dispersed  phase  
that  did  not  deform  into  elongated  shape  during stretching  because  the  preheating  temperature  
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(90  °C)  was  significantly  below  the  PLA melting temperature (~150 °C).

Figure 1. SEM micrographs of BO-PLA/TPS/PBAT films with varied biaxial-stretching rates (0−150 
mm/s) without annealing: (a) BO-40PLA/40TPS/20PBAT and (b) BO-20PLA/40TPS/40PBAT.

Figure 2. SEM micrographs of BO-PLA/TPS/PBAT films with annealing times of 0 and 60 s at 
stretching rate of 150 mm/s: (a) BO-40PLA/40TPS/20PBAT and (b) BO-20PLA/40TPS/40PBAT.

3.2 Microstructures

Figure 3  demonstrates the microstructures of  BO-PLA/TPS/PBAT films, in comparison with those  
of  PLA,  PBAT,  TPS,  initial  PLA/TPS/PBAT  sheets.  Initial  PLA  sheet  shows  broad diffraction  
pattern, indicating  the presence  of  amorphous  structure[13],  while  PBAT sheet  has diffraction pat-
tern with five characteristic peaks at 2θ values of 16.4°, 17.7°, 20.7°, 23.3°, and 24.9°[17]. For TPS, 
the diffraction pattern showed small peaks at 2θ of 9.3°, 11.7°, and 18.4° and at 2θ of 19.2°, 20.8° and 
24.3°, corresponding to Eh and Vh-type crystals[18]. After blending with PLA,   TPS,   and   PBAT   to   
prepare   initial   sheets,   the   XRD   analysis   revealed   that   the PLA/TPS/PBAT sheets were mainly 
in amorphous structure with small peaks appeared at 2θ of 17.4°,  19.7°  and  24.2°,  corresponding  to  
crystalline  structures  of  PLA,  TPS  and  PBAT, respectively.
After biaxial stretching of PLA/TPS/PBAT sheets, the amorphous content decreased whereas the in-
tensity  of  peaks  at  2θ  of  16.60°  and  23.24°,  corresponding  to  PLA  and  PBAT  crystal struc-
tures[19],  respectively,  significantly  increased.  Moreover,  the  diffraction  peak  of  TPS  at 24.44°  
became  more  pronounced[20].  The  results  imply  that  biaxial  stretching  induced  more crystallinty 

In-
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of  the blend components, especially PLA[21-22]. The peak areas of both PLA and PBAT in BO films 
increased with increasing stretching rate  (Figure 4), indicating that higher stretching rate induces more 
crystallinity of polyesters[11-13]. However, the stretching rate had no significant effect on the crystal-
linity of TPS because the crystallinity of native starch in TPS was eliminated during sheet extrusion[23]� 
The crystallinity of PLA was more influenced by annealing (see Figure 5), comparing with PBAT and 

TPS. Change in diffraction pattern of PBAT was more pronounced in BO−20PLA/40TPS/40PBAT due 
to the presence of more PBAT content in BO film.

Figure 3. X-ray diffraction patterns of initial sheets of PLA, PBAT, 40PLA/40TPS/20PBAT, and
20PLA/40TPS/40PBAT.

Figure 4. X-ray diffraction patterns of BO-PLA/TPS/PBAT films with varied biaxial-stretching rates
(0−150 mm/s) without annealing: (a) BO-40PLA/40TPS/20PBAT and (b) BO-20PLA/40T-

PS/40PBAT.
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Figure 5. X-ray diffraction patterns of BO-PLA/TPS/PBAT with annealing times of 0 and 
60s and a constant stretching rate of 150 mm/s: (a) BO-40PLA/40TPS/20PBAT and (b) BO-

20PLA/40TPS/40PBAT.
3.3 Thermal properties

DSC curves of initial sheet and BO films at stretching rate of 150 mm/s are shown in Figure 6. Initial  
sheets  of  40PLA/40TPS/20PBAT  and  20PLA/40TPS/40PBAT  blends  exhibited  only thermal 
transitions of PLA which included glass-transition temperature (Tg), cold crystallization temperature 
(Tcc) and double melting temperatures (Tm1, Tm2) at 61.6−62.1 °C, 98.8−98.9 °C, 139.3−141.25 °C 
(Tm1), and 145.5−148.2 (Tm2), respectively (Figures 6a and b). The sheets with PLA:TPS:PBAT ratio  
of  40:40:20,  compared  to 20:40:40,  showed  more  pronounced  thermal transitions  due  to  the  
presence  of  more  PLA content. After  biaxial  stretching  at  150  mm/s, thermal  transition  tem-
peratures  of  PLA  decreased,  as  Tg   slightly  reduced,  to  57.0−60.6  °C, relaxation peak (just above 
Tg) decreased, and Tcc  did not appear. Moreover, two Tms of PLA merged and became one peak at 
141�3−144.4 °C, suggesting more order molecular structure of PLA is formed[13]. Besides, endother-
mic transition of TPS appeared at 196.5 °C. When increasing annealing time from 0 to 60 s, Tg and 
Tm tended to increase to 58�4−62.1 °C and 142.2−144.4 °C, respectively. While the relaxation peak 
of PLA reduced, implying that annealing process induces more crystallinity and results in more order 
structure[24]�

Figure 6. DSC curves of BO-PLA/TPS/PBAT films with annealing time of 0 and 60 s at a constant 
stretching rate of 150 mm/s (a) BO-40PLA/40TPS/20PBAT and (b) BO-20PLA/40TPS/40PBAT.

3.4 Mechanical properties

Figure 7 displays tensile properties of BO−PLA/TPS/PBAT films in comparison with those of initial  
sheets. Tensile  strength,  elongation  at  break,  and Young’s  modulus  of  initial  sheet  of 40PLA/40T-
PS/20PBAT blend were 17.5 MPa, 295.9%, and 325.9 MPa, respectively. Tensile strength and mod-
ulus of the initial sheet increased to  28.5−43�2 MPa and 646�6−822.2 MPa, respectively, while elon-
gation at break decreased to 75�7−99.5% after biaxial stretching with rates of 22.5−150  mm/s  and 
annealing times of  0−60s. BO-PLA/TPS/PBAT  films  with PLA:TPS:PBAT ratio of 40:40:20 were 
stronger and more rigid than the BO films with 20:40:40 ratio. In addition, both tensile strength and 
modulus of BO−PLA/TPS/PBAT films tended to increase while their elongation at break decreased 
when increasing stretching rate from 22.5 to 150  mm/s. This  was  possibly caused  by  the  increase  
in  crystallinity content  with  increasing stretching rate [25].  BO-PLA/TPS/PBAT films with  PLA:T-
PS:PBAT  ratio  of  40:40:20  were stronger  and  more rigid than the  BO  films  with  20:40:40  ratio.  
Furthermore,  annealing also affected tensile properties of BO−PLA/TPS/PBAT films. Annealing of 
BO−40PLA/40TPS/20PBAT films for 60 s led to increased tensile properties when the biaxial stretch-
ing was performed at 22.5−75 mm/s. The increases tensile strength and modulus were primarily  due  
to  increased  crystallinity  content  of  BO  films  during  annealing  process[26]. However, at the stretch-
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ing rate of 150 mm/s, tensile properties of the BO film decreased after annealing process. Furthermore, 
annealing led to larger increases in tensile strength and modulus of BO-20PLA/40TPS/40PBAT films 
than BO-40PLA/40TPS/20PBAT.

Figure 7 Tensile properties of BO−PLA/TPS/PBAT films obtained from stretching rate of 150 mm/s 
and annealing times of 0 and 60 s.

3.5 Oxygen permeability

Figure 8 shows oxygen permeability (OP) of  BO−PLA/TPS/PBAT films in comparison with initial  
sheets.  The  OP  values  of  initial  40PLA/40TPS/20PBAT  and  20PLA/40TPS/40PBAT sheets were 
13,377 and 16,653 cc.mil/m2  day.atm, respectively. 40PLA/40TPS/20PBAT sheet had lower OP than 
20PLA/40TPS/40PBAT because the former contains more PLA content and PLA has higher oxygen 
barrier than PBAT.[27] After biaxial stretching at 150 mm/s, the OP values of 40PLA/40TPS/20PBAT 

and 20PLA/40TPS/40PBAT sheets reduced by at least  ~10 times. Additionally, annealing further led 
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to a slight decrease in OP value of BO−PLA/TPS/PBAT films. The reduction in OP value indicates 
improved oxygen barrier property of BO films, possibly due to the stretching and annealing processes 
inducing the crystallization of BO films[28]�

Figure 8 Oxygen permeability of BO−PLA/TPS/PBAT films obtained from stretching rate of 150 
mm/s and annealing times of 0 and 60 s.

4. Conclusions

Biaxial stretching process can be used to improve the performances of PLA/TPS/PBAT blends for 
flexible packaging application. Tensile strength and Young’s modulus of PLA/TPS/PBAT blends  in-
creased,  whereas  elongation  at  break  reduced  after  biaxial  stretching.  Furthermore, biaxial stretch-
ing dramatically improved oxygen barrier property of PLA/TPS/PBAT blends. The improved tensile 
and oxygen barrier properties  of PLA/TPS/PBAT films occurred due to the increase  in  crystallinity  
by  biaxial  stretching.  The  crystallinity  of  BO  films  increased  with stretching speed and annealing 
time. BO-PLA/TPS/PBAT films with PLA:TPS:PBAT ratio of 40:40:20  were  stronger  and  more  rig-
id  than  the  BO  films  with  20:40:40  ratio.  Furthermore, annealing led to larger increases in tensile 
strength and modulus of BO-20PLA/40TPS/40PBAT films.
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Abstract: With multiple initiatives to keep food-waste away from landfills, packaging systems 
that are compatible with the alternative end of life scenarios (e.g., composting, biodigestion) are 
required. The aim of this study was to evaluate the ability to manufacture a fully biodegradable 
sheet for thermoforming at a pilot scale. Here, the effect of blending polylactic acid (PLA) 
with a bio- additive (polyhydroxyalcanoate PHA based compound), a rubbery biopolymer 
(polycaprolactone PCL),   and   calcium   carbonate   on   the   mechanical   performance   
and   thermophilic   anaerobic biodegradation was investigated. Calcium carbonate was 
added at low (5 wt.%) and high (30 wt.%) concentrations.  Additionally  three  types  of  
calcium  carbonate  where  evaluated  (i.e.,  different particle size and surface treatments). 
Sheet with a nominal thickness of 0.4 mm was manufactured in  a  Leistritz  cast  extrusion  
system  and  subsequently  thermoformed  into  trays  using  a  Sencorp thermoformer. The 
extent of anaerobic biodegradation was higher in samples containing 20% PCL, however the 
time to reach 50% degradation was delayed. The sample containing only PLA and the bio-
additive exhibited the shortest time to achieve 50% degradation (34 days),though the extent of 
degradation was lower after 60 days. Calcium carbonate did not affect the biodegradation rate 
and showed  slightly  improved  biomethane  potential  compared  to  the  PLA  control.  There  
was  not  a significant change in tensile strength due to calcium carbonate type at 30 wt.% 
loading. However, a 2 fold increase in elongation at break (from 15 to 30%) was observed 
indicating an effect from the surface  treatment  and  particle  size.  Calcium  carbonate  content  
(5  vs.  30  wt.  %)  increased  the optimum  forming  temperature  from  300  to  350  °F.  The  
results  demonstrate  the  feasibility  of manufacturing fully biodegradable thermoformed 
containers with high mineral content.

Keywords: Anaerobic biodegradation, polylactic acid, calcium carbonate, bioplastics
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1�   Introduction:

Diverting food waste is a way to alleviate landfill burden, reduce methane emissions and create val-
ue-added  alternatives.  With  multiple  initiatives  to  keep  food-waste  away  from  landfills, packag-
ing systems that are compatible with the alternative end of life scenarios (e.g., composting, biodiges-
tion)  are  required.  Additionally,  plastic  pollution  and  its  effect  on  wild  life  has  put traditional 
petroleum plastics under scrutiny [1]. Companies such as Uniliver have made public pledges for all 
packaging to be 100% recyclable or compostable in the near future [2]. Single use packaging and food-
ware items have been identified as potential materials that can be comingled with food and fed into a 
composting facility or an anaerobic digester [3], thus supporting zero waste initiatives.

Our previous work looked at anaerobic degradation of commercial bioplastics and strategies to ac-
celerate biodegradation. Different strategies were tested at a laboratory scale blending materials in an 
internal shear mixer [3]. This study focuses on demonstrating the scalability of bioplastic blends using 
a continuous extrusion process to manufacture sheet and the subsequent molding of thermoformed 
containers. The aim of this study was to evaluate the ability to manufacture a fully biodegradable sheet 
for thermoforming at a pilot scale.
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Here, the effect of blending polylactic acid (PLA) with a bio-additive (polyhydroxyalcanoate PHA 
based compound), a rubbery biopolymer (polycaprolactone PCL), and calcium carbonate on the 
mechanical performance and thermophilic anaerobic biodegradation (52±2°C) was investigated. 
Additionally different types of calcium carbonate were investigated.

2.   Methods:

2�1� Materials

Four  components  were  used  to  manufacture  sheets  for  thermoforming. The  base  material  was 
polylactic acid (PLA) 4043D supplied by Natureworks LLC. The material was used as received with-
out drying. Bags of 50 lbs were open right before processing. Polycaprolactone (PCL) Capa 6800,  
was  supplied  by  Perstorp.  The  bio-additive  (AD)  consisted  of  a  polyhydroxyalkanoate (PHA) 
compound supplied by Metabolix. Three grades of calcium carbonate (CC) were supplied by Omya, 
with different sizes and surface treatment (i.e., TP-981-FL, 2SST-FL and TP982T-FL). CC was use as 
received without drying.

2.1 Sample preparation

The pilot run took place at the Leistritz Extrusion Process Lab in New Jersey. compounding and pro-
duction of prototype sheet was carried out using a Leistritz co-rotational twin screw ZSE 27 MAXX 
“direct to sheet” system coupled with gravimetrical feeders and attached to a flex-lip sheet die and a 
chilled roll take-off. The temperature profile for was set at 180 to 200 °C from hopper to die.  The  die  
type  and  gap  was  14  inches  and  0.040  inches  respectively  with  a  line  speed  of 2.5feet/min. The 
gravimetric feeders were adjusted to obtain the relative amounts outlined in table 1. A vacuum vent 
was use to capture any excess moisture.

Thermoforming was performed on a Sencorp Cera  TEK   810/1-CE   sheet   fed   laboratory thermo-
former. A male mold was used to convert sheets into trays.

2.2 Mechanical property characterization

Tensile testing of the blend was carried out using an Instron Universal Testing Machine model 5567 
at a crosshead speed of 12.5 mm/min. At least five specimens of each sample were tested according to 
ASTM D638. Samples were conditioned at room temperature for at least 24 hours prior to mechanical 
testing. Type 5 specimens were die cut from the sheets.

PLA% PCL% AD% CC%
Control 1 100 0 0 0
Sample 9 80 20 0 0
Control 2 98 0 2 0
Sample 1 93 0 2 TP981 5
Sample 2 68 0 2 TP981 30
Sample 7 68 0 2 TP981 30
Sample 8 68 0 2 2SST 30
Sample 3 78 20 2 0
Sample 4 73 20 2 TP981 5
Sample 5 48 20 2 TP981 30
Sample 6 58 10 2 TP981 30

Table 1. Composition of samples in pilot run study
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2.2. Inoculum and substrates:

The inoculum (i.e., microbial suspension) used in the experiments was effluent from a running digester 
that co-digests industrial food waste with manure at mesophilic temperature. The effluent was  incubat-
ed  in  a  BOD  (Biological  Oxygen  Demand)  incubator  at  52°C  to  acclimate  the microorganisms to 
process condition for a duration of 7-10 days. The inoculum total solids (TS) and volatile solids (VS) 
were measured after the pre-incubation using EPA Method 1684 [4]�

2.1.Experimental procedure

Control  1,  Control  2,  and  Samples  1,  2,  7,  8,  9,  4  were  selected  for  anaerobic  biodegradation 
experiments.  Samples  were  crushed to  <4mm particle  size  using  liquid nitrogen  in a  food  dry 
grinder.  The  positive  control  used  in  the  experiment  was  analytical  grade  cellulose,  and  the 
inoculum without any added substrate was the control. Bioplastic samples were prepared to obtain 
an inoculum to substrate ratio (ISR) of 2 (g VS inoculum: g VS substrate added). The volatile solids 
content of the inoculum and bioplastic material were measured using EPA Method 1684. Samples were 
purged with nitrogen to create an anaerobic environment and incubated at 52±2°C with mixing at 160 
rpm, with an ‘ON’ cycle of 10 seconds and ‘OFF’ cycle of 50 seconds. The BMP tests were done using 
500mL reactors with 300mL working volume using an Automated Methane Potential Testing System 
(AMPTSII). The AMPTS II system (Bioprocess control Inc. Lund, Sweden) records the biomethane 
production continuously at regular time intervals (Figure 1).

Figure 1: AMPTSII system used in studying degradation of bioplastic materials under anaerobic 
conditions. A water bath incubator (b) set to the desired temperature helps to maintain the optimum 

temperature of reactors (a). Biogas mainly contains methane and CO2. A Carbon dioxide fixing 
unit (c) connects to the biogas outlet tubing of the reactors. The fixing unit absorbs CO2  from the 

biogas and methane passes through a flow cell detector (d). The flow cell detector records methane 
production continuously (data acquisition at intervals of 15 min, 1h or 1day).

2.2.Calculation of percent biodegradation

Biodegradability (or percent biodegradation) was calculated as the ratio of observed biomethane po-
tential (BMP) to the calculated theoretical maximum BMP as shown in Equation 1.

The  theoretical  maximum  BMP  for  different  materials  have  been  estimated  using  reaction stoi-
chiometry for anaerobic digestion suggested by the literature [5]�

(1)
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3. Results and discussions:

3�1� Anaerobic degradation

Figure  2  shows  the  biodegradation  profiles  of  the  selected  samples.  The  composition  of  the 
samples  affected  the  rate  of  degradation  as  well  as  the  extent  of  degradation.  The  anaerobic 
degradation of samples under thermophilic conditions indicated a lag phase the first 20 to 27 days, 
followed by an exponential phase and a plateau after 45 days approximately. The results agree with 
published data for PLA [6], [7].

Figure 2: Cumulative biomethane potential of PLA based samples with and without additives

Table 2 shows the percent of degradation at day 60 and the time to reach 50% degradation. Sample 
Control 2 had the shortest time to achieve 50% degradation, showing the ability of the additive to kick 
start the degradation, however the extent of degradation was slightly lower.

Sample name Percent degradation Time to reach 50% degradation 
(days)

Control 1 60% 36
Control 2 57% 34
Sample 1 55% 39
Sample 2 60% 38
Sample 7 59% 37
Sample 8 62% 41
Sample 9 64% 40
Sample 4 68% 44

Table 2: Biodegradation parameters of different blends
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The extent of biodegradation was higher in samples containing 20% PCL, however the time to reach 
50% degradation was delayed (sample 4 and sample 9). Similar results have been reported [5]. Calci-
um carbonate 2SST showed slightly improved biomethane potential compared to PLA control (sample 
8). The difference in BMP between the samples is insignificant when standard deviation values are 
considered. The thicker samples used in this study compared to previous ones may have contributed to 
the long lag times observed because of the reduced contact area per gram.

3.1. Mechanical performance

Figure 3 shows the effect of calcium carbonate on the tensile properties. TP981 had the highest 
elongation at break followed by TP982 and 2SST showing that both surface treatment and 
particle size have an effect.

Figure 3. Effect of CC grade and content on (A) elongation at break, (B) tensile strength and (C) 
Young modulus
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There is not significant change in tensile strength due to calcium carbonate type at 30 wt.% loading. 
The modulus of elasticity remained at a similar level for the control, 5 wt.% and 30 wt.% calcium 
carbonate. TP981 showed a higher modulus of elasticity in the machine direction probably due to the 
particle shape that allowed some alignment of the filler.

Figure 4 shows the effect of PCL at a low (5 wt.%) and high (30 wt.%) calcium carbonate content. The 
effect  is  more  pronounced  at  low  CC  content  with  an  elongation  at  break  over  250  %  in  the  
machine direction. At high CC content, there is no significant effect of adding 10 wt. % PCL in elonga-
tion or strength with  a  drop  in  modulus  of  elasticity.  PCL  contributes  to  the  anisotropy  of  the  
material  which  could  be attributed to the chain alignment in the machine direction.

Figure 4. Effect of PCL content on (A) elongation at break, (B) tensile strength and (C) Young 
modulus

Figure 5 shows the effect of the bio-additive. No significant changes were observed due to the AD
in PLA or PLA/PCL samples.
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Figure 5. Effect of additive content on (A) elongation at break, (B) tensile strength and (C) Young 
modulus

3.1. Thermoforming

Figure 6 shows the thermoformed trays made from Sample 1 and Sample 2. Calcium carbonate content 
(5 vs. 30 wt. %) increased the optimum forming temperature from 300 to 350 °F. We arrived at these 
best conditions via trial and error by changing the heating temperature and dwell time, and monitoring 
the wrapping and webbing in the trays. Further optimization of processing conditions could make use 
of modelling [8] or finite element analysis techniques[9].
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Figure 6. Thermoformed trays made from Sample 1 and Sample 2.

3.   Conclusions

Calcium  carbonate  did  not  affect  the  biodegradation  rate  and  showed  slightly  improved bio-
methane potential compared to the PLA control. The bio-additive showed potential to kick-start the 
biodegradation. However, it is recommended for future test to investigate different amounts of AD. At 
high loadings (30 wt.% CC) the ductility was improved when using TP981 suggesting a good interac-
tion between the filler and the matrix. Calcium carbonate also increase the heating temperature during 
thermoforming. Both samples 1 and 2 showed good thermoforming ability. The  results  demonstrate  
the  feasibility  of  manufacturing  fully  biodegradable  thermoformed containers with high mineral 
content�
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Abstract:   Previously,   our   research   group   has   reported   the   development   of   poly(lactic 
acid)/thermoplastic starch (PLA/TPS) blends  for not  only rigid  (injection-molded  products), 
but also for semi-rigid (thermoformed trays) and flexible packaging (films). However, these 
materials still have some limitations similar to their individual starting material (PLA and TPS), 
e�g� brittle and hydrophilic. Therefore, this presentation aims to demonstrate the properties 
improvement of PLA/TPS blend by incorporating natural rubber (NR), which is elastic and 
hydrophobic polymer. In addition, Thailand is the largest NR exporter, nevertheless, the price 
of natural rubber decreased because of large volume of production resulting in an imbalance of 
demand and supply. Therefore, blending NR with PLA and TPS not only improves the properties 
of PLA/TPS blend, but also increases the value and expands the utilization of NR. PLA, NR and 
TPS with various weight ratios were blended in an internal mixer before extruding into sheet 
using an extruder� Flexibility of the ternary  blends  increased  significantly  with  increasing  
NR  concentration�  The  blend  showed improved  hydrophobicity  when  NR  concentration  
was  increased,  while  better  oxygen  barrier property of PLA was obtained when NR and 
TPS were blended� PLA/TPS/NR ternary blend could be converted into thermoformed tray and 
possibly applied as secondary packaging�

Keywords:  poly(lactic  acid),  thermoplastic  starch,  natural  rubber,  ternary  blend,  bio-based 
packaging, extrusion, secondary packaging
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1� Introduction

The  development  of  renewable  and  biodegradable  packaging  has  been  attractive  due  to environ-
mental concerns� PLA is one of the promissing biodegradable thermoplastic polymers with a significant 
market  potential  due  to  its   good  properties,  e�g�  transparency,  good mechanical strength and good  
moisture  barrier  characteristic[1];  however,  its  applications  are limited  because  of  brittleness[2]   and  
high  cost�  One of the techniques for overcoming  those disadvantages of PLA is blending PLA with 
other cheaper flexible bio-based polymers. Thermoplastic starch (TPS) is an alternative flexible mate-
rial, obtained from the destruction of starch  granules  in  the  presence of plasticizer under  applying  
shear  force  and  heat[3]�  TPS exhibits flexibility, excellent  oxygen barrier property[4], low cost and can 
be processed using the same technologies and machines as the traditional petroleum-based plastics[3]� 
In general, TPS is moisture sensitive material and shows poor mechanical properties at high humidity 
due to the hydrophilic nature of starch[3]� Blending PLA with TPS is an alternative to reduce the pro-
duction  cost  of  PLA  products  and  enhance  PLA  flexibility  as  well  as  to  improve  the properties 
of TPS. In recent years, the studies relevant to PLA/TPS blends have been reported[5-7]; however, these 
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materials still have some limitations similar  to their starting materials  (PLA and TPS),  e�g�  brittle  and  
sensitive  to  moisture/water.  Therefore,  the  present  research  aims  to demonstrate the properties im-
provement of PLA by blending with not only TPS but also natural rubber (NR), which is an elastic and 
hydrophobic polymer. Many researchers  reported  that  NR could toughen PLA matrix[8-12]  and reduce 
water absorption capacity of TPS[13-14], while only few articles revealed about PLA/TPS/NR ternary 
blends and most NR used are modified ones, e.g.  epoxidized  natural  rubber[15]   and  hydroxyl  natural  
rubber[16]�  Only  one  article  reported about PLA/NR/TPS ternary blends prepared using a co-rotating 
twin screw extruder and then blown into film using a blown film extrusion machine; however high 
weight fraction of PLA (75-85 wt%) but low concentrations of TPS (5-15 wt%) and NR (10 wt%) were 
used[17]. Besides,  Thailand  is  the  largest  natural  rubber  exporter  in  the  world;  however,  the  price  
of natural rubber tended to decrease due to high supply and low demand. Furthermore, most of the  
exported  natural  rubber  from  Thailand  is  in  the  forms  of  raw  materials.  The  markets  of these  
materials  are  unstable  because  they  depend  on  the  demand  of  downstream  industries. Therefore, 
blending NR  with  PLA  and  TPS  not  only overcomes  the drawbacks  of PLA,  but also  expands  
the  utilization  of  NR  by transforming  to  thermoplastic  material,  which  can  be further converted 
into value-added products�

2� Methodology

2�1 Preparation of PLA/TPS/NR blends

TPS was prepared by mixing cassava starch and glycerol (35 parts per hundred parts of starch) in a 
twin-screw extruder (Model LTE-20-40, Labtech Engineering Co., Ltd., Thailand) using a temperature 
profile in the range of 90-145 °C. The obtained TPS was then compounded with PLA and NR in an 
internal mixer (Model MX500 with a cam-type rotor, Chareon Tut Co. Ltd., Thailand) at 180 °C  using 
a rotor speed of 60  rpm. Subsequently, the derived PLA/TPS/NR ternary blends, i.e. PLA/TPS/NR 
40/30/30, PLA/TPS/NR 40/20/40 and PLA/TPS/NR 40/10/50 were extruded into sheet using a twin-
screw extruder attached to a flat die with a temperature profile in the range of 80-160 °C.

2.2 Characterization and properties testing of PLA/TPS/NR blends

Tensile properties were tested according to ASTM D882. Sample was cut into  a rectangular shape 
with a dimension of 15 cm ´ 2.5 cm and then conditioned at 25 °C, 50 ± 2% RH at least 48  h.  The  
test  was  performed  using  an  Instron  5965  (USA)  with  a  load  cell  of  5  kN,  a crosshead speed 
of 50 mm/min and a grip separation of 10 mm. At least five specimens were tested for each sample.
Morphologies  at  tensile   fracture  surface,  cryo-fractured  surface  and  sheet  surface  were observed 
using a scanning electron microscope (SEM). Sample was coated with a thin layer of gold  before  
SEM  observation  using  a  QUANTA™   450  scanning  electron  microscope  (FEI Company, Neth-
erlands) with an operating voltage of 20 kV.
Water  vapor  permeability  (WVP)  was  measured  at  25  °C,  90%  RH  by  a  water  vapor transmis-
sion rate testing equipment (Permatran-W® Model 398, Mocon®, USA) complied with ASTM  E-398.  
Sample  was  conditioned  at  25  °C,  30  ± 2%  RH  for  more  than  48  h  prior  to testing. Three 
specimens was measured for each sample. Water vapor permeability (WVP) was calculated from Eq. 1

WVP (g.m/m2.sec.Pa) = (WVTR× T)/ΔP                          (1)

Where, WVP is the water  vapor  permeability  (g.m/m2.sec.Pa),  WVTR is the  water  vapor trans-
mission  rate  (g/m2.sec),  T  is  the  mean  thickness  of  sample  (m)  and  ΔP  is  the  vapor pressure 
difference (Pa).
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Water contact angle  was  measured using a contact angle analyzer OCA 15EC (Data Physics
Instrument GmbH, Germany) with an SCA 20 software for data acquisition. Distilled water (3
μL) was dropped at a medium rate (1 μL/s) on the surface of the sample prior to measurement. The 
contact angle between water droplet and surface of the sheet sample was recorded for 5 min.
Oxygen transmission rate (OTR) was measured according to ASTM D 3985-02 (2004) using an oxygen 
permeation analyzer (model 8501; Systech Illinois, Johns-burg, IL, USA) at 23 °C,
0% RH. The sample was conditioned at 25 °C, 30 ±2% RH for more than 48 h prior to testing� At least 
three specimens  were tested for each sample and the oxygen permeability (OP) was calculated from 
Eq. 2

OP (mol.m/m2.sec.Pa) = (OTR × T)/ΔP                            (2)

Where, OP is the oxygen permeability (mol.m/m2.sec.Pa), OTR is the oxygen transmission rate (mol/
m2.sec), T is the mean thickness of sample (m) and ΔP is the partial pressure of oxygen (Pa).

3� Results and Discussion

3�1 Tensile properties of PLA/TPS/NR blends

Tensile properties of PLA and PLA/TPS/NR blends are shown in Figure 1� Tensile strength and Young’s  
modulus  of  PLA/TPS/NR  blends  were  lower,  while  their  elongation  at  break  was higher than 
those of PLA. The results suggested that extensibility of PLA could be improved by  blending  with  
TPS  and  NR  due  to  their  relatively  flexible  characteristics[5,9]�  However, NR/TPS proportion hard-
ly affected tensile strength and Young’s modulus of the ternary blend, but elongation at break of PLA/
TPS/NR 40/20/40 was the highest among other ternary blends�
This  implied  that  tensile  properties  of  ternary  blends  were  affected  by  all  components.  The 
greatest extensibility of PLA/TPS/NR 40/20/40 might be explained by the loosen structure of the ma-

terial as observed by SEM.
Figure 1� Tensile properties of PLA and PLA/TPS/NR blends
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3.2 Morphology of PLA/TPS/NR blends by scanning electron microscope (SEM)

Morphologies at tensile fracture surface, cryo-fractured surface and sheet surface of PLA and PLA/
TPS/NR blends were observed by SEM. Tensile fracture and cryo-fractured surfaces of all PLA/TPS/
NR blends were rougher than those of PLA (Figure 2a and b), implying that the ternary  blends  were  
more  extensible  than  PLA.  However,  PLA/TPS/NR  40/20/40  showed looser morphology at tensile 
fracture and cryo-fractured surfaces than PLA/TPS/NR 40/30/30 and  PLA/TPS/NR  40/10/50  (Figure  
2a  and  b),  corresponding  to  higher  elongation  at  break. Considering  surface  morphology,  ter-
nary  blends  exhibited  less  homogeneous  and  rougher surfaces  than  PLA (Figure  2c),  reflecting  
incompatibility of  the  material,  particularly  in  the case of PLA/TPS/NR 40/20/40 blend.

Figure 2. SEM micrographs of PLA and PLA/TPS/NR blends taken at (a) tensile fracture surface, (b)
cryo-fractured surface and (c) sheet surface

3.3 Water vapor permeability of PLA/TPS/NR blends

Water vapor permeability (WVP) of PLA/TPS/NR blends was determined at 25 °C and 90%RH.  Fig-
ure  3  shows  that  PLA/TPS/NR  blends  had  slightly  higher  WVP  than  PLA, reflecting that water 
vapor barrier property of PLA became poorer after blending with NR and TPS.  This  might  be  due  
to  the  relatively  hydrophilic  characteristic  of  TPS[3]   and/or  poor compatibility between poly-
mers[6-7,10,14].  However, PLA/TPS/NR 40/20/40 showed the highest value of WVP or the poorest 
water vapor barrier property among blends, probably due to phase separation as observed by SEM.
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Figure 3. Water vapor permeability (WVP) of PLA and PLA/TPS/NR blends

3�4 Water contact angle of PLA/TPS/NR blends

Hydrophobic behavior of PLA and PLA/TPS/NR blends was assessed from water contact angle (Figure  
4).  Water  contact  angle  of  all  samples  decreased  as  a  function  of  time  due  to  the absorption  
by sample  and/or  water  evaporation�  TPS  showed  the lowest  water  contact angle (30°-50°)  and  
its  water  contact  angle  reduction  rate  was  fastest  due  to  the  hydrophilicity of starch[3], while NR 
exhibited the highest water contact angle (100°-105°) with slower rate of water  contact  angle  reduc-
tion,  implying  relative  hydrophobicity  of  NR[18]�  PLA  presented moderate  water  contact  angle  
(65°-90°).  PLA/TPS/NR  blends  showed  similar  water  contact angle  range  to  PLA;  however,  
the  values  were  depending  on  the  weight  fraction  of  each component in the blend� PLA/TPS/NR 
40/10/50 showed higher water contact angle than PLA and the highest water contact angle among terna-
ry blends due to high proportion of NR and low proportion of TPS. It should be point out that PLA/TPS/
NR 40/20/40 possessed the lowest water  contact angle  among  blends  due to  the  phase  separation,  
corresponding to  the highest water vapor permeability.

Figure 4. Water contact angle as a function of time of PLA and PLA/TPS/NR blends
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3�5 Oxygen permeability of PLA/TPS/NR blends

Oxygen permeability (OP) of PLA and PLA/TPS/NR blends was determined at 23 °C and 0% RH 
(Figure 5). PLA/TPS/NR 40/30/30 and PLA/TPS/NR 40/10/50 showed lower OP than PLA. In con-
trast, PLA/TPS/NR 40/20/40 presented higher OP due to the phase separation among polymers [6-
7,10,14]. This result is in good agreement with SEM and WVP results.

Figure 5� Oxygen permeability (OP) of PLA and PLA/TPS/NR blends

4. Conclusion

Ternary blends of PLA/TPS/NR 40/30/30, PLA/TPS/NR 40/20/40 and PLA/TPS/NR 40/10/50 were 
prepared by melt blending. Blending PLA with NR and TPS could enhance flexibility and improve 
oxygen barrier property of PLA. PLA/TPS/NR 40/20/40 showed the highest degree of phase  separa-
tion,  resulting  in  the  highest  extensibility  and  lowest  water  vapor  and  oxygen barrier properties. 
PLA/TPS/NR 40/30/30 was recommended for this research due to its better tensile and oxygen barrier 
properties. The obtained PLA/TPS/NR ternary blend has potential to be converted into thermoformed 
tray and possibly applied as secondary packaging.
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Improving mechanical and barrier properties of thermoplastic 
starch-based blown films for flexible packaging

Khanh Minh Dang 1, Rangrong Yoksan *1,2

1  Department of Packaging and Materials Technology, Faculty of Agro-Industry, Kasetsart
University, Bangkok 10900, Thailand

2  Center for Advanced Studies for Agriculture and Food (CASAF), Kasetsart University, Institute 
for Advanced Studies, Bangkok 10900, Thailand

Abstract: Currently, the development of thermoplastic starch (TPS) and thermoplastic starch- 
based composite films produced by blown film extrusion has been spurred by a growing interest 
in renewable sources and an alternative option to reach industrial-scale demand. Thus, the aim 
of this current presentation is to demonstrate the improvement of processability,  mechanical 
properties  and  barrier  properties  of  TPS  blown  film  either  by  incorporating  plasticizer  
with different types and contents or by making composite with polyesters and commercial 
clay. The obtained  TPS  film  containing  larger-sized  polyol  plasticizer  exhibited  double-
layered  wall, while that containing smaller-sized polyol plasticizer was single-layered film. 
Furthermore, the film  with  smaller-sized  polyol  showed  improved  thermal  resistance,  
enhanced  stiffness  and better water vapor barrier properties� In the case of TPS/polyester/
bentonite composite films, SEM  images  confirmed  the  good  dispersion  of  clay  in  the  
film  matrix,  thus  this  provided improved  water vapor barrier property and  oxygen barrier 
properties of TPS/polyester  films even at low concentration of clay. The composite film also 
exhibited better tensile strength and Young’s modulus than the corresponding film without 
addition of clay. Thus, the obtained TPS and TPS-based composite films offer real potential 
applications as an oxygen barrier layer and biodegradable packaging films, respectively.

Keywords:  Thermoplastic  starch,  Poly(lactic  acid),  Poly(butylene  adipate-co-terephthalate), 
Bentonite, Blown film extrusion, Flexible packaging
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1� Introduction

The success of bioplastic industry is mostly relevant to the reduction of environmental impact caused 
by a lack of biodegradability of conventional plastics. Biodegradable plastics made from renewable 
resources are one type of alternative material. Among those biopolymers investigated as  potential  
alternative  material  for  plastics,  starch  in  particular  has  been  subjected  of  much research. 
The appeal of starch comes from its biodegradability, low price and availability. Native starch is a 
semi-crystalline material mainly composed of amylose and amylopectin (98% of dried mass). Starch 
has poor processability and requires plasticization before processing and molding. In  order  to  plas-
ticize  starch,  appropriate  amount  and  type  of  plasticizer  have  been  chosen. Plasticization trans-
forms the semi-crystalline starch granules into a homogeneous melt by the destruction of hydrogen  
bonds between  the starch molecules during applying heat and  shear force [1, 2]. This combination 
of thermal and mechanical inputs can be obtained by extrusion process, which is a cost effective and 
common plastic processing technique. The development of thermoplastic starch (TPS) requires the ad-
dition of high plasticizer content (25-35%) [1-3]. Water is the most common natural plasticizer; how-
ever, it cannot withstand high temperature and evaporates easily during extrusion. Therefore, water 
is always partially or fully replaced by less  volatile  plasticizers, e.g.  glycerol  [1-6],  sorbitol [4-6],  
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formamide [7],  etc.  Glycerol  is  a commonly used plasticizer, which is hydrophilic and possesses 
low molecular weight. However, TPS  plasticized  with  glycerol  has  some  drawbacks  such  as  poor  
water  resistance  and comparatively poor mechanical properties [6]. These shortcomings could be 
overcome by many approaches; however these following two ways are focused, (1) replacing glycerol 
plasticizer with larger molecular sized plasticizers such as sorbitol and (2) blending TPS plasticized 
with glycerol with other relatively hydrophobic biodegradable polymers such as PLA [5, 8-12], PBAT 
[11-15], etc. For the first pathway, although few studies have been reported on the processing of ther-
moplastic starch using larger-sized plasticizer [16, 17] or mixed plasticizers [18], most of them were 
devoted to the compression molding [16] or injection molding processes [18], but to the best of our 
knowledge no any article reported on blown film extrusion and barrier properties of TPS film plasti-
cized with mixed polyols. Another viable approach to improve properties of TPS is blending it with 
other biodegradable polymers, this way also provides the cost reduction for   the   blended   biode-
gradable   polymers,   making   them   more   competitive   compared   to conventional packaging ma-
terials. Poly(lactic acid) (PLA), a hydrophobic and semi-crystalline polyester, is a renewable material 
that can be degraded within 30-40 days. It also possesses good physical  properties  and  commercial  
availability.  Blending  PLA with  TPS  is  a  good  way  to balance the cost-effective issue and to get 
a new material with good performances. However, the main limitation of TPS/PLA blend is its dead 
fold property. In addition, some previous studies have also reported that TPS/PLA blend had rather 
poor mechanical properties due to the poor interfacial affinity of starch and PLA [19]. Poly (butylene 
adipate-co-terephthalate) (PBAT) is a flexible co-polyester, which can be fully degraded in nature. The 
addition of PBAT can reduce the brittle fracture and dead fold of TPS/PLA blend film; however, the 
blend was compromised with  decreased  tensile  strength  and  modulus.  Ren,  Fu,  Ren  and  Yuan  
[11]  reported  that mechanical properties of TPS/PLA/PBAT blend exhibited a dramatic improvement 
in elongation at break but decrease in tensile strength with increasing PBAT content. In addition, TPS, 
PLA and   PBAT   exhibited   poor   interfacial   adhesion   and   non-uniformed   morphology   with 
agglomerated starch granules [11, 12]. To improve those drawbacks of TPS/PLA/PBAT blend, the ad-
dition of mineral clays, particularly class of bentonite, is an alternative approach. This kind of clay has 
high availability, high versatility and low cost. Bentonite clay consists of ultrathin layers of octahedral 
alumina sheets sandwiched  between sheets of tetrahedral silica. Each of these layers is negatively 
charged, and the excess charge is balanced by alkali cations, such as Na+,  Li+  or  Ca2+,  that  reside  in  
the  gallery  space  between  the  aluminosilicate  layers.  In  the commercial  scale,  clays  are  modi-
fied  with  organic  surfactants,  which  are  the  quaternary ammonium salts of long fatty acid chains, 
to improve their dispersibility. Few studies reported that the incorporation of bentonite clay into TPS/
polyester blend could improve the dispersion of polymers in the matrix and the mechanical properties 
of the blend [15, 20].

Therefore, the objectives of the present study are to investigate (1) the effect of different size and 
content of polyol plasticizers on thermal, tensile and barrier properties of TPS film; (2) the effect of 
blending with PLA/PBAT on tensile and water vapor barrier properties of TPS-based film and (3)  the  
effect  of  bentonite  clays  on  tensile  and  barrier  properties  as  well  as  morphology  of TPS/PLA/
PBAT blends.

2. Materials and methods

2�1 Materials

Native cassava starch was purchased from Tong Chan Registered Ordinary Partnership (Bangkok, 
Thailand). Glycerol and sorbitol were commercial grade. Poly(lactic acid) (PLA) was supplied by 
NatureWorks (Minnesota, USA), Poly(butylene adipate-co-terephthalate) (PBAT) under the commer-
cial   name   of   Ecoflex   was   purchased   from   BASF   (Ludwigshafen,   Germany). Organophilic 
bentonite was supplied by BYK Additives & Instruments (Wesel, Germany).
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2.2 Preparation of TPS-based films by blown film extrusion
Native  cassava  starch  was  physically  blended  with  glycerol  (G)  or  mixed  plasticizers,  i.e. glyc-
erol/sorbitol (GS) at a ratio of 1:1 in a mechanical mixer. Two different concentrations of plasticizers 
were used as shown in Table 1. These mixtures were then compounded in a twin- screw extruder with 
an L/D ratio of 40 (LTE 20−40; Labtech Engineering Co., Ltd., Thailand), a barrel temperature range 
of 80−145 °C and a screw speed of 180 rpm. Four types of TPS, i.e. TPS1, TPS2, TPS3 and TPS4 were 
prepared and their compositions are presented in Table 1.

In order to fabricate TPS/PLA/PBAT blend, the obtained TPS1 was then blended with PLA and PBAT 
in a twin-screw extruder using a temperature range of 80−160 °C and a screw speed of 300 rpm. TPS1/
PLA/PBAT/B composite was also produced by compounding TPS, PLA, PBAT and bentonite clay (B) 
using the same processing parameters as TPS1/PLA/PBAT blend. The formulations of TPS1/PLA/
PBAT blend and its composite were shown in Table 1.

The obtained TPS, TPS/PLA/PBAT blend and TPS/PLA/PBAT/B composite resins were blown into 
films using a single-screw extruder (LE-25-30/C; Labtech Engineering) with a ring-shaped die. The 
temperature profile for TPS was maintained in the range of 135−140 °C and for blend and composite 
in the range of 150−165 °C. The obtained films were stored in aluminum bags to avoid moisture ab-
sorption�

Composition %
Starch Glycerol Sorbitol PLA PBAT B e n t o n i t e 

(B)
TPS1 71�4 28�6 - - - -
TPS2 70�4 29�6 - - - -
TPS3 71�4 14�3 14�3 - - -
TPS4 70�4 14�8 14�8 - - -
TPS1/PLA/BPAT 43�0 17�0 - 30�0 10�0 -
TPS1/PLA/PBAT/B 42�6 16�8 - 29�7 9�9 1�0

Table 1� Compositions of TPS-based films

2.3 Characterization and properties testing of TPS-based films

2.3.1 Thermogravimetric analysis (TGA)
Thermal  stability was  determined  by TGA using  a  Q5000  instrument  (TA Instruments,  New Cas-
tle, USA). Each sample (4-6 mg) was heated from 30 °C to 600 °C with a heating rate of 10 °C/min 
under N2  atmosphere with a N2  flow rate of 50 ml/min.

2.3.2 Tensile testing
Tensile  testing  was  performed  according  to ASTM  D882-12,  using  a  5965  universal  testing 
machine (Instron, USA). Film sample was cut into rectangular shape with a dimension of 2.5 cm
× 10 cm and then stored at 25 °C, 52 %RH for two weeks prior to testing. Four specimens were tested 
for each sample. Tensile strength (MPa) and elongation at break (%) were  determined from the stress-
strain curve and reported as mean ± SD (n=4).

2.3.3 Water vapor permeability
Water vapor transmission rate (WVTR) was determined according to ASTM E96.    Film sample was 
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cut into circle shape with a diameter of 7.5 cm, then placed on the open mouth of a test cup and sealed 
with paraffin wax. The assemblies were weighed before incubated at 25 °C and 50% RH. Each sample 
was periodically taken out and weighed until its constant weight was obtained. Three specimens were 
tested for each sample. WVTR was determined as a slope of the linear portion of a plot of weight 
gained versus time (g/h) divided by the sample permeation area (m2). Steady state over time (slope) 
yielded a regression coefficient of 0.99 or greater. The water vapor permeability (WVP) was calculated 
from Eq. 1.

WVP =   W VTR × L

Where WVP is the water vapor permeability (g/m.s.Pa), WVTR is the water vapor transmission rate 
through a film (g/m2.s), L is the mean film thickness (m) and ΔP is the partial water vapor pressure 
difference between the two sides of the film (Pa). The results were recorded as mean ± SD (n=3).

2.3.4 Oxygen permeability
Oxygen transmission rate (OTR) was determined according to ASTM D3985 using a model 8000 ox-
ygen permeation analyzer (Illinois Instruments, Inc., Johnsburg IL, USA). Each sample was cut into a 
round shape with a diameter of 14 cm and conditioned at 25 °C and 32 %RH for at least  48  h.  Three  
specimens  were  tested  for  each  sample.  Oxygen  permeability  (OP)  was calculated using Eq. 2
    

               OP =   OTR × L

Where OP is the oxygen permeability (mol/m.s.Pa), OTR is the oxygen transmission rate through the  
film  (mol/m2.s),  L  is  the  mean  thickness  (mm),  and  ΔP  is  the  oxygen  partial  pressure difference 
between the two sides of the film (Pa).

2.3.5 Scanning electron microscopy (SEM) observation
Morphology was  observed  using  an  FEI  Quanta  450  (FEI,  Oregon,  USA)  scanning  electron 
microscope (SEM) at an accelerating voltage of 12.5 kV. A small piece of each tensile fractured sample 
was placed on a stub using a two-sided carbon tape and then coated with a thin layer of gold prior to 
SEM observation.

3. Results and Discussion

In this work, four types of TPS films were prepared according to Table 1. TPS1 and TPS2, which were 
plasticized with glycerol only, showed single-layered films, whereas double-layered wall films were 
obtained for TPS3 and TPS4, when 50 wt% of glycerol was replaced by sorbitol. The result suggested 
that larger-sized polyol plasticizer (sorbitol) could reduce water absorption of TPS film, resulting in 
its decreased surface stickiness�

Thermal stability of TPS films was evaluated by TGA (Figure 1). It can be clearly seen that TPS1 and  
TPS2  films  exhibited  lower  thermal  stability  than  TPS3  and  TPS4  films,  implying  that sorbitol 
had greater effect on the improvement of thermal stability of TPS film due to lower plasticizing  effi-
ciency  of  sorbitol  and  lower  water  absorption  of  the  film  [6].  By  increasing plasticizer content, 
thermal stability of TPS film became lower because of higher plasticizing effect causing increased 
starch chain mobility [4].

ΔP

ΔP

(1)

(2)
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Figure 1� Thermal stability of TPS blown films

Tensile properties of TPS based film were tested at ambient temperature. TPS1 and TPS2 films showed 
similar range of tensile strength and elongation at break values (Figure 2). In contrast, TPS3 and TPS4 
films possessed indifferent  tensile strength values but  significantly different elongation at break, i.e. 
TPS 4 film exhibited higher elongation at break than TPS3 film (Figure 2). The results confirmed that 
the amount of plasticizer had not much effect to tensile properties of  TPS  films  plasticized  with  
small-sized  plasticizer  (glycerol)  because  it  gave  efficient plasticizing effect, whereas the change 
in tensile properties, particularly extensibility, was more pronounced  by  varying  plasticizer  content  
for  TPS  film  plasticized  with  the  large-sized plasticizer (mixture of glycerol and sorbitol).

By  comparing  plasticizer  type,  the  mixture  of  glycerol  and  sorbitol  provided  the  films  with 
higher tensile strength but lower elongation at break than glycerol (Figure 2), reflecting that TPS films 
plasticized with glycerol/sorbitol mixture were more brittle, whereas the films plasticized with glycer-
ol were more extensible. This behavior associated with the molecular structure of plasticizers. Glyc-
erol possessed smaller molecular size, which induced greater intermolecular spaces between starch 

chains resulting in decreased amount of hydrogen bonds of starch [21]. On the other hand, larger-sized 
sorbitol was difficult to penetrate in between starch chains [22].

Figure 2. Tensile strength (      ) and elongation at break (       ) of TPS-based films
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Water vapor permeability (WVP) of TPS films was determined at 22 °C and 52 %RH and the result 
was reported in Figure 3. TPS1 film possessed lower WVP than TPS2 film, implying that water vapor 
barrier property of TPS films plasticized with glycerol became better when lower concentration of 
glycerol was loaded due to the reduced plasticizing effect. In contrast, WVP values of TPS3 and TPS4 
films were not different, suggesting that water vapor barrier property of the films plasticizing with the 
mixture of glycerol/sorbitol did not affect by the concentration of plasticizer. This was probably due to 
lower plasticizing effect of larger-sized plasticizer.

Considering plasticizer type, TPS1 and TPS2 films showed higher WVP than TPS 3 and TPS4 films 
(Figure 3) or poorer water vapor barrier property due to the higher plasticizing efficiency of glycerol 
than sorbitol, resulting in enhanced water penetration. In addition, the hydrophilic nature of glycerol 

also increased the movement and adsorption of water molecules through the film network [22-25].
Figure 3. WVP of TPS-based films

Although   the   type   and   concentration   of   plasticizers   were   varied   in   order   to   improve per-
formances, tensile and water vapor barrier properties of the obtained TPS films were still unsatisfied 
for packaging applications. Herein, blending and composite of TPS were proposed to improve those 
properties�

Even though TPS3 and TPS4 films possessed outstanding performances for tensile strength and water 
vapor barrier property compared to TPS1 and TPS2 films, however they exhibited low plasticizing 
effect as well as induced relatively high torque and pressure during extrusion. On the other hand, TPS1 
film illustrated relatively better tensile strength and water vapor barrier property than TPS2 film. Fur-
thermore, it also had good plasticizing effect. Therefore, TPS1 film was chosen for further study.

Blending TPS1 with 30 wt% of PLA and 10 wt% PBAT exhibited significantly increased tensile 
strength up to 980%, but decreased elongation at break up to 770 % (Figure 2). This result could be 
ascribed by high brittleness of PLA. The obtained TPS1/PLA/PBAT films showed further increased 
tensile strength and decreased elongation at break by incorporating 1 wt% of bentonite clay (Figure 
2), implying that the addition of small amount of clay could improve the strength but decrease the 
flexibility of the blend. This might be due to the reinforcing effect by bentonite clay since the polar 
interaction of clay interlayer with polymer chains could be formed within the gallery spacing of clay. 
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According to the study reported by Nayak [15], the addition of 30B nanoclay  (3  wt%)  could  improve  
tensile  strength  of  TPS/PBAT  blend  film  because  C30B nanoclay favored intercalation with TPS 
and PBAT chains via polar interaction formed among OH groups of nanoclay and OH groups of starch 
as well as carbonyl groups of PBAT.

For water vapor barrier property, TPS1/PLA/PBAT blend film showed lower WVP value than TPS1 
film about 56% (Figure 3), indicating that blending with PLA and PBAT could improve water vapor 
barrier property of TPS film due to the relatively hydrophobicity of PLA and PBAT. The addition of 
bentonite clay (1 wt%) could reduce WVP up to 50% (Figure 3). The result implied that clay could 
enhance water vapor barrier property of TPS/PLA/PBAT blend. It could be explained that dispersed 
clay platelets providing protracted pathways for water molecules to pass through [19]. Ayana, Suin 
and Khatua [19] also found that TPS/PLA blend with 0.5 −1 part per hundred parts of starch (phs) of 
sodium montmorillonite (NaMMT) could remarkably reduce water absorption up to 44.49%.

Figure 4 shows oxygen permeability (OP) of TPS1/PLA/PBAT blend film and its composite with ben-
tonite clay. TPS1/PLA/PBAT/B composite film exhibited lower oxygen permeability up to 68% than 
TPS1/PLA/PBAT blend film, implying that the addition of bentonite clay could also improve oxygen 

barrier property of the blend film due to the increased tortuous pathway.
Figure 4� Oxygen permeability of TPS/PLA/PBAT blend and TPS/PLA/PBAT/B nanocomposite films

Tensile-fractured surface morphology of the blend and composite films was observed by SEM and 
depicted in Figure 5. Both blend and composite showed no granule observed in the polymer matrix,  
indicating  that  starch  granules  were  completely  destroyed.  TPS/PLA/PBAT  blend exhibited in-
compatible blend with a tendency of void formation (Figure 5a), reflecting that less interaction among 
polymers because of high interfacial tension generated by different polarity polymers [12]. The in-
corporation of bentonite clay exhibited enhanced homogeneity and denser morphology  (Figure  5b),  

attributed  to  improved  compatibility. This  might  be  a  result  of  the reduced interfacial tension 
among polymer phases.
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Figure 5. SEM images at tensile fractured surface of (a) TPS/PLA/PBAT blend and (b) TPS/PLA/
PBAT/B nanocomposite

4. Conclusion

TPS-based films showed easy and continuous processability during blown film extrusion. TPS films 
exhibited significantly increased tensile strength, improved water vapor barrier property and thermal 
stability when larger-size plasticizer, i.e. sorbitol was used. However, higher content of plasticizers 
caused reduced tensile strength, poorer water vapor barrier property and thermal stability, but increased 
extensibility. Tensile strength and water vapor barrier property of TPS was significantly improved by 
blending with PLA and PBAT. In addition, further improvement of those properties was achieved by 
incorporating bentonite clay due to its good dispersion. The results suggested that TPS and TPS-based 
blend and composite films can be potentially applied as barrier layer and/or biodegradable packaging 
films.
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Alternative approach for polystyrene biodegradation by 
selected bacteria

Dries Gevers*1, Mieke Buntinx1, Roos Peeters1
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Abstract: Plastics pose a growing concern towards the environment. Mitigating actions 
are required as most of them do not report significant biodegradation. Biodegradable 
plastics are proposed as alternatives. Unfortunately, it remains difficult to compete with 
traditional petroleum-based polymers. Besides technical and economic obstacles, intrinsic 
biodegradability also shows some negative effects. For applications like food packages, 
biodegradable polymers are single-use items. Recycling of biodegradable polymers is difficult 
and it contaminates current recycling stream. Reuse and recycling of plastics saves a lot of 
resources and associated greenhouse gas (GHG) emissions. These savings will be reduced 
by increased use of biodegradable plastics. It seems a catch 22: traditional petroleum-based 
plastics are not biodegradable and accumulate in nature, but their biodegradable alternatives 
exhibit other adverse effects on the environment by increased use of resources and GHG 
emissions. An alternative approach could be to search for specific microorganisms capable 
of degrading current petroleum-based plastics. While a practical method to apply them is not 
available yet, a first requirement is to search for useful microorganisms. This knowledge can 
contribute to the development of alternative biotechnological solutions for the environmental 
threats posed by plastics. In this study the extraction and enrichment of polystyrene (PS) 
consuming bacteria is reported. After 2 enrichment cycles, five bacteria were identified using 
PS as their sole carbon source. In a subsequent mass loss experiment over 5 months period 
on PS film material, a small loss (0.5 wt.%) was detected. These results confirm bacterial 
degradation of PS. As biodegradation rates are relatively small, more research is required to 
make it applicable for plastic waste remediation.

Keywords: plastics-biodegradation-microorganisms

1 Introduction

An enormous and continuous emission of plastic in the ocean have led to a staggering accumulation 
in marine habitats. The impact of these synthetic materials is not fullyunderstood yet, but it poses 
a growing concern. Biodegradable plastics are put forward to mitigate these environmental threats. 
Unfortunately, important drawbacks limit a large-scale transition towards them. Despite many efforts, 
one of the shortcomings remains their material properties. Higher prices also prevent biodegradable 
plastics to be economically viable alternatives. Consumers are not willing to pay the extra price and 
by consequence, market shares are less than 1%. Besides technical and economic obstacles, intrinsic 
biodegradability of materials also shows negative effects. For many applications, like food packag-
es, biodegradable polymers are single-use items. Recycling of biodegradable polymers is still under 
debate whether it is desired, as it will contaminate the current recycling streams of for instance PET. 
As reuse and recycling of plastics saves a lot of these resources, introducing new biodegradable types 
of plastics will result in extra losses and an increase in associated GHG emissions. Another approach 
presented in this research could be to investigate specific microorganisms capable of degrading cur-
rently used petroleum-based plastics. This could lead the way to the development of new methods for 
cleaning historical or future (accidental) plastic waste in the environment.

*Correspondence to: Dries Gevers, institute, dries.gevers@UHasselt.be
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2 Goal of the research

This research, focused on polystyrene (PS) (due to its aromatic rings known to be verydurable). Two 
main questions were posed:

(i) Can we expand on the knowledge of Yang et al., (2015) [1] done on meal worms and identify 
bacteria capable of growing on PS as sole carbon source (i.e. biodegrade PS) in a laboratory 
degradation setup?

(ii) If yes, what is the biodegradation rate of PS by these bacteria?

3 Execution of the Research

First, mealworms were grown with Styrofoam (EPS was used over GPPS (?) as mealworms can easily 
chew on this material) as their sole diet for approximately 60 days. Afterwards, 1 gram of mealworms 
per enrichment sample (approximately 10-15 individuals, 6 biological replicates) was harvested for the 
isolation of the PS degrading microorganisms in the gut. In a second phase, extracted microorganisms 
were enriched during 30 days in and shaken aqueous medium at 30°C with PS as their sole carbon 
source. This enrichment was  repeated  for another 30 days to isolate 5 dominant species of bacteria, 
identified by DNA analysis. In a final phase, these isolated bacteria were subjected to a mass loss test, 
again in an aqueous medium at 30°C, where one gram PS film samples were used as sole carbon feed 
source (together with other essential nutrition elements) for 5months.

4 Results and conclusions

After two enrichment phases (60 days in total), 5 species dominated. They were isolated for further 
testing. This clearly proofed that specific bacteria species can grow with PS as theirsole carbon source 
and (to some extent) biodegrade a petroleum-based plastic likePS.
In a subsequent  mass loss experiment, 0.5 wt.% of PS film samples was lost in 5 months  when ex-
posed to a starting culture of the 5 isolated species. After this period, bacteria were still alive so the 
assimilation process of the PS as their carbon food source was stillongoing.
Although this result indicates that the process of biodegradation of PS evolves very slow under men-
tioned conditions, it gives a starting point for follow-up research to improve and increase the effective-
ness of identified and new bacteria.

5 Recommendations

More research is needed to gain insight and to optimize conditions, bacteria species, etc. Applica-
bility on other polymer types (e.g. PE) needs to be investigated. Finally, a practical method to make 
this research applicable needs to be developed. The way bacteria are used in soil remediation, where 
they pelletize effective bacteria and spread these pellets over contaminated soils, could be used as an 
example.

6 References
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Evaluation of moulded pulp trays using compression test and 
novel twist test

Anton Hagman*1

1 RISE, Stockholm, Sweden

Abstract: Within the industry there exists great experience of producing moulded pulp 
trays, this includes adjusting process parameters to achieve a consistent output from the tray 
making machines.However, the evaluation of the results is at this point based on hands on 
methods that ultimately relies on subjective opinions of what makes a good tray. This includes 
visual inspection of the trays, as well as a twisting the trays by hand to evaluate stiffness. 
Such methods might suffice to achieve a consistent output, but are not suited for structured 
development work, which requires objective measures.

One obvious measurement is a compression test, like a box compression test. However, this 
test does not tell the whole story, and differs from the hands-on tests used today. Because of 
this a twist test was developed to emulate the hands-on testing presently used to assess the 
quality of moulded pulp trays. The test is performed in a tensile tester, by putting the tray in a 
sample holder which supports two diagonal bottom corners while a beam is pressing against 
the opposite upper diagonal corners. This forces the tray to bend.

Plotting the results from these two tests against each other, results in a practical graph that can 
be used to evaluate both pulp and process properties, as well as tray weights. This plot reveals 
that some information remains hidden if only compression tests are performed.

Finally, such a graph lends itself to define boundaries for what is an acceptable tray.

Keywords: Moulded pulp, trays, test methods

1 Introduction

Within the industry there exists great experience of producing moulded pulp trays, this includes adjust-
ing process parameters to achieve a consistent output from the tray making machines. However, the 
evaluation of the results is at this point based on hands on methods that ultimately relies on subjective 
opinions of what makes a good tray. This includes visual inspection of the trays, as well as a twisting 
the trays by hand to evaluate stiffness. Such methods might suffice to achieve a consistent output, but 
are not suited for structured development work, which requires objective measures.

*Correspondence to: Anton Hagman, RISE, anton.hagman@ri.se
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2 Goal of the research

The goal of the project was to identify and develop objective measurement methods for assessing and 
ranking trays with different material properties, e.g. weight, wall thickness or pulpmix.

3 Execution of the Research

A variant of the common box compression test was identified as a way to be able to assess tray sta-
bility. In addition to this, a twist test was developed to emulate the hands-on testing presently used to 
assess the quality of moulded pulp trays. The test is performed in a tensile tester, by putting the tray 
in a sample holder which supports two diagonal bottom corners while a beam is pressing against the 
opposite upper diagonal corners. This forces the tray to bend. During testing the force is recorded by 
a load cell (10 kN) and the displacement is recorded from the piston movement(50mm/minto25mm).
This results in aforce–displacement curve. From this curve, the initial and secondary twist resistance 
can be calculated.  Based on this data, different trays could be ranked with regard to stability.

4 Results and conclusions

The graph below shows crush yield force vs secondary twist resistance expressed in normalized units. 
It demonstrates that trays with similar compression results differs when it comes to twist resistance. 
This implies that the compression test is insufficient on its own. With the two results plotted against 
each other it is possible to demonstrate differences between tray compositions and rank them. Further 
it should be a helpful tool to explore the design space and define what is an acceptable lowest level of 
the different parameters.
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Abstract: For many decades, Thailand is one of the largest natural rubber (NR) producers and 
exporters in the world; however  most exported NR is in the forms of cheap raw materials.  The 
converting of NR raw materials into value-added products is thus very important. In general, 
NR-based products are obtained by compounding NR with various vulcanization chemicals, 
e.g. zinc oxide, sulfur, stearic acid, 2-mercaptobenzothiazole, etc. and then converting to the 
finished goods using compression molding process. This approach is time consuming and 
provides thermosetting products with some residual chemicals. In order to overcome those 
limitations, the present research therefore demonstrates the preparation of thermoplastic 
natural rubber and its properties. Herein, NR was melt blended with high  density polyethylene 
(HDPE) in the absence of vulcanization, using HDPE:NR weight fractions of 60:40 and 
50:50. HDPE/NR blends showed significantly improved extensibility  (∼85%) and better 
impact strength, but possessed reduced tensile strength, Young’s modulus, hardness and heat 
distortion temperature as compared with HDPE.  HDPE/NR blends could  be converted into 
injection-molded products, e.g. tray, box, etc. In addition, high friction surfaces of these bio-
based HDPE/NR materials could expand their applications to pallets and parts of distribution 
packaging�

Keywords: Natural rubber, Polyethylene, Blend, Injection molding

1. Introduction

Thermoplastic natural rubber (TPNR) is a blend of NR with thermoplastic materials[1]including poly-
ethylene (PE)[2].  This material provides intermediate properties between the   two polymers, e.g. im-
proved impact strength, ductility and stiffness, as compared to the rubber and thermoplastics. Moreover, 
TPNR is convertible into various shaped and sized products using the same technologies/machines as 
conventional plastics, e.g. extrusion, injection molding, etc. and it also possesses high recycling ability.  
This approach is totally different  from the converting processes used for vulcanized NR, which is time 
consuming, requires  many chemical additives for vulcanization and provides non-recyclable thermo-
setting products. Herein, NR was blended with high density polyethylene (HDPE) aiming to achieve 
desired properties of injection-moldable thermoplastic natural rubber for packaging applications.

*Correspondence to: Rangrong Yoksan, Kasetsart University, Thailand, email: rangrong.y@ku.ac.th
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2. Goal of the research

The goal of this research is to fabricate injection-moldable thermoplastic natural rubber.

3. Execution of the Research

NR, HDPE and other additives were melt blended in an internal mixer at 160 °C for 5 min with a screw 
speed of 50 rpm/min. The weight proportion of HDPE:NR was varied as 60:40 and 50:50. The ob-
tained HDPE/NR blends were then injection-molded into dumbbell-shaped specimens and packaging 
prototypes. Tensile properties, hardness and heat distortion temperature (HDT) of HDPE/NR blends 
were evaluated according to ASTM D638-03, ASTM D2240 and ASTM D 648, respectively, and the 
values were compared with those of HDPE.

4. Results and conclusions

Table 1 shows that HDPE/NR blends possessed higher elongation at break and better impact strength, 
but lower tensile strength, Young’s modulus, hardness and HDT than HDPE. The results implied that 
NR could significantly improve flexibility and extensibility of HDPE, whereas HDPE could facilitate 
thermoplastic properties to NR. The obtained  HDPE/NR blends could be converted into various prod-
ucts, e.g. tray, box, etc. using injection molding machine. In addition, the enhanced friction of these 
bio-based  HDPE/NR  blend  surfaces could expand their applications to pallets and parts of distribu-
tion packaging�

Table 1 Tensile strength (TS), Young’s modulus (YM), elongation at break (EB), impact strength 
(IS), shore D hardness (H) and heat distortion temperature (HDT) of HDPE and HDPE/NR blends.

Sample TS
(MPa)

YM
(MPa)

EB
(%)

IS
(J/m2)

H HDT
(°C)

HDPE 22.51±0.89 7.16±1.36 265.14±95.87 1215.91±430.33 64.2±0.4 78.7±2.1
HDPE/NR 60/40 9.03±0.30 1.45±0.09 488.76±5.56 no break 55.0±0.2 48.4±0.7
HDPE/NR 50/50 6.66±0.94 1.17±0.22 437.08±52.58 no break 44.7±0.3 46.6±3.0

5. Recommendations

Melt flow ability or viscosity of the HDPE/NR blend should be adjustable to meet various applications.

6. References
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Production of Tea Bag Paper from Corn Stalk Pulp
Nucharin Luangsa-Ard*1, Nattiya Kongpreecha2, Sasipimon Dokdawruang3Department of Printing 

and Packaging Technology, King Mongkut’s University of Technology
Thonburi, Bangkok, 10140, Thailand

Abstract: Corn is the third most important crop in the world. It is a short-lived crop, after corn 
ears are harvested, its stalk will be landfilled or destroyed by burning in order to prepare soil for 
next plantation. Apart from burning, landfilling, or making bio-compost, corn stalk could  be 
produced into pulp for papermaking. This research was aimed to find the optimal condition for 
production of tea bags from corn stalk pulp and to compare physical & mechanical properties 
between corn stalk tea bag and commercial tea bag. The experiment was done by cooking corn 
stalk in opened soda pulping process. The produced corn stalk pulp was refined for 30 and 60 
seconds to form two types of 23.5±0.02 gram. corn stalk paper. Then physical, mechanical 
properties and morphology of the corn stalk papers together with their  performance between 
commercial tea bag and tea bag from corn stalk paper were analyzed. The result showed that 
the optimal condition to produce corn stalk pulp was to use sodium hydroxide concentration 
of 18% on O.D.wt., at 100±5 ºC for 150 minutes. The pulp yield was 21.7%. The comparison 
results of physical properties between commercial tea bag and tea bag produced from corn 
stalk pulp revealed that the basic weight of both papers were similar. Corn stalk pulp paper had 
lower thickness than commercial tea bag paper. For mechanical properties, the data showed that 
corn stalk pulp paper had lower tensile strength than commercial tea bag. For the morphology 
of corn stalk pulp paper, it showed that fiber formation and air permeability of corn stalk pulp 
paper was similar to commercial tea bag paper. When  compared the performance between 
commercial tea bag and tea bag of corn stalk pulp paper, there was not much different between 
the two types ofpaper.

Keywords: corn stalk paper; tea bag paper; corn stalk pulp

1 Introduction

Lately,Thailand has tendency to increase the demand for corn in the country after the expansion of 
animal husbandry since 1992. Currently, there are about 5,427 m2of  corn growing area in Thailand 
and the total production of 3.0-4.5 million tons / year. [1] Since corn is a biennial field crop with a 
short harvest, when it was harvested, its waste or residue will be landfilled or destroyed by burning 
in order to prepare the soil for the next plantation. In a way, it would be better if corn’s stalk could be 
used to produce or develop into other uses such as packaging material instead of burning, landfilling 
orbio-composting.

According to the research of Suebkuna, Boorana [2], it was found that pineapple leaf could be pulped 
in alkaline ash water (pH11) and the pulp could be used to make tea bag paper. The data showed that 
the properties of tea bag paper such as wet strength, thickness and porosity of pineapple leaf paper 
were significantly different from commercial tea bag paper. Therefore, the researchers were interested 
to use corn stalk as raw material to produce tea bag paper in order to increase the value of residue from 
corn harvesting. The main objectives of the research were to cook corn stalk pulp in soda process and 
to make tea bag paper from corn stalk pulp as well as to compare the properties of tea bag from corn 
stalk paper with commercial tea bag paper.

*Correspondence to: Nucharin Luangsa-Ard, Department of Printing and Packaging Technology, King Mongkut’s University of Technology Thon-
buri, Bangkok, 10140, Thailand. E-mail: nucharin.lua@kmutt.ac.th
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2. Experimental

Pulping process was started by cutting corn stalk (Kaset 3 bleed) from, Suwan Farm, Klang Dong 
subdistrict, Pak Chong district, Nakhon Ratchasima province, into 1-1.5 inch per piece. Washed and 
air dried the chips and measured its dry matter content according to ISO 638:2008. Then the corn stalk 
chips were cooked in an closed soda process at concentration of NaOH 18% by weight at 100 degree 
Celsius for 150 minutes. After dewatering the pulp then measured its pulp yield and dry matter content 
according to TAPPI T550 om-13. The corn stalk pulp then was blended in a blender for 30 seconds 
and 60 seconds. After that 23 gram of handsheet paper was formed from 2 types of the prepared corn 
stalk pulp (30 sec. blending and 60 sec. blending). All the handsheet papers were measured for their 
basic weight, thickness and apparent density, tensile strength, water absorption ability and wet tensile 
strength according to TAPPIT410, TAPPIT411,TAPPIT494, TAPPIT441andISO3781:1983 standard,
respectively. handsheet papers morphological were analyzed by OPTIKA 200 times magnification 
microscope and air permeability of handsheet papers were also measured by Bendtsen Tester model 
58-27. The efficiency of tea bag made from corn stalk paper in comparison with commercial tea bag 
was measured for their diffusion and the leakage of tea leaves as well as their wet tensile strength.

3 Results and Discussion

The pulp yield of corn stalk pulp was 21.7% and its fiber length was around 1.2 mm. The fiber length 
of corn stalk pulp is closed to hardwood fiber length. The physical and mechanical properties of 2 types 
of handsheet paper of corn stalk pulp and commercial tea bag paper were showed in Table1.

Table 1 Physical and mechanical properties of corn stalk pulp

Properties Commercial tea bag Corn stalk paper
30 sec� blending 60 sec� blending

Basic Weight (g/m2) 23±1.0 23.2±0.07 23.7±0.04

Thickness (mm) 0�67 0.60±0.01 0.57±0.01
Apparent density (g/cm3) 0�34 1.73±0.17 1.83±0.13

Tensile strength (kN/m) 5�43 1.55±0.21 1.39±0.19

Water absorption n/a 0.62±0.04 0.68±0.04
ability(g/cm3)

Air permeability (ml/min) n/a 1442±202 715±93
Diffusion period (min) 1�20 1�28 1�51
Wet tensile strength n/a 48 39
(no.of time)

The data showed that the tensile strength of both types of corn stalk paper was lower than commercial 
tea bag. Since the commercial tea bag is made from jute pulp, which is long, high tensile strength and 
high abrasion resistance pulp [3], mixed with plastic fibers (which is stronger and tougher than natural 
fibers) [4], therefore commercial tea bag paper is stronger than corn stalk paper.
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1(A) after10mins. 1(B) after 20mins 1(C) after 30mins.

Figure 1(A) -1(C). The tea color diffusion of commercial tea bag, 30 sec. blending corn stalk 
paper tea bag and 60 secs. blending corn stalk paper tea bag after dipping for 30 minutes.

It could be seen from the Figure 1 that the tea color spreading of both types of corn stalk tea bags was a 
little slower than commercial tea bag. However, after dipping all tea bags for 30 minutes, it was found 
that the tea color of 30 sec. blending corn stalk tea bag and commercial tea bag was quite similar. In 
addition, there was no leakage of tea leaves from both types of corn stalk tea bags though they were 
dipped for 1 hour.

4 Conclusion

From all the results mentioned above, it could be summarized that the physical properties between 
commercial tea bag and tea bag produced from corn stalk pulp were not significantly different. For 
mechanical properties, the data showed that corn stalk pulp paper had lower tensile strength than com-
mercial tea bag. For air permeability of corn stalk pulp paper was also quite similar to commercial tea 
bag paper. When compared the performance between commercial tea bag and tea bag of corn stalk pulp 
paper, there was not much different between the two types of paper. Therefore it could be concluded 
that the corn stalk pulp could be used as an alternative raw material to produce tea bags.

5 Recommendations
The further experiment should be done by finding the lower cooking concentration to increase the pulp 
yield and more controlled over the cleanliness of paper production to avoid the residue in the paper for 
the safety matters. In a way, the further experiment should be done by mixing the corn stalk pulp with 
plastic fibers to increase the mechanical properties of the corn stalk tea bag.

6 References

[1] Office of Agricultural Economics. Corn export statistics. [Online], Available:http://www.oae.
go.th/statistic/export/1301MZ.xls. (2546). [14 May2018].

[2] Suebkuna, B,. The Production of Pineapple Leaf Paper from Alkaline Ash Water to make 
Tea Bag. Master’s thesis 2014, King Mongkut’s University of Technology Thonburi,Bangkok, 
Thailnad,pp.55-57.

[3] Kongthad,W and Tanapeas, W. Properties of Mulberry Thai Style Handmade Paper Mixed 
with Polyethylene Fibers 2004. Kasetsart Agricultural and Agro-Industrial Product Improvement 
Institute. pp73-90.

[4] Paper Properties� Strength Properties. [Online], Available :http://www.paperonweb.com/
paperpro.htm.[14 May2018].



29th IAPRI  Symposium on packaging

Packaging Materials Posters

Study of physical and mechanical properties of low density 
polyethylene mixed with Ag-zeolite nanoparticle
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Abstract: In this study, low density polyethylene (LDPE) film was mixed with Ag-zeolite 
nanoparticle. The aims of this research were to test physical (yellowness, gloss, DSC, and 
SEM) and mechanical properties ( tensile strength and elongation at break )of pure LDPE 
and LDPE mixed with Ag-zeolite nanoparticle at 0.5 and 1 % (by weight). In the experiment 
a twin screw extruder was used for blending LDPE resin with 0.5 and 1 %wt. of Ag-zeolite 
nanoparticle. After that a blown film extruder was then used for blowing 3 types of LDPE film 
(pure LDPE, LDPE with 0.5% and 1% wt of Ag-zeolite )with thickness of approximately
to 0.06mm. There after, physical and mechanical properties of those produced film was 
investigated. The results showed that Ag-zeolite nanoparticle, which was added in LDPE film, 
did not affect on yellowness and gloss (60°) of those film. Likewise, it was also indicated 
that the Differential scanning calorimetry: (DSC) of LDPE with Ag-zeolite nanoparticle in 
both amount was also insignificantly changed when compared with the pure LDPE film.The 
results from a scanning electron microscope (SEM) pictures showed that there was difference 
dispersion of Ag-zeolite between LDPE films at 0.5 and 1 %wt of Ag-zeolite nanoparticle. 
Moreover, it was found that tensile strength values in machine direction (MD) of both pure 
LDPE and LDPE with Ag-zeolite nanoparticle films were insignificantly different while 
tensile strength in transverse direction (TD) were significantly decreased. In addition, the 
results showed that Ag-zeolite nanoparticle could also significantly decrease the elongation at 
break in both MD and TD of those LDPE with Ag-zeolitefilms.

Keywords:Ag-zeolite nano particle, low density polyethylene, yellowness, gloss, differential 
scanning calorimetry, scanning electron microscope, tensile strength, elongation at break

1 Introduction
Active packaging is the packaging that can sense internal and external environment change and respond 
by changing its own properties or attributes. The goal of active packaging is to enhance preservation 
of contained food and beverage products. Some examples of active packaging are carbon dioxide and 
ethylene scavengers in packages for modified atmosphere (MA) or more precisely and controlled-at-
mosphere (CA), antioxidant and oxygen interceptors in packages, and moisture control and antimi-
crobials packages etc. [1] Low density polyethylene (LDPE) is low density of polyethylene (PE)
polymertype (0.916–0.927g/cm3). It is relatively soft and flexible polymer and it is both tough and high 
impact resistant. LDPE is a good barrier to moisture but relatively poor to oxygen, carbon dioxide and 
certain type of oils. LDPE was used to produce for the packages such as chilled foods bags, stretch film 
and laminated film etc. [2] P.  Dutta et al. described that zeolite supported silver as antimicrobial agents 
and reported about mechanism of silver antimicrobial activity. [3] Boschetto et al.
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studied on low density polyethylene films containing 1-10 %wt of Ag+-Zeolite Y prepared by hot cast-
ing and wet casting methods and tested antimicrobial property (E. coli ATCC 2592) [4]. Plastic prop-
erties are important for packaging end-use. Therefore, in this research, the physical and mechanical 
properties of LDPE mixed with Ag-zeolite were studied.

2 Goal of the research
1� To test physical properties of LDPE mixed with Ag-zeolite nanoparticle as yellowness, 

gloss, DSC andSEM.
2� To test mechanical properties of LDPE mixed with Ag-zeolite nanoparticle as tensile 

strength and elongation atbreak.

3. Execution of the Research
3�1 Preparation of LDPE resin mixed with Ag-zeolite

LDPE resin was brought to remove moisture by heating in on oven at 60 °C for 2hours. Ag-zeolite 
powder was mixed with LDPE resin using a high speed mixing machine for 15min and to extrude 
through at win-screw extruder (screw speed from 25 to 30 rpm. and temperature range from 170 
to190°C).

3�2 Preparation of Ag-zeolite mixed with LDPE film
Samples were fed into the blown film extruder for making film with thickness approx. 05-
mm. (single layer film blowing Lines; Lab Tech engineering co. ltd).

3�3 Physical propertytesting
Yellowness index (YI, ASTM E313; Ci7600 Benchtop Spectrophotometer X-Rite) was measured and 
Differential Scanning Calorimetry (DSC, 204 F1, Phoenix, ASTM E967-18) by degree of crystallinity 
(%) was calculated as follows:

% crystallinity (Xc)= ∆Hf /∆H*f x 100%

Where, ∆Hf is the heat of fusion of semi-crystalline polymer (J/g) and area under melting curve
- area under crystallization ( ∆Hm - ∆Hc ),  ∆H*f  is the heat of fusion of 100 % crystallinity of the 
polymer (J/g)  (163 J/g for PE).

3�4 Scanning electron microscope
The characterization of surface and cross section on the samples was carried out by scanning electron 
microscope (SEM-EDS, IT500HR ).

3�5 Mechanical propertytesting
Those products films of Pure LDPE and LDPE film mixed with Ag-zeolite were measured for their 
tensile strength and elongation at break according to ASTMD882.

4 Results andconclusions
4.1 Physical properties of thefilms

The results was showed in Table 1. Yellowness index of pure LDPE had slightly lower value than 
LDPE films mixed with those of Ag-zeolite at 0.5 and 1% wt (10.11±0.5,10.25±0.5 and 10.24±0.5 re-
spectively). However, there were insignificantly different (P >0.05). Gloss decreased with increasing 
of Ag-zeolite. However, there were insignificantly different (P >0.05). Thus adding Ag-zeolite in 
LDPE film did not effect on yellowness and gloss (60°) of those film. As Fig.1 shows CIE Lab* and 
wave length (nm) of sample films.
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Table 1 Mean yellowness index and gloss of pure LDPE and LDPE films mixed with Ag-zeolite.
Sample Yellowness Index 

(YI)
Gloss 
(60°)

LDPE 10.11±0.5 87.45±5

LDPE/Ag-zeolite 0.5 %wt 10.25±0.5 81.19±9

LDPE/Ag-zeolite 1 %wt 10.24±0.5 80.72±9

Fig.1. CIE Lab* and wave length of film
Table 2 shows the DSC results of pure LDPE and LDPE films mixed with Ag-zeolite. Degree of crys-
tallinity (Xc) of LDPE films mixed with Ag-zeolite at 0.5 and 1 %wt. were insignificantly different (P 
>0.05) (4.890±1.3 and 5.115±1.6 % respectively) when compared with pure LDPE film (5.135±1.0 
%) As Fig.2 shows DSC thermo grams of pure LDPE and LDPE mixed with Ag-zeolite on the both 
heating and cooling cycles.

Table 2 DSC results of LDPE samples.

Sam-
ple

Xc(%)a Tm(°C)b Tc(°C)c

LDPE 5.135±1.0 111.0±0.3 97.95±0.2

LDPE/Ag-zeolite 0.5 %wt 4.890±1.3 110.4±1.3 98.30±0.3

LDPE/Ag-zeolite 1 %wt 5.115±1.6 106.5±7.7 97.50±0.3
a Degree of crystallinity of samples, b Melting temperature of samples and c Crystallization temperature of samples.

Fig.2. DSC thermo grams of pure LDPE and LDPE mixed with Ag-zeolite; (2a) heating and (2b) 
cooling cycles.

Considering on SEM micrographs showed in Fig.3, there was difference particle dispersion of 
Ag-zeolite in LDPE films between 0.5 and 1 %wt on the both surface ((3b), (3c)) and cross section 
((3e) ,(3f)) compared with surface (3a) and cross section (3d) of pure LDPE. Therefore increasing of 
Ag-zeolite amount had affected on increasing of particle dispersion in LDPE matrix.
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Fig.3.Typical SEM micrographs of the films: (3a) surface and (3d) cross section of pure LDPE, (3b) 
surface and (3e) cross section of LDPE mixed with Ag-zeoliteat 0.5% wt.,(3c) surface and (3d)cross 

section of LDPE mixed with Ag-zeolite at 1% wt.

4.2 Mechanical property of the films
As shown in Table3, it was found that tensile strength values in machine direction (MD) of both pure 
LDPE and LDPE with Ag-zeolite nanoparticle films was unclear, whereas tensile strength in trans-
verse direction (TD) clearly decreased with increasing of Ag-zeolite. In addition, the results showed 
that Ag-zeolite nanoparticle affected on decreasing of the elongation at beak in both MD and TD di-
rections�

Table 3 Tensile strength and elongation at break results of samples.
Sam-
ple

Tensile strength Elongation at break

MD (MPa) TD (MPa) MD (%) TD (%)

LDPE 23.46±1.5 20.89±0.8 112.2±7.9 207.4±7.0

LDPE/Ag-zeolite 0.5 %wt 22.12±1.1 16.29±1.0 84.7±5.1 196.1±9.1

LDPE/Ag-zeolite 1 %wt 22.94±2.3 17.14±0.9 90.1±9.8 198.1±8.8

            

Fig.4. (4a) Tensile strength and (4b) Elongation at break of pure LDPE and LDPE films mixed with 
Ag-zeolite.

5 Recommendations
In this research, it cannot determine about optimal ratio of Ag-zeolite in LDPE film thus it has to test 
efficiency of antimicrobial in those films.
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Abstract: New developments have arisen based on the use of the nanotechnology, 
which brings innovative opportunities in the packaging sector. However, nanoparticles 
can show potential hazard due to its inherent properties, or because of the toxicity de-
rived from the molecules used in their functionalization. With this aim,the potential tox-
icity of engineered nanomaterials ( ENMs ) was assessed in the EU- funded project Nano 
Desk SUDOE. The main goal of this European project is to ensure that the engineered 
nanomaterials (ENMs) used does not pose risks to human or environmental health, guar-
anteeing a safe use for industry and consumers, as well as for the environment, from a life 
cycle approach, throughout the definition of the potential risk profile of most common 
ENMs used in packaging industry. Metal NPs, meta l oxides, carbon-based materials 
and nanoclays were a mong the selected ENMs for testing. To assess eco toxicological 
impact, acute immob ilization tests in Daphnia magna and acute and chronic tests in 
zebra fish embryos and in mussels were performed. For the toxicity assessment, it had 
been used MTT Pro liferat ion Assay (cytotoxic ity), and the Comet Assay (genotoxic-
ity). Three types of cell lines we re used: adenocarcinomic human a lveolar basal epi-
thelial cells A549; spontaneously immortalized aneuploid human keratinocyte cell line 
Ha CaT; and heterogeneous human epithelial co lorectal adenocarcino ma cells Caco-2. 
To xicologica l d ifferences are observed between particles tested: for the environment ( 
Daphnia magnastudies), most critical ENM Sare silver nanoparticles (EC500.03mg/L), 
however in zebra fish embryo sand in mussels none of the ENMs tested caused any signif-
icant toxic ity; in  human  (experiments with  cell lines), different types of graphene have 
high toxicity values at cellular level ( EC501, 74mg /L;2,75mg/L ) and at genetic level 
(up to 50% of cells affected). ENMs such as nanoclays or ZnO are those with the lowest 
levels of to xicity compared to other meta l o xides or carbon-based materials. Comple 
mentarily to these analyses, there is a clear need of standardized protocols for the study 
of ENMs in order to make the results comparable.

Keywords: nanotechnology, nanomaterial, engineered nanoparticle, toxicity, eco toxic-
ity, packaging, occupational exposure, life cycle analysis, risk, human health, environ-
mental health, daphni amagna, cytotoxicity, genotoxicity

1 Introduction
Nanotechnology is one of the technologies that have grown the most and that  has attracted more inter-
est in recent years.1 Despite its industrial interest, there is a debate about its possible negative consequenc-
es on human health and theenvironment.2
Studies show that ENMs exhibit unique physical and chemical properties which are different from 
those demonstrated by same materials in bulk form. In this sense, it is very important, before starting 
to use new substances, to define what the risks are.3 4
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2 Goal of the research
The uncertainty about potential risk associated with the use of nanotechnology remains very high be-
cause of the wide range of properties and their interaction with biological processes. One of the main 
barriers which facing their use is the limitation regarding the  lack  of knowledge about exposure levels 
and the effectiveness of means of control, and with the inadaptation of test and evaluation methods 
for materials in the nano scale. The other main barrier, which in the case of the packaging industry is a 
very limiting factor, is the consumer concern related of weather migration of packaging contained ENMs 
to food can occur�
The risks to human health and the environment of NMs depend on various factors, such as shape, size, 
type or coating. Due to the great variety of ENMs in the market, the best way to study the potential 
risks of NMs is case by case and from a life cycle approach.
In the framework of Nano DESK SUDO E Project, the aim of the research is to develop a battery of 
toxicological and ecotoxicological tests on the NPs most commonly used in the packaging industry, in 
order to obtain experimental results to support the development of in silico models as a basis of one of 
the most cutting-edge tool in risk assessment: predictive computational toxicology.

3 Execution of the Research
The methodology for the toxicological profile assessment was based in standard protocols. Regarding 
toxicology, with inhalation and skin contact considered to be the main routes of exposure in an occu-
pational setting in the plastic industry, toxicological testing has focused on the most sensitive cells in 
the lungs (A549) and the skin (HaCaT), but also in the stomach cells (Caco2). The cytotoxic effect of 
NPs (MTT assay), and effect on DN A (COMET assay) was studied. Regarding ecotoxicology, test on 
aquatic invertebrates (Daphnia magna-OECD 202), and on zebrafish embryos and mussel (OECD236).

4 Results and conclusions
Different types of graphene have high toxicity values at cellular level (EC50 1,74 mg/L; 2,75 mg/L) 
and at genetic level (up to 50% of cells affected). ENMs such as nanoclays or ZnO are those with the 
lowest levels of toxicity compared to other metal oxides or carbon-based materials.
For Daphnia magna, most critical ENMs are silver nanoparticles (EC50 0.03 mg/L);  in  the case of ze-
brafish embryos and mussel, none of the commercial NPs tested caused any significant toxicity (lethal 
or sub- lethal in acute and chronic exposures at environmentally relevant concentrations of up to 1mg/L.

5 Recommendations
The activities performed in the plastic industry when manipulating ENMs suppose potential scenarios 
of exposure for workers, and it is necessary to  evaluate the  toxicological profile of the substances that 
they use in order to ensure a safe use in the industry (RMM). More case bycase studies are needed fo-
cusing on the toxicological risk assessment of nanomaterials, as well as standardized test guides, from 
a life-cycle perspective that includes damage to health and to the environment.
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Abstract: Water barrier improvement of paper material is a big challenge in the packaging 
industry due to its hydrophilic nature. Surface modification by various coating and laminating 
technologies are currently applied to solve the problem. However, common coating technique 
may not give effective surface characteristics as expected. This work focused on the 
improvement of paperboard’s water resistance property through the design for micro-nano 
surface roughness combination on the paperboard surface using the innovative electrospray 
coating. Coating substances were starch based compounds with electrosprayed polylactic 
acid (PLA) particles. Water contact angle, water absorption and water vapor transmission rate 
were evaluated. After the coating, different surface roughness characteristics were observed. 
Water contact angle tended to increase with the increase PLA concentration. In addition, nano-
structure of PLA above the micro-structure of starch coated surface of the paperboard was 
proved to be more effective for the water barrier improvement. According to the test results, 
water contact angle was increased while water absorption and water vapor transmission rate 
were decreased. Therefore, micro-nano surfaces roughness modification of paper packaging 
can be designed in order to achieve a suitable water resistance property as needed. 
Keywords: Water resistance, Surface roughness, Surface modification, Paperboard

1 Introduction
Papers and boards are one of the most important packaging materials for retail and distribution. How-
ever, paper-based packaging exhibits several drawbacks especially poor barrier against water, oxygen 
and volatile compound due to its porous structure and hydrophilicity of paper matrix [1]. Previous 
researches have been focused on paper coating and laminating for liquid resistance using different 
substances [2], [3], [4]. However, in-depth study related to the effects of surface roughness patterns on 
the water resistance performance of papers and boards are very limited. 

2 Goal of the research
This research aims to analyze the effect of micro-nano surface roughness combination on the water 
resistance property of the paperboard. 

1 *Correspondence to: Tanyarut Jinkarn, Department of Packaging and Materials Technology, Faculty of Agro-Industry, Kasetsart University, 
Bangkok 10900, Thailand. E-mail address: fagitvp@ku.ac.th
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3 Execution of the Research
Micro roughness of the paperboard was accomplished through 1% w/v native starch (NS1) and cal-
cium carbonate (Ca) coating (particle size 50nm) while a nanostructure was prepared by Poly(lactic 
acid), PLA electrospaying (0.125 %w/v at 16 kV and 0.8 ml/min). Surface roughness was determined 
through air leak method (ISO 8791-2; Bendtsen tester (58-27, TMI, Holland). Water contact angle 
(modified from ASTM D 5946-04, OCA15EC, Dataphysics, Germany) and water absorption (Cobb 
test, modified from TAPPI 441om-98) were measured. Water vapor transmission rate (WVTR) mea-
surement was also modified from ASTM E 96 (Desiccant Method).

4 Results and conclusions
After PLA electrospraying, nanostructure coating can be observed and this can improve water resis-
tance of the paperboards when compared with the uncoated sample. According to the results, water 
contact angle was increased while water absorption and WVTR were decreased. This is because micro 
structure coating of starch and calcium carbonate filled in the paper pore [5], [6] reducing surface 
roughness and preventing the water absorption. Moreover, additional nanostructure prepared from 
electrospraying promoted higher water contact angle [7], [8]. However, this nanostructure can easily 
trap a small amount of water during Cobb test and could lead to a little higher water absorption result.

Sample Roughness 
(ml/min)

Contact angle 
(degree)

Cobb test 
(g/m2)

WVTR (g/
m2*day)

Uncoated 555.0±36.0 76.2±1.4 194.1±14.0 486.2±27.9
NS1 + Ca 0.05 486.0±35.4 112.3±1.3 155.5±17.5 409.5±13.8
NS1+Ca 0.05+PLA 0.125% 269.2±24.5 151.3±5.9 54.9±11.3 395.6±4.6

5 Recommendations 
Further research on the adherence of the coating substances may be investigated.

6 References
[1] Andersson C. New ways to enhance the functionality of paperboard by surface treatment – a review. 

Packaging Technology and Science 2008; 10, pp. 823.
[2] Cho SW, Blomfeldt TOJ, Halonen H, Gӓllstedt M and Hedenqvist MS. Wheat Gluten-Laminated Paperboard 

with Improved Moisture Barrier Properties: A New Concept Using a Plasticizer (Glycerol) Containing a 
Hydrophobic Component (Oleic Acid). International Journal of Polymer Science 2012; 2012, pp. 1-9.

[3] Zhang W, Xiao H, Qian L. Enhanced water vapour barrier and grease resistance of paper bilayer-coated with 
chitosan and beeswax. Carbohydrate Polymers 2014; 101, pp. 401-406.

[4] Khwaldia K, Basta AH, Aloui H, El-Saied H, Chitosan–caseinate bilayer coatings for paper packaging 
materials. Carbohydrate Polymers 2014; 99, pp. 508–516.

[5] Santos NF, Velho JL. Coating structure with calcium carbonate pigments and its influence on paper and print 
gloss. Paper Coating 2004; 105, pp. 43-46.

[6] Samyn P, Deconinck M, Schoukens G, Stanssens D, Vonck L, Abbeele HV den. Modifications of paper and 
paperboard surfaces with a nanostructured polymer coating. Progress in Organic Coatings 2010; 69, pp. 442-
454�

[7] Ma M, Hill M. Superhydrophobic surfaces. Current Opinion in Colloid & Interface Science 2006; 
11, pp. 193–202.

[8] Gao N, Yan YY, Chen XY, Mee DJ. Superhydrophobic surfaces with hierarchical structure. 
Materials Letters 2011; 65, pp. 2902-2905. 



29th  IAPRI Symposium on packaging

Packaging Materials Peer review stream

Packaging Materials 
Peer review stream



29th  IAPRI Symposium on packaging

Packaging Materials Peer review stream

Determination of the nitrogen gas transmission rate of ethylene 
vinyl alcohol copolymer, using a newly developed permeation 

measurement system

Caroline Maes ¹·² , Wout Luyten ¹ , Geert Herremans¹ , Roos Peeters ² , Robert Carleer ³ , Mieke 
Buntinx ²

1 Kuraray - Eval Europe NV, Nieuwe Weg 1, Bus 10, 2070 Zwijndrecht, Belgium
2 Hasselt University, IMO-IMOMEC, Packaging Technology Center, Wetenschapspark 27, 3590 

Diepenbeek, Belgium
3 Hasselt University, IMO-IMOMEC, Applied and Analytical Chemistry, Agoralaan Building D, 

3590 Diepenbeek, Belgium

Abstract: 
Ethylene vinyl alcohol copolymer (EVOH) is widely used in different applications such as 
food packaging, fuel tanks in the automotive sector, pipes for floor heating in the building 
industry amongst other uses due to its high gas barrier properties.
The oxygen (O 2 ) barrier properties of EVOH have been widely investigated, but for 
other gases the available data are usually limited to dry conditions, due to the limitations in 
measurement equipment. New permeation measurement equipment with low detection limits 
is required to determine the permeation of other gases, such as nitrogen (N 2 ), which is 
known to have a lower gas transmission rate (GTR) than O 2 . Because EVOH is susceptible 
to moisture, the equipment should be able to operate at different temperature and relative 
humidity (RH) settings. In this study a versatile permeation measurement system is designed 
and used to determine the N 2 GTR of EVOH at varying temperature and RH. The system 
consists of two subsystems: a permeation system and a detection system. The first is equipped 
with four permeation cells with temperature, flow and humidification control. The detection 
system is based on the principles of gas chromatography. With this new system the N 2 GTR of 
20 μm EVOH film containing 32 mol% ethylene was determined at 30, 35, 40 and 45°C in dry 
conditions. The R 2 value of 0.9944, resulting from the Arrhenius curve, indicates the system’s 
integrity. The N 2 GTR curve plotted at 35°C, with the RH ranging from dry conditions to 
approximately 65%, reaches a minimum of approximately 0.12 cm3/(m2·day·atm) around 
30-35% RH, and increases to 0.70 cm3/(m2·day·atm) at 65% RH. This curve shows a similar 
trend to that of the O 2 GTR for the same grade of EVOH. This study shows that the developed 
permeation measurement system is suitable to measure the N 2 GTR of EVOH in varying 
conditions�

Paper from the peer review stream, will be published in Packaging Technology & Science
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Development of multilayer films with improved aroma 
barrier properties for durian packaging application
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Abstract

The symmetrical A/B/A structure of multilayer blown films were fabricated in this study. The 
immiscible LDPE/PLA blend was set as a core (B) layer and LDPE was used as skin (A) 
layers.  The compositions of PLA in core layer were varied from 20 to 50 wt%. Thickness of 
each layer was 10 µm (total film thickness of ∼ 30 µm). In blown film co-extrusion process, 
the morphology of fiber/ribbon-like structures of LDPE/PLA blend were developed. 
Such structures had interesting effects on gas permeability and aroma barrier properties 
of the films. For instance, multilayer LDPE films containing 40 and 50 wt% PLA (P40 
and P50) showed the reduction of oxygen permeability (PO2) approximately 20 and 
43%, respectively, compared to the neat LDPE film. Long tortuous path for gas and 
aroma transportation through film thickness was created from the developed ribbon-like 
structures of PLA minor phase. For durian packaging application, fresh-cut durian of 
300 g was packed in the developed multilayer films, LDPE and HDPE (Control), stored at 
4°C for 7 days. Results demonstrated that the steady‐state condition of 10-13% O2 and 8-10% 
CO2 was achieved in all packages except in the HDPE. Moreover, the P40 and P50 films 
exhibited an outstanding aroma barrier property for three major durian volatiles: diethyl 
sulfide, ethyl propanoate and 2-ethyl-1-hexanol. Overall results clearly indicated that the 
multilayer LDPE films containing PLA exhibited a significantly improved aroma barrier 
performance with optimum gas permeability desirable for modified atmosphere packaging to 
retain quality of fresh-cut durian throughout storage period.
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Evaluation and optimization of seal through solid 
contamination behavior of heat conductively sealed films: 

I. Response surface method
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Abstract:
Abstract: A method is presented to apply solid powder/granulate contamination (ground 
coffee, blood powder) in between the heat conductive seals of flexible packaging materials. A 
response surface method is tested and validated to optimize seal strength of heat conductive 
sealing with and without solid contamination. In this study, a maximal seal strength is defined 
as optimal. Using these methods, three typical packaging films with varying seal layer 
composition (metallocene LLDPE, plastomer and sodium ionomer) are maximized towards 
contaminated seal strength. Contamination caused a decrease in seal strength and narrowed 
down the process window (seal temperature and time combinations) in which at least 90% of 
the maximal strength is obtained. The influence of seal layer composition on the clean and 
solid (ground coffee, blood powder) contaminated seal performance (seal strength, process 
window and leak tightness) was evaluated. The film with the plastomer based seal layer 
outperformed the other films with respect to the width of the process window. It also reached a 
higher seal strength and a higher amount of leak tight seals (evaluated with the dye penetration 
test) after optimization. The hot tack test was evaluated as predictive test for the contaminated 
seal strength. The results of this study do not support an indicative relationship. 

Paper from the peer review stream, will be published in Packaging Technology & Science
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Simulation and experimental verification of a drop test and 
compression test of a Gable top package

Mikael Nygårds*, Stefan Sjökvist, Gustav Marin, Jonas Sundström
RISE, Box 5604, SE-114 86 Stockholm, SWEDEN

Abstract:
Abstract: A finite element framework has been proposed that can be used to simulate both 
empty paperboard packages and package filled with plastic granulates. A Gable top package 
was made of a commercial paperboard, and material properties needed in the material model 
was determined. Two simulations were performed, a drop test and a compression test. By 
comparison between experimental and numerical results, the deformation mechanisms at 
impact could be identified and correlated to material properties. When the package was filled 
with granulates different mechanisms was activated compared to an empty package. The 
granulates contribute to bulging of the panels, such that the edges became more load bearing 
compared to the panels. When the edges carried the loads the importance of the out-of-plane 
properties also increased, and local failure initiation related to delamination was observed. 
Comparison between experimental and numerical impact forces show that there are still 
important things to consider in the model generation, e.g. variation of properties within the 
package, which originate both from material property variations and the loading history, e.g. 
during manufacturing and handling.

Paper from the peer review stream, will be published in Packaging Technology & Science
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How Changes in Consumer Package Design Impact 
Environmental Sustainability

Jonghun Park*

School of Graphic Communications Management, Ryerson University, Toronto, ON M5B 2K3, 
Canada

Abstract: This research project investigates trends in the environmental sustainability of 
U.S. consumer packaging from the 2010s. The environmental impact of current packaging is 
compared to corresponding packaging produced in the early 2010s using life cycle assessment 
(LCA). The scope of the LCA in this study includes raw material extraction, manufacturing, 
distribution, andend- of- life phases for the primary packaging. Four life- cycle impact indicators 
are used in the LCA: fossil fuel usage, greenhouse gas emission, human impact, andfreshwater 
ecotoxicity. The results show that there has been a significant reduction in consumer packaging 
material in the past few years, so that currently used packages generate less environmental 
impact than packages used in the past for all impact indicators. This information will help 
packaging designers and researchers forecast future shifts in the consumer packaging industry.

Keywords: packaging sustainability, packaging material reduction, life cycle assessment

1 Introduction

Sustainability has been one of the greatest concerns in the consumer packaging industry over the past 
few decades. Many governments around the world have legislated restrictions and encouraged agree-
ments to reduce the environmental impact generated from packaging wastes. In addition, major corpo-
rations such as McDonald’s, Coca-Cola, and Procter & Gamble have conducted studies to measure and 
improve the sustainability of their own packaging and have published reports to promote their efforts 
[1]. In this atmosphere, “Green” and “Sustainable” have emerged as key words to appeal to current 
demands in the food and beverage industry. Many food marketers are actively applying a green mar-
keting strategy to benefit from the green trend. A Forrester Research survey reported that eighty-five 
percent of responding corporate technology leaders consider environmental concerns important when 
they set their company’s technology strategy [2]. Packaging is a crucial component in marketing, of-
ten called the final marketer at the purchasing point, since consumers see it as a reflection of product 
quality. Therefore, some brand owners in the food and beverage industry apply green components to 
the packaging of food and beverage products.
It is important to understand how consumer packaging sustainability has shifted over time, to de-
termine whether these changes have significantly reduced the environmental impacts of consumer 
packaging. Life cycle assessment (LCA) has been used to quantitatively evaluate the environmental 
performance of packaged products [3]. This study provides information on recent
U.S. consumer packaging from an environmental sustainability perspective. Analyzing samples of 
consumer packaging produced in different years using LCA, it investigates how consumer packaging 
has changed in the past few years in terms of environmental sustainability. This information can be 
used to forecast future shifts in the U.S. consumer packaging industry.

*Correspondenceto:JonghunPark,SchoolofGraphicCommunicationsManagement,RyersonUniversity,Toronto,OntarioM5B2K3,Canada. E-mail:jay-

park@ryerson.ca
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2 Research Methods

2.1 Description of Package Samples

In this study, 20 packages were evaluated to investigate changes in environmental sustainability of 
consumer packaging overtime. The products were randomly selected based on the availability of the 
old packages. All products were manufactured by different companies, which were one of the 30 larg-
est food and beverage companies in the U.S., or by one of the three largest restaurant chains in the 
U.S. The twenty package samples were divided into two groups of equal size based on their production 
year: the old package group and the current package group. The samples in the old package group 
were purchased in March 2011 in East Lansing, Michigan, USA. The samples in the current package 
group were purchased in October 2018 in Chicago, Illinois, USA. There was no significant change in 
the primary packaging material types or the packaging formats between the old packages and current 
packages�
The samples could be divided into four primary material groups: paperboard, corrugated paperboard, 
metal cans, and plastics. Labels or code dates imprinted on the packaging samples were used to inves-
tigate the age of the packaging samples used in this study. Table 1 shows the descriptions regarding 
package samples analyzed in this study.

Table 1. Package samples analyzed in this study.
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3.2 Life Cycle Assessment

Lifecycle assessment (LCA) was used to evaluate and compare the environmental sustainability of old 
and current packages. The packages were distributed from the manufacturers to the retailers in unit 
load formats consisting of primary, secondary, and tertiary packaging components. However, this LCA 
study only focused on the primary packaging components and did not include the distribution stage of 
the packages, due to lack of access to specific supply chain data from the past. Thus, the scope of the 
LCA for this study includes raw material extractions, manufacturing, and end-of-life information for 
primary packaging sold in 2011 or 2018 in the United States. The functional unit used in this study was 
1,000 kilograms for non- liquid products, and 1,000 liters for liquid products.
For life cycle inventory analysis and life cycle impact analysis, a LCA software (COMPASS, Trayak 
LLC) was used. Four impact indicators were chosen for the LCA: fossil fuel usage (MJ deprived), 
greenhouse gas emission (kg. CO2 eq.), human impact (DALY), and freshwater ecotoxicity (CTUe).

3 Limitations

This study includes the following limitations and assumptions:
• Only twenty packages were used as samples. Due to the limited sample size and the 

limited variety of samples, the results do not perfectly represent the absolute trend in 
the entire industry.

• Sensitivity analysis and uncertainty analysis were not conducted in this study.
• Secondary and tertiary packaging components were not included.
• The LCA did not include the distribution (transportation) phase.
• Changes in manufacturing technology over time that may have improved 

environmental sustainability were not considered.
• The LCA did not include the printing process for metal cans and rigid plastic 

containers�
• The post-consumer recycling rates for packaging materials were based on the inventory of 

COMPASS software. The results of the LCA contribution analysis could change for some 
packages depending on the post-consumer recycling rate.

4 Results and Discussion

The environmental impacts of currently used packages and packages used in the past were compared 
based on LCA results. The environmental contribution of each life cycle stage of the packages was 
also analyzed using the LCA results. Figures 1, 2, 3, and 4 show the LCA results for the four impact 
indicators chosen for this study: fossil fuel consumption, greenhouse gas emission, human impact, and 
freshwater ecotoxicity, respectively. Carbon credits were considered for the greenhouse gas emission 
results and shown as negative values in the figures (i.e. samples 1, 2, and 3).



29th  IAPRI Symposium on packaging

Packaging sustainability

Figure 1 Fossil fuel consumption (in MJ deprived) of the package samples

Figure 2 Greenhouse gas emission (in kg. CO2eq.) of the package samples



29th IAPRI Symposium on packaging

Packaging sustainability

Figure 3 Human impact (in DALY) of the package samples

Figure 4 Freshwater ecotoxicity (in CTUe) of the package samples

For the paper board cartons (i.e.samples 1, 2, and 3 ), the raw material extraction stage contributed 
the most to fossil fuel consumption and human impact, while the manufacturing stage was the main 
contributor to greenhouse gas emissions and fresh water ecotoxicity.
For the corrugated clamshell (i.e. sample 4), the raw material extraction phase contributed the most 
to fossil fuel consumption, while the manufacturing stage was the main contributor to greenhouse gas 
emissions, human impact, and freshwater ecotoxicity.
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For the metal cans made of aluminum (sample 5) or steel (sample 6), the main contributor to all impact 
indicators was the raw material extraction stage. For the steel can, the end-of-life phase also contribut-
ed significantly to freshwater ecotoxicity, as did the raw material extraction stage. For the rigid plastic 
containers (samples 7, 8, 9, and 10), the raw material extraction phase was the main contributor to fos-
sil fuel consumption and greenhouse gas emissions, while the end-of- life phase contributed the most 
to freshwater ecotoxicity. For the human impact indicator, raw material extraction and manufacturing 
were the two primary contributors.
The LCA results show that the current packages have a smaller environmental impact than the old 
packages for all impact in dicators. The primary materials of the old packages and the current pack-
ages rarely changed over time. Therefore, it was concluded that a noticeable reduction in packaging 
material over the past seven years was the primary reason for the reduced environmental impacts of 
the currently used packages. The weight reduction in the currently used packages could have led to 
larger differences in the environmental impacts, if the distribution phase of the package life cycle had 
been included in this study.

5 Conclusion

With these LCA results, it is certain that many major food and beverage corporations in the U.S. have 
made efforts to design more environmentally sustainable consumer packages. The natural tendency to 
reduce material cost through lightweight packaging could be a main driver of this change. In addition, 
changing social concerns, consumer preferences, and government legislation could be additional driv-
ers�

Comparing results between the currently used packages and the packages used in the past may not 
perfectly represent industry trends because of the limited variety of packages used in this study. How-
ever, the LCA results from these randomly selected packages show a clear trend in recent years. It is 
expected that this trend will continue due to ongoing and increasing social concerns.
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Improving the collection of packaging waste through smart 
containers and pay as you throw systems
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Abstract:The European plastic market is not currently aligned with the circular economy.More 
than 25.8 million tonnes of plastic waste are produced per year in the EU 28 being recycled 
only 29.7%. This represents a loss of €10.56bn) as well as a high environmental impact; 23.8 
Mt of CO2. Low recycling rates of plastic are mainly due to the situation of packaging waste 
(i.e.main plastic waste fraction). Therefore, the H2020 project PlastiCircle is focused on the 
development and implementation of a holistic process to increase recycling rates of packaging 
waste.This will allow to reprocess again plastic waste in the same value chain. This process 
is based on four axes: collection (to increase quantity of packaging collected), transport (to 
reduce costs of recovered plastic), sorting (to increase quality of recovered plastic), and 
valorisation in value-added products (e.g. Foam boards and automotive parts). In the first area 
of research (collection), PlastiCircle has developed the following items which help to reward 
citizens according to their performance in plastic packaging waste segregation at home: (1) 
A module which can be installed in conventional containers and transform them in “smart” 
containers which are able to identify the citizens, (2) a characterization protocol in order to 
evaluate the quality and quantity of each citizen’s waste and a (3) compensation procedure in 
order to give rewards (transport tickets, cinema tickets, etc. ) to citizens who have classified 
better their packaging waste at home. These developments in collection have the potential 
to increase packaging collection from 79.3% to 87%. Moreover, the implementation of the 
complete PlastiCircle approach in Europe on collection, transport, sorting and recycling has 
the potential to increase collected plastic in 826,210t (reaching 14.14 Mt) and valorisation in 
1.13Mt. The valorisation of this new material represents a market value of €2.03 bn- €5.65 bn.

Keywords: packaging, plastic, waste, pay-as-you-throw, collection, smart container

1 Introduction
Producing 64.4 million tonnes of plastics in 2017(1), Europe positions itself on the third place of the 
plastics production, globally. Besides, more than 27.1 mt of plastic waste are produced per year inthe 
EU28 (52. 5 kg per EU citizen), with only 31. 1% being recycled (8.4 mt ), 41. 6% being  incinerated 
(11. 3 mt ) and 27.3% being landfilled (7.4 mt). Concretely, the amount of packaging waste collected 
in the EU28 in 2016 was of 16.7 million tonnes, being 40.8% recycled, 38.8% incinerated and still 20. 
4% landfilled(1). These figures represent a clear gap in the plastic market loop and moreover, this goes 
against the recently published EU legislation on packaging and packaging waste.
Throughout 2018, important legal documents were published, establishing a new legal

*Correspondence to: Blasco, Laura; Packaging, Transport and Logistics Technological Centre, Paterna, Valencia, 46980, Spain. 
E-mail: laura.blasco@itene.com
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framework for packaging and packaging waste across Europe. The European Plastics Strategy (2), 
launched in January, stablished that all plastic packaging of the European Union market should be re-
cyclable (including compostable) or reusable before 2030. After that, in May, the Directive 852/2018 
(3), which modifies Directive 94/62/CE (4) and its objectives, was also published. These objectives aim 
to increase the recycling rates to 65% of all packaging waste (50% plastic) in 2025 and to 70% (55% 
plastic) in 2030, highlighting the real need of improvement all around Europe.

To help the transition to be completed and being aware of the importance of dialogue and the exchange 
of ideas and knowledge, emerges PlastiCircle, an H2020 project focused on the development and 
implementation of a holistic process to increase the recycling rates of plastic packaging. PlastiCircle 
focuses on innovation along the plastic packaging waste value chain, and specifically on collection (to 
increase the amount of packaging waste), transport ( to reduce costs of recovered plastic), sorting (to 
increase the quality of recovered plastic) and recovery in value- added products (i.e. pet foam boards 
for wind turbines/roofing panels, automotive parts like engine covers/bumpers/dashboards, bitumi-
nous roofing membranes, garbage bags, asphalt sheets/roofing felts and urban furniture like fences/
benches/protection walls).

Within PlastiCircle collection process, citizens will be compensated positively through a PAYT (pay 
as you throw) system developed by the partners involved. With the implementation of PAYT systems, 
users are charged a rate based on how much waste they present for collection to the municipality or 
local authority. In this case, within Plasti Circle project, citizens will be rewarded based on their per-
formance, taking into consideration not only the quantity, but also the quality of the collection.
To better understand the citizens compensation scheme presented in PlastiCircle, it will be necessary 
the installation of smart containers. These containers will identify, individually, the different house-
holds involved in the collection process, so that they will be positively rewarded through the Plasti-
Circle compensation procedure.
The different processes developed during the project will be tested in three European cities, imple-
menting the whole scheme and evaluating the different performances found. The three selected cities 
are Valencia,Spain (April-September), Utrecht, The Netherlands (August- December) and Alba Iulia, 
Romania (December-May).

2 Methodology
To develop, integrate and validate the innovative packaging collection system, which increases  the 
amount of plastic packaging waste collected within PlastiCircle, different developments were needed.
First, the design of smart containers equipped with different technologies: a user identification system, 
identifiable labels for deposited garbage bags, data transmission (LoRa) between the containers and an 
IoT platform and anti-fraud measures.

Second, the system will be completed with a characterization protocol to randomly evaluate the quality 
of segregation of unitary bags and thus, calculate the corresponding compensation.
And finally, the compaction of packaging at home, the cleanness of the packaging collected, or the 
bag filling level will be some factors considered to compensate the citizens through a mathematical 
formula. The formula will calculate the individual compensation depending on the involvement of the 
citizens in terms of participation, and the performance of each household.
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3 Results and discussion
The integration of the three presented developments is a key factor, which needs lots of efforts from 
the whole consortium to succeed. Next, the description of each one of them and how do they work is 
presented�

3�1� Smart container
The module, which makes the container “smart”, is adapted to the lateral part of the container and it is 
placed inside of a protective box (Figure 1) with a user identification area, where the NFC receiver is 
placed, and an opening to get the labels once the users have been identified.

Since the number of potential participants is high (expecting between 500 and 1500 households), the 
correct identification of the labels is a major question. Labels reflect the country, city, container and bag 
number as seen in Figure 2 (ES=Spain, VLC=Valencia, 00000=Container, 0019=Bagnumber).

Figure 1. Smart container developed in PlastiCircle

Figure 2. Module of the container and proposed label
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Furthermore, the smart container is also adapted with and independent filling level sensor. This sensor, 
available commercially, will send information about the filling percentage of the container to an IoT 
cloud platform in order to optimize the route to be taken by the vehicles in the collection of the waste.

The mentioned IoT platform communicates with all containers through LoRa technology, that offers a 
very low-cost solution, both in terms of economy and energy. LoRa also offers the flexibility to create 
a network with the specific requirements of PlastiCircle, and it represents the possibility to have a por-
table infrastructure to transfer to each one of the pilot cities in a relatively simple way.

3�2� Characterisation protocol
The first step of the characterisation scheme is to determine the scale in order to obtain reliable and 
representative information. In this case, the next statistical formula (Figure 3) was used to calculate the 
number of bags to be characterized.

The number of households considered, participating in the pilots, are 500, as stipulated as a minimum 
in the Document of Action of the project, but it is necessary to recalculate it once the registration of 
the participants is done.

Being:

The sampling procedure will be done manually. An operator with a special vehicle will collect the bags 
of the pilot (red bags with PlastiCircle label) and then, they will be transported to the plant, where the 
characterisation will be done. In the hypothetical case of having a pilot neighbourhood with 25 con-
tainers (as the case of Valencia ), the sampling procedure will be done as shown in Table1.
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Table 1. Sampling procedure example
W1 W2 W3 W4 W5 W6 W7 W8 W9 W10 W11 W12

C1 5 5 5 5
C2 5 5 5 5
C3 5 5 5 5
C4 5 5 5 5
C5 5 5 5 5
C6 5 5 5 5
C7 5 5 5 5
C8 5 5 5 5
C9 5 5 5 5

C10 5 5 5 5
C11 5 5 5 5
C12 5 5 5 5
C13 5 5 5 5
C14 5 5 5 5
C15 5 5 5 5
C16 5 5 5 5
C17 5 5 5 5
C18 5 5 5 5
C19 5 5 5 5
C20 5 5 5 5
C21 5 5 5 5
C22 5 5 5 5
C23 5 5 5 5
C24 5 5 5 5
C25 5 5 5 5

After the collection of the bags, they need to be characterized attending to the next criteria:

Unwanted material. All unwanted materials in the plastic packaging container will be counted as a 
negative action. Citizens will receive a list of the materials/products which are supposed to be thrown 
to the container where the plastic packaging should go. Also, an email and phone will be provided to 
answer inquiries. The unwanted material for each container will change depending on the pilot city, 
due to the differences between countries.

Unfilled packaging. It is important that packaging items are empty not to complicate the recycling 
process. In this sense, in PlastiCircle it will not be evaluated whether the packaging is perfectly clean 
(because this could increase the environmental impact due to the water use to clean it) or not, but if 
there is a lot of product inside, it will not count as a correct action.
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Stacked packaging. Packaging which is stacked one inside another jeopardises the sorting process, 
since the optical equipment is not able to read properly the type of material of the packaging. There-
fore, citizens are encouraged not to stack their packaging items at home, on purpose.

Bagfillinglevel. Regarding participation, citizens will be rewarded every time that they dispose a bag 
into the container (maximum 1 bag per week), but it will be necessary that the bag is properly filled, at 
least more than 60% of its totalcapacity.

Compacted bottles. Compaction at home reduces logistics costs. Also, in the sorting process is better 
to have flat bottles that does not roll in the belt. All packaging suitable to be compacted will be counted 
(water bottles, briks) and the percentage of compacted items will be sum to the total of the character-
isation process�

3�3� Compensation procedure
The method to reward citizens will be based on a “ eco-pointssystem ”. Each time they participate (dis-
posing a bag into the container, participating in social media campaigns or filling some questionnaires 
up), will be rewarded with eco-points. Besides, if their bag is taken for characterisation and they per-
form properly, they can add more eco-points to the participation ones. The maximum amount of eco-
points, available per household, is 100, and it is divided as follows, 20 via questionnaires, 10 via social 
media campaigns, 30 via disposal of bags and 40 depending of the performance orcharacterisation.

On the other hand, and depending on the criteria described above, a scale from 0 to 10 has been used, 
being 0 the worst performance and 10 the best one. So, for example, if the presence of unwanted ma-
terials (not packaging waste ) is of more than 60%, the performance eco-points will be of 0. However, 
if the number of unwanted materials is less than 10% of the total (desirable situation),then the score 
will be of 10. It is important to understand that PlastiCircleapproachis based only on positive reinforce-
ments.

Theeco- pointstable (Table2) with the corresponding weight for each parameter and the formula usedto 
calculate the amount of eco-points obtained after the characterisation (Figure4) is shown next:

Table 2. Characterisation eco-points

Parameters 0% <10 
%

10%-
20%

20%-
40%

40%-
60%

>60% Weight

Unwanted material 10 8 6 4 2 0 10
Filled packaging 10 8 6 4 2 0 2

Stacked packaging 10 8 6 4 2 0 2

Not compacted bottles 10 8 6 4 2 0 4
Bag filling level 0 0 0 0 0 10 8

Note: the weight related to each parameter was defined by a questionnaire answered by all the consortium.
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𝐶 = [𝑆𝑖 ∗ 𝑊𝑖 +  𝑆𝑖+ 1 ∗ 𝑊𝑖+ 1 +  𝑆𝑛 ∗ 𝑊𝑛 ]  ∗ 10𝑊𝑇 

Figure 4. Compensation formula

C = Compensation result 
Wi= Weight of parameter i
Si= Eco-points of parameter i
WT= Sum of all parameters’ weights

3�4� Discussion

Figure 5. PlastiCircle collection process approach

The developments of Plasti Circle in terms of collection (smart container, characterisation protocol 
and compensation procedure) will be integrated in three different European cities, starting in Valencia, 
Spain in April 2019 and followed by Utrecht, The Netherlands (August2019) and Alba Iulia, Romania 
(December 2019). The process is summarized in Figure5:

The first pilot in Valencia will allow to better validate and improve the technologies in order to repli-
cate the system in the other two cities by sharing feedback and experiences from each city and transfer 
them to the next pilot.
4 Conclusion

The European Commission is setting the base of a new circular economy and specifically, the H2020 
project PlastiCircle is focused on the development and implementation of a holistic process to increase 
recycling rates of packaging waste and thus, reaching the ambitious recycling objectives stablished in 
the new legislation (Directive 852/2018). This will allow also to reprocess again plastic waste in the 
same value chain.
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The proposed process is based on four main axes: collection (to increase quantity of packaging collect-
ed), transport (to reduce costs of recovered plastic), sorting (to increase quality of recovered plastic), 
and valorisation in value-added products (e.g. Foam boards and automotive parts).

Regarding collection, PlastiCircle has developed: (1) a smart device/module installed in the container 
transforming it in “smart”. These “smart containers” are able to identify the citizens, to know the fill-
ing level and to communicate sending information to an IoT platform. (2) a characterization protocol 
with a sampling procedure in order to evaluate the quality and quantity of each citizen’s waste, and 
(3) a compensation procedure through the obtention of eco-points, in order to give rewards to citizens 
who have classified better their packaging waste at home. These developments have the potential to 
increase packaging collection from 79.3% to 87%.

The next step is the validation of the system through the pilots, starting April 2019 in Valencia, Spain.
This will set the base for the other two pilots, in Utrecht, The Netherlands(August2019) and Alba Iulia, 
Romania (December2019).
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Modeling American Household Fluid Milk Consumption and their 
Resulting Greenhouse Gas Emissions‡
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Abstract: U.S. consumers are the largest contributors to food waste generation (FWG), but 
few models have explained how households waste food. This study examines how discrete-
event simulation (DES) can identify areas for reducing FWG through packaging and consumer 
milk consumption behavioral changes. Household model parameters included: amount and 
type of consumption, type and number of containers bought, buying behavior, and shelf life 
of milk. Simulations comparing the purchase of quart, half gallon, and gallon milk containers 
were run for 10,000 days to identify which package type reduced waste for 50 1, 2 and 
4-person households. Based on consumption averages from the U.S. National Dairy Council, 
results suggest that if 1 and 4-person households change their purchasing behavior from 1 
half-gallon to 1 quart and 2 gallons to 3 half-gallons, they can reduce their greenhouse gas 
(GHG) emissions from milk consumption by 33% and 12%, respectively, without reducing 
their total milk consumption. Purchasing enough smaller containers to be equivalent to a larger 
size decreased spoilage, but not enough to reduce a consumer’s total milk consumption GHG 
emissions. Results showed that packaging accounts for 5% of the total milk consumption 
GHG emissions; most of a consumer’s impact comes from milk spoilage and consumption.

Keywords: dairy; packaging; food waste; milk; U.S. consumer; household; GHG;  DES; 
model

1 Introduction

Food waste has become an increasing concern due to the growing population, increasing food require-
ments, limited arable land, and rapidly filling landfills. Industrialized nations have been examined for 
wasting food more than non-industrialized nations, specifically at the consumer level [1]. Food waste 
(FW), which is the amount of food wasted at the consumer and retail level and does not include pro-
duction and processing losses [2], accounts for 31% of the U.S. food supply [3]. Food wasted in the 
U.S. amounts to 60 billion kilograms, accounting for $162 billion U.S. dollars lost each year [3]. Sim-
ilarly, food production accounts for 80%, or 68 trillion liters, of all freshwater use in the U.S., which 
means 17% of that fresh water, or 11.6 trillion liters, is wasted each year [4,5]. Feed crops comprised 
the largest portion of total fresh water use in the U.S., or 64% of the total, amounting to 44 trillion 
gallons per year[5].

From an environmental standpoint, not all food is created equal. Fresh fruits and vegetables account 
for the lowest impact while products from ruminants have the highest environmental impact [6,7]. 
Hence, reducing food waste for higher environmental impact food products, such as meat and dairy, 
could provide the largest opportunity for environmental footprint reductions in the food supply chain 
[8]. Previous research suggested that specific food products should be targeted for food waste reduc-
tion efforts [9,10]. Thus, cow’s milk was chosen as the primary target in this study. Although milk is 

‡ A full version of this article was published as Stankiewicz, S.K.; Auras, R.; Selke, S. Modeling American Household Fluid Milk Consump-
tion and their Resulting Greenhouse Gas Emissions. Sustainability 2019, 11, 2152.
*Correspondence to: Rafael Auras, School of Packaging, MSU, East Lansing, MI, 48824-1223, USA; aurasraf@msu.edu�
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less impactful than meat, it is consumed in large quantities and accounts for 13%—7.7 billion kg—of 
the total 60 billion kg of U.S. food waste [3]. Consumers account for the largest portion of fluid milk 
waste generation, 20%, compared to retailers, which account for 12% [3]. For every kg of fluid milk 
consumed, approximately 2.05 kg of CO2e are emitted including package end of life [11]; thus, con-
sumption of milk accounts for 50 billion kg of CO2e each year. If 20% of milk is wasted, then consum-
er milk waste amounts to 10 billion kg of CO2e released annually.

There are a variety of reasons why consumers waste milk, including: Hurdles of everyday life, con-
venience, lifestyle choices, planning, expiration risk, storage, and packaging [12–18]. However, it is 
not known which of these attributes contributes to the largest portion of waste. According to Hebrok 
and Boks, the three dominating solutions for reducing consumer food waste are: 1) Technology that 
helps people plan, share, and keep an overview of stock, 2) packaging and storing solutions that extend 
shelf life, and 3) information and awareness campaigns [12]. Licciardello found that the relative envi-
ronmental impact of milk packaging is small, 8% on average, compared to the impact of milk [19]. A 
review of food LCAs has identified that greater attention must be paid to packaging’s impact on the life 
cycle of a food product [20]. In addition, user behavior must be considered when determining the en-
vironmental impacts of a food packaging system [21]. Therefore, it is crucial to consider the package’s 
relative impact compared to the food product when determining how to reduce the total environmental 
impact of a food-packaging system [8,19,22,23].

2 Model Construction and Simulation

SimEvents® (The MathWorks, Inc., Natick, Massachusetts, United States) [25] software was chosen 
because it simplifies DES modeling into a series of blocks and provides flexibility to model complicat-
ed simulation behavior using custom code. Table 1 and Table 2 indicate each of the different terms and 
symbols that were used within the developed SimEvents® software. DES includes randomness within 
the amount of time that an activity takes, the time that an event occurs, and generation of entities. Ran-
domness within a model allows for the simulation of multiple samples, each with their own assigned 
random criteria and values[24].

Table 1 Common definitions used in discrete event simulation language (DES). Definitions were 
taken from MathWorks® documentation on DES.
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Table 2. SimEvents® blocks used to develop the model. Definitions for block functions were taken 
from MathWorks® documentation. Each block is used within the model to represent the consumption 

of milk within a consumer home.

Figure 1 provides a high-level overview of the model used to simulate consumer consumption behavior.
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Figure 1 Consumption is modeled using blocks from the Simevents® software. Arrows and numbers 
indicate the path that consumption, purchases, and milk containers take within the model. Captions 

below blocks indicate what the block is simulating, i.e. refrigerator, grocery store, etc.

The refrigerator system (blue) is modeled in parallel with the consumption event system (green). First 
(1) consumers must purchase milk from the grocery store (e.g., weekly shopping trips). After purchas-
ing, consumers put milk in their refrigerator (2) and each milk container is assigned a “Best before 
date”, which represents spoilage time. For example, milk spoils at 14 days after purchase or at 7 days 
after opening, whichever comes first. Therefore, if milk is opened on day 1, then it expires on day 
8, whereas if it is opened on day 13, the milk expires on day 14. To represent variability within milk 
spoilage, a standard deviation of 2 days was used. Once purchased, milk travels through the gate (2) 
and enters a sorting queue. Numbers 10, 11 and 12 represent a similar function but instead mimic top-
up shop purchases. Containers purchased from the top-up shop are non-periodic purchases that occur 
on-demand when the consumer runs out of milk. Upon purchase, containers are uniquely identified as 
shown in Table3.

Table 3 Entities are assigned values for the following attributes.
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The likelihood of someone going top-up shopping is determined by a probability function, as it is as-
sumed consumers do not go top-up shopping each time there is no milk available. For milk to be con-
sumed, milk must be requested (3) via an entity generator. In the example shown in Figure 1, milk is 
requested to be drunk by the consumer (Block “Drinking”). Consumption events that occur are routed 
into a first in first out queue (FIFO), Figure 1 (4). The queue keeps consumption events in order and 
prevents them from disrupting one another. Upon leaving the queue, a consumption event entity enters 
a server that holds onto the entity and performs some actions. The server checks each event to ensure 
that the amount of milk requested by the consumer is available in their refrigerator. If there is enough 
milk in the refrigerator (2), then the request (5) is relayed to the “ConsumeMilk()” Simulink® [25] 
function and the server triggers the model to remove the requested amount of milk from the refrigera-
tor (2). If the amount requested is greater than the amount available, then a running total is kept of the 
total amount of milk unavailable. If the probability function for the top-up shop is met, then the con-
sumer will go top-up shopping. The consumption event entity then exits the server and is terminated 
from the model (4a).

Next, the REL gate — see Table 2 for SimEvents® blocks description — ensures that milk is being 
consumed after a container has been taken out of the refrigerator (6). The sorting queue ensures that the 
oldest milk is used first, before newly purchased milk (2, Refrigerator). The UseBy attribute (Table 3) 
is used to store the “Best before date” for each container entity. Both the consumption request and con-
tainer enter the “Consume” server, where it is decided whether the milk in the container is spoiled or 
not. If the milk has spoiled, then it travels through the gate into the trash (8a). If the milk is good, then 
the amount requested is consumed. The amount consumed is subtracted from the container volume, 
and then the container travels through the gate (9), where it is put back into the refrigerator. Once each 
household type was simulated for 10,000 days, data was outputted from Matlab® (The MathWorks, 
Inc., Natick, Massachusetts, United States) for each of the response variables listed in Table 4. Data 
was then transferred into R for all data analysis.

Table 4. Parameters inputted into the model for all household types. Response variables indicate 
the data was outputted from the model. Each of the response variables were assigned with values in 

accordance with the time that they occurred.

3 Results and Discussion

Three common U.S. milk package sizes were modeled based on their percentage of market share 
(Table 5); quart, half gallon, and gallon containers (all made of high-density polyethylene
— HDPE).
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Table 5 Market share data for 1 gallon and half gallon containers [26].

 Households of 1 person bought quart containers, while 2 and 4-person households purchased half 
gallon containers when top-up shopping for milk. Milk spoilage was modeled based on three differ-
ent shelf-lives—7, 14, and 21 days. Previous research indicates high temperature short time (HTST) 
pasteurized milk in the U.S. has a shelf-life between 17 and 21 days [27]. Milk waste from not fin-
ishing a bowl of cereal or a glass of milk were not included in this analysis as the amounts wasted 
were assumed to be miniscule compared to the waste generated from milk spoilage. Therefore, it is 
assumed that persons within a household consume all the milk that is poured from the container. In 
addition, waste due to consumer error, such as leaving milk out for too long or throwing away leftovers 
with milk in them were not included in the model. Analysis for this paper was mostly focused on a 
14-d shelf-life to avoid overestimation of milk spoilage. Families modeled included 1 and 2-person 
non-family households, and 4-person family households (Table 6). The U.S. Census data indicates that 
1 and 2-person non-family households make up most of the non-family household population, while 
2, 3, and 4-person households make up most family households [28]. For modeling purposes, it was 
assumed that 2-person households are comprised of 2 adults. Four-person households were assumed 
to have 2 adults and 2 children—child 1 was between 2-3 and child 2 was between 9-18 [29] (Table6).

Table6. Parameters used to model adults older than19, children between 2 and 3, and children 
between 9 and 18. “TD” defines the amount of times per day that the consumption event happens. 

“Pr” is the probability of consumption for each consumption type. “Amount” specifies the amount of 
milk consumed on average during each consumption event.

Child 2-3 Child 9-18 Adult 19+

TD Pr(%) Amount(mL) TD Pr (%) Amount(mL) TD Pr (%) Amount(mL)
Coffee/Tea	 0 0	 0 0 0	 0 2 50	 20
Drinking	 3 50	 250 2 35	 250 1 35	 200
Cereal	 1 50	 300 1 50	 300 1 50	 200
Cooking	 1 15	 300 1 15	 300 1 15	 600

3.1 Understanding How Packaging Affects Milk Consumption and Spoilage

Model results indicate that as the probability of going top-up shopping trip increases, the amount of 
milk unavailable decreases, as expected. A shelf-life of seven days was included to exemplify cases in 
which retailers discount milk at the end of its life. Consumers must then use the milk within seven days 
to avoid spoilage. Purchase of milk with a 7-day shelf life increases the amount of spoilage in 4-person 
households when they purchase a gallon container (Figure  2). If consumers want milk that will not 
spoil within the week, they should always purchase “fresher” containers (i.e., longer than a 7-d shelf-
life). One and 4-person households were shown to be the best candidates for changes in purchasing 
behavior to avoid spoiled milk, as indicated by Figure 2.
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Figure 2 Summary of consumption, spoilage, and amount unavailable for 1 person, 2 person, and 
4 person households. The right axis indicates the amount consumed, spoiled, and unavailable milk. 
Error bars indicate the standard deviation. Each column represents a different house hold size, while 
the colors coordinate with a 25% and 50% chance of going to top-up shopping. Each container size 
simulated is represented on the x-axis. “Q” indicates a quart size container, “HG” indicates a half-

gallon, and “G” signifies a gallon container. Results were averaged over a 1-year time frame.

When 1 and 4-person households purchase fewer smaller containers, their milk consumption does not 
decrease, but their spoilage decreases significantly. The amount of milk unavailable to the consumer 
decreases when the probability of going top-up shopping increases from 25% to 50%. Spoilage does 
not increase with increased top-up shopping trips since consumers are purchasing smaller containers 
when there is not milk available and it is likely consumed right away (Figure 2). Two-person house-
holds were not simulated for the purchase of a 1 HG container as the amount unavailable will be too 
large. In the case of 4-person households, this does not apply because 4 HGs is too much milk for a 
family of 4.

3.2 Greenhouse Gas Emissions of Milk Consumption, Packaging, and Spoilage

Packaging environmental impacts were based on the GHG emissions estimated previously for HDPE 
containers in the U.S. [30], it is assumed that these households are only purchasing containers of this 
type. HDPE gallon and half-gallon milk containers were targeted, as they make up the largest market 
share 65% and 10% of total milk sales, respectively (Table 5). Analysis of container purchases was 
differentiated into three different categories: Containers used from regular shopping trips, containers 
purchased during top-up shopping, and containers thrown away with spoiled milk. Packaging waste 
was then totaled for a year representing the total GHG emissions for both consumed and spoiled milk 
and their disposed containers. Detailed information about how GHG emissions were calculated for 
1 and 2-person non-family households and 4-person family households are provided in a paper by 
Stankiewicz, Sebastian 2019 [31]. Figure 3 shows that packaging is the smallest contributor to total 
GHG emissions, as previously identified by others [7,15,19].
Figure 3 shows the impact of different household types when the population is standardized to 1000 
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people per household type. Packaging accounts for no more than 5% of the total GHGs. Our work 
reinforces why the focus should be on reducing the total amount of food waste rather than only min-
imizing packaging waste. Furthermore, model results provided in Figure 3 indicate that consumers 
purchase more milk than they consume when opting for larger package sizes. Figure 3 indicates that 
when 1-person households purchased a quart of milk, rather than 2 quarts of milk, their total GHG 
emissions decreased by 33%. In contrast, purchasing 2 quarts, rather than 1 half gallon, produced a 
larger impact due to increased packaging, and minimal reduction in milk spoilage. When looking at 
the amount of milk spoiled between these three scenarios, decreasing the amount of milk purchased 
significantly reduced spoilage without a considerable increase in the amount of milk unavailable (See 
Figure 2); thus, the GHG emissions from a 1-person household can be decreased with increased top-
up shopping trips. GHG emissions associated with increased transportation were not included in this 
analysis since top-up shopping can easily be done during other needed trips, such as returning from 
work. The trend for milk waste optimization in family households of 4 was similar to 1-person house-
holds. When purchasing 2 gallons or 4 half gallons of milk, spoilage was approximately the same. In 
contrast, when 4-person households purchased 3 half gallon containers, their total spoilage decreased 
significantly, thus decreasing their total GHG emissions without increasing the amount of unavailable 
milk (see Figure 2). For 1-person non-family households and 4-person family households, spoilage re-
ductions were large enough to justify the purchase of less milk in smaller containers [8]. Model results 
indicate that consumers are purchasing too much milk, leading to overconsumption [9]. Non-family 
households of 2 use most of the milk that is available to them regardless of the container size, but when 
purchasing 2 half-gallons, the extension of shelf-life leads to decreased spoilage due to increased time 
for milk consumption.
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Figure 3 Total GHG emissions of 1000 1 person, 2 person, and 4 person households for milk 
consumption, spoilage, and packaging waste. Columns are separated by the container size purchased. 

“Assumed” containers represent what is currently assumed to be purchased by households, new 
containers were the initially “Suggested” purchasing changes, and “Optimal” represents the 

optimized container purchase. 1NFM, 2NFM, and 4FM households were assumed to purchase 
1HG, 1G, and 2G containers, respectively. 1NFM, 2NFM, and 4FM households were suggested to 
purchase 2Qs, 2HGs, and 4 HGs, respectively. Lastly, 1NFM and 4FM households were optimized 

for consumption and spoilage when purchasing 1Q and 3 HGs, respectively.

4 Conclusion

Packaging has been placed under the spotlight recently due to environmental concerns, but the whole 
food-packaging system must be fully understood to reduce the environmental emissions of a food 
product [7,19]. This model was created as a tool for simulating household food consumption behavior 
for milk and is intended to be extended to other food products. To the best of the authors’ knowledge, 
DES provides one of the best methods for modeling consumers household consumption habits. Ul-
timately, a household’s food consumption could be modeled to optimize packaging, food waste, and 
environmental emissions from consumption. Evidence
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from DES modeling could then be used to suggest and to educate consumers on what package sizes 
they should purchase based on their household type [32]. The simulations presented here and in pre-
vious work provide a framework for future researchers to extrapolate how changes in consumption 
and purchasing behavior effect expenditure on food, nutritional requirements, and a household’s total 
environmental footprint. This tool provides researchers with the ability to model other common house-
hold foods with a high environmental impact and a short shelf, such as meat products. DES modeling 
provides researchers with a full life cycle perspective of a product, including packaging, and consumer 
scenarios giving a more holistic approach to understanding food waste generation within the home. 
Although this model does not provide verified food consumption and waste data, it does provide es-
timates of where large portions of waste generation are coming from, which can be validated with 
established collected data such as national databases -- NHANES. This allows researchers to simulate 
different scenarios before performing field experiments, saving both time and resources. In addition, 
this model pays special attention to packaging and behavior, which have often been ignored in other 
environmental foodstudies.
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Possibilities on prediction of plastic’s fragmentation time
Digital twins for decomposing-time predictions
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Abstract: Depending on the specific plastic’s ageing sensitivities, the durations which plastic 
components remain in the environment can be very long. As, in the past, the advantages in 
ageing resistance and durability were highly evaluated, we now face the problem of quite 
stable plastic waste within the environment.
However, there is only little knowledge on the real time scales until macroscopic fragmentation 
for the different kinds of plastic under various environmental conditions.
Here, weathering methods are presented, which have been used for the failure prediction in 
specific outdoor conditions. Issues of uncertainty, reproducibility, or validation are discussed.
For the prediction of the plastic’s fragmentation, much longer time scales have to be considered. 
To do this within a limited project life span, various processes as well as their acceleration 
potential have to be evaluated separately, such as temperature increase or spectral shift.
The possibilities and limitations of such controlled acceleration will be discussed.

Keywords: plastic, ageing, environment, fragmentation, digital twin

1 Introduction

Much plastic has been produced over the years; much has been littered into the environment. While 
waiting  for the plastic waste to degrade and vanish, we experience that the timescales   for this exceed 
our estimations.
With intended operating lives of up to 100 a, as in the case of geotextile PE membranes, it is clear that 
the prediction of plastic’s fragmentation time cannot be based on experimental work, only. Decompos-
ing time predictions can only be given by virtual exposures of digital twins, for which the degradation 
is accumulated over the considered time with the respective exposure conditions.
The precondition for such a digital twin is a separate quantification of all relevant ageing sensitivities, 
regarding the environmental parameter. Such approach, named exposure response functions, was suc-
cessfully applied for the surface crack formation of a PP component, when both crack distribution and 
time to failure could be predicted [1].

*Correspondence to: anja.geburtig@bam.de
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2 Goal of the research

The goal of our research is the decomposing time prediction of plastics by virtual exposures of digital 
twins to various environments.

3 Execution of the Research

The necessary exposure response functions can only (experimentally) be modelled by separated quan-
tifications of all relevant exposure parameters. These include spectral irradiance, temperature, and 
where appropriate oxygen and salt content of the water. It is necessary but not trivial (due to various 
interactions at irradiated surfaces) accurately to adjust the artificial exposure conditions. Successful 
examples are given in literature [2, 3].

The numerical part of the investigations include the simulation of the prospective (micro) environment 
(irradiation heating, cooling, fluid dynamics) and the accumulation of the ageing effects, on the basis 
of this micro environment in spatial and temporal resolution.

To validate the digital twin, ageing results from real natural exposures (of very limited  durations com-
pared to the forecast period) are compared to the calculated ageing status on the basis of the respective 
time resolved weather data.

4 Results and conclusions

The approach of the exposure response functions was successfully applied until first failures,   for PP 
and PE. It has to be continued over the whole fate.

At BAM, we have both experiences and the basic equipment. What we need is support for the time 
consuming investigations.

5 Recommendations

Although such investigations are very time-consuming – and thus expensive – they are  necessary for 
an objective evaluation of the plastic waste problem.
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Leakproofness of dangerous goods packagings - comparison of 
worst-case limit leakage rates and sensitivity of the bubble test

Eva Schlick-Hasper1, Thomas Goedecke¹, Matthias Kraume²
1. Federal Institute for Materials Research and Testing (BAM), Berlin, Germany

2. TU Berlin, Chair of Chemical and Process Engineering, Berlin, Germany

Abstract:
This work focuses on the question if the bubble test prescribed in the Dangerous Goods 
Regulations has sufficient sensitivity to detect leakage rates which could result in the 
formation of explosive atmospheres during transport. The sensitivity of the bubble test is not 
directly comparable with other leak testing methods because of its different flow conditions. 
Therefore, a normalized minimum detectable leakage rate under Helium test conditions is 
calculated for the bubble test. This sensitivity of the bubble test under reference conditions is 
compared with limit leakage rates for a worst-case transport scenario. The sensitivity of the 
bubble test is not sufficient to prove the limit leakage rates for 6-L packagings. The formation 
of explosive vapour-air-mixtures cannot be excluded. Therefore, more sensitive leak testing 
methods should be considered for smaller packaging design types.

Paper from the peer review stream, will be published in Packaging Technology & Science
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Thinking on the Box: Design On-pack Information Attributes 
to Influence Consumers’ Food Waste Behavior

Wanjun Chu1*1, Renee Wever1, Karli Verghese2, Helen Williams 3

1 Department of Management and Engineering, Linköping University, Sweden, 
2 School of Industrial Design, RMIT University, Australia, 
3 Service Research Centre, Karlstad University, Sweden

Abstract: On-pack date labelling and storage information is one of the most direct information 
carriers used to communicate product shelf-life attributes to consumers. However, nowadays, 
it has also been identified as one of the major factors that contributes to consumer food waste 
problems. Taking a design for sustainable behavior perspective, the present study aims to 
systematically explore the interplay between on-pack date labelling and consumer food waste 
behavior. A comprehensive literature review, and in-depth interviews and design workshops 
with 12 general consumers and 10 food industry practitioners were conducted. Through 
applying an activity theoretical lens to analyze the literature and empirical results, we found 
that consumers’ interaction with date labels and storage information in their food consumption 
activity is highly influenced by their shifting motivations, the changing socio-cultural contexts, 
and the dynamic interplay between the use of internal sensory perceptions and external on-
pack labels. Based on these insights, we identified 7 design implications to improve the date 
labelling communication system. Following that, with the aim to reduce consumers’ food 
waste triggered by the misuse of date labels and storage information, we applied the design 
implications and developed an AR-based mobile digital prototype that mediates consumers’ 
interaction with on-pack information attributes in their food consumption activity system. 
Keywords: Food packaging design, date labels and storage guidance, consumer food waste, 
design for sustainable behavior, design intervention, activity theory

1 Introduction

On-pack date labelling and storage guidance are widely used in food industry as objective and acces-
sible indicators for consumers to make informed judgement regarding the quality and safety of food 
products. This interaction model is, to a large extend, established on the assumption that each individu-
al consumer can correctly perceive the delivered packaging information and thus make rational choic-
es (TNS, 2014). However, in practice, the way how consumers judge the edibility of food products can 
be highly influenced by various factors such as socio-cultural contexts, past behavior, and the existing 
habit. Apart from that, the description, format, and location of the date labels and storage guidance 
vary, as do consumers’ understanding, interpretation, and interaction with these on-pack information 
attributes. With an estimation that 20% of consumer food waste is caused by the confusion over the 
meaning of date labels, on-pack date labelling has been identified as one of the major factors that con-
tribute to consumer food waste issues (ReFED, 2016).
The on-pack information attributes related food waste is not only a sustainability challenge that the 
current generation faces today, this issue is likely to continue to increase with the next generation if 
everything remains unchanged. For example, given the fact that milk is one of the most commonly 
consumed food products in consumers’ daily life, nowadays fewer people are able to correctly under-
stand the meaning of date labels on milk product than 1980s (Labuza et al., 2001). Moreover, a recent 
study pointed out that millennials are more likely to view date labels only as a safety indicator. They 
tend to discard food that past the date on the label without further assessment of the types of the date 
label and the food quality (Leib et al., 2016).

1 *Correspondence to: Wanjun Chu, Department of Management and Engineering, Linköping University, Sweden. E-mail: chu.wanjun@liu.se 
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From a packaging and food waste perspective, date labelling adjustment is identified as the most effi-
cient measure which has the greatest economic value per ton to reduce consumer food waste and the 
lowest costs for industry practitioners (ReFED, 2016). However, until now, most of the studies under 
this topic have focused on addressing the direct packaging related food waste, such as optimize pack-
aging size, shape, and physical material. The knowledge of the indirect aspects of packaging -- the 
influence that on-pack date and storage information attributes may have on consumers’ food waste 
behavior is relatively scarce. 

The present study aims to systematically understand the interplay between on-pack date labels and con-
sumer food waste behavior, and develop implications and interventions regarding on-pack date labels 
and storage information design to better support consumers in reducing food waste. Given the broad 
scope of the topic, this study specifically focuses on the consumer-packaging interaction in household 
levels, the effects of date and storage related packaging attributes on consumer purchasing behavior in 
grocery store is thus excluded in the study. A design for sustainable behavior perspective is taken as the 
main research perspective. Design for sustainable behavior is a relatively new field of inquiry aiming 
to reduce negative environmental and social impacts of products and services through influencing user 
behavior towards a more sustainable direction (Wever et al., 2008; Wever, 2012). Recent development 
in design for sustainable behavior field attempts to understand the wicked sustainability related prob-
lem through both a synthetic and analytical approach, which can enable us to incorporate the factors 
including the context of consumers’ food consumption, consumer behavior transition and evolution, 
and the emerging technological mediation into on-pack date labels and storage information design.

2 Activity theoretical lens

Most of the existing studies under the packaging related consumer food waste research field, particu-
larly in the topic of date and storage labeling design, tend to purely focus on the interaction between 
individual consumer and packaging in a case-by-case basis, thus neglected the broader socio-cultur-
al environment in which such interaction take place and how the corresponding food waste behav-
ior is triggered and shaped in the historical, technological, and organizational contexts (White et al, 
2009). Apart from the focus on socio-cultural environment, the design and usage of on-pack date and 
storage guidance also involves different entities, such as consumers, food manufacturing industry, 
food retailer, government organizations. And the variables such as different food category, and differ-
ent consumer social-demographics and psycho-graphics can mutually influence the design decisions 
(Aschemann-Witzel et al., 2015). Given this understanding, we see the urgent need to apply informed 
theory from other research fields to systematically explore the topic.

From a design for sustainable behavior perspective, Activity theory (AT) is chosen as the theoreti-
cal framework in the study. The theoretical origin of AT can be traced back to the cultural-historical 
psychology. In recent decades, it has been further developed by Leontiev (1974, 1978) and Engtröm 
(1987, 1990). The fundamental concept of AT is the central role of human activity, which is interpreted 
as subject’s interaction with world to achieve their objects in real life circumstances. Previously, we 
have applied the AT theoretical lens to analyze people’s food consumption behavior (Chu et al., 2018). 

Results from previous case study indicated that AT has two main strengths when it comes to the pres-
ent on-pack date and storage labelling and consumer food waste study setting. First, AT particularly 
focuses on understanding the role that artifacts play in each individual’s activity system. This emphasis 
can provide us with a unique perspective to view food packaging not only as a physical product, but 
also as a mediating tool that consumers interact with to within their daily food consumption activities. 
Furthermore, as today’s artefacts are often product–service combinations, function in networks with 
other products and other people (Wever et al., 2008), each individual consumers’ packaging related 
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food waste behavior not only can be influenced by the on-pack labels and their own knowledge and 
judgment, but also can be influenced by other people in the system, such as family members’ opinions 
and preferences, social norms, industry practices, government organizations. Second, apart from the 
emphasis on individual activity, AT also takes rules and norms, community, and division of labor into 
the account of the context of the collective activity system, which can enable us to incorporate insights 
collected from food industry practitioners and government regulations into the analysis. The activity 
theoretical model we adapted in the analysis of the present study is illustrated in Figure 1. 

Figure 1. Application of activity model analysis adapted from Engeström (1987)

3 Methodology

The study is comprised of three stages: (i) literature review stage, (ii) empirical data collection and 
analysis stage, and (iii) design concept development. In Stage1, an exhaustive literature review was 
conducted to understand how on-pack date labels and storage information is related to consumer food 
waste issues. While the literature review provided a comprehensive view, when the question comes 
to the exploration of practical design implications, the literature review results were insufficient to 
provide enough details. Therefore, in stage 2, design workshops and interviews were carried out with 
industry practitioners and general consumers to develop complementary and more in-depth under-
standings of how consumers interact with these packaging information attributes in their daily food 
consumption practices. In stage3, by applying an activity theoretical lens, the literature insights and the 
empirical results from the design workshop and interview were integrated and translated into practical 
design implications. Based on the design implications, the mobile digital prototype was designed and 
developed� 
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Figure 2. The methodological overview of the study.

3.1 Literature review

For the literature search, Scopus was used as the search platform. We began the literature search with 
simply identify the preliminary search scope. Then we narrowed down the scope and searched with 
a combination of general search terms, such as ‘date label’, ‘shelf life, ‘storage guidance’, ‘on-pack 
information’, ‘food labelling’, ‘food date’, ‘food waste’, ‘and consumer behavior’. After the initial 
search, the articles went through abstract screening and full article review. The overall process and in-
clusion and exclusion criteria regarding the literature review are presented in Figure 2. In the final step, 
24 academic papers were included in the full article review process. Apart from academic literature 
search, given the fact that consumer household food waste behavior issues are turning into one of the 
major sustainability issues in developed countries (Gustavsson et al., 2011), we also conducted another 
throughout search to review the relevant governmental and research organizational reports published 
in EU, UK, US, and AU, which resulted in 16 governmental and organizational reports.

3.2 Design workshop and interview

The overall aim of the design ideation workshop and the semi-structured interview is to identify the 
potential design opportunities to help consumers to avoid unnecessary food waste in their daily food 
consumption activities. The literature insights from Stage 1 were summarized as guidelines to inform 
specific interview and design questions. To further narrow down the scope of design, the food catego-
ries we chose to discuss in the design workshops and interviews include: 1). Packed fresh fruits and 
vegetables 2). Meat, 3). Bread, 4). Dairy products (cheese, yogurt, and milk). These food products 
were chosen based on two considerations: First, based on the literature review, these food products 
were reported as the common waste food generated in consumer household level (add reference here). 
Second, consumers’ lack of knowledge and confusion over the meaning of date labels and storage 
guidance were identified as one of the major factors that trigger the food waste. Different packaging 
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of the above food product collected from the local grocery stores were presented for participants to 
discuss� 
The participants of the study include 12 general consumers (in Sweden) and 10 industry practitioners 
(In Australia). For the industry practitioners who participated in present study, 4 participants were 
packaging experts working in food and packaging organizations, 6 participants were from food and 
packaging manufacturing industry, position ranging from packaging directors to company CEOs. Giv-
en the wide variety of participants’ background, interview protocols were adjusted for each interview 
and discussion. For general consumers, the focus is to understand the usage of packaging information 
in their food consumption and disposal decisions. For industry practitioners, the focus is to uncover the 
opinions and expertise that they have over the date labelling and storage guidance design. For the data 
presentation in this paper, general consumers were referred as G1 to G12, while industry practitioners 
were referred as I1 to I10.
The semi-structed interview sessions lasted around 45 minutes. Adding on the original interview part, 
the design workshop lasted approximately 75 minutes, which involves a 35-minute interview/discus-
sion and a 40-mintue design ideation session. In the design ideation session, basic design tools such as 
pens, papers, cardboard, and clay were provided to facilitate participants to illustrate the on-pack date 
and storage information attributes related problem that they have encountered in their daily food con-
sumption activities, and then generate design ideas to solve the problem. We also provided the partic-
ipants with design ideation toolkit to facilitate the idea generation process. The toolkit is comprised of 
an Activity Cube -- a 30cm cube bounded by six facets which represent the six key theoretical concepts 
of activity theory, and Activity Design Ideation Cards – design questions and examples that match with 
different facets of the Activity Cube (see Figure 3). 

  

Figure 3. Photo on the left: The participant who sits in the center was talking about a food product 
which he couldn’t tell if it was still edible out or not; Photo on the right: An overview of the design 

idea generation toolkit used in the study.

4 Results and analysis

As illustrated in Figure 4, we divided the existing literature into three categories: 1). Food labeling leg-
islation and regulations; 2). Consumer behavior study; 3). Food and packaging industry practices. In 
each of the categories, we further assigned the literature into three groups according to their different 
research focuses: 1). Understanding date and storage labelling related practices; 2). Identifying prob-
lems within the practice; 3). Proposing and developing solutions to address the identified problems. 
It is worth mentioning that the result of literature categorization in this study could be inaccurate, as 
many papers and reports covered various aspects and themes, it is hard to define a clear boundary 
between different groups. As a result, the grouping is depended on the authors’ own interpretation. AT-
based analytical approach was used to analyze the literature review and the empirical data. In order to 
better present the results, the literature insights extracted from each of the groups were integrated with 
the empirical data in accordance with AT theoretical concepts. 
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Figure 4. The overarching focuses and research questions in each group.
4.1 Consumers’ shifting motivation within the changing socio-cultural contexts 

According to AT, human activity is driven by motivations directed toward goals. In the context of this 
study. Before we dive into uncovering the, we need to take a step back and first understand what is 
consumers’ motivation behind checking food shelf-life, and what is the goal of presenting on-pack date 
and storage label on food products� 

Historical development: The development of date labelling system is driven by consumers’ changing 
motivations and goals in their food consumption activities. Taking the evolution of food labelling 
system in UK as an example, according to Milne (2012), four transition periods can be identified 
(see Figure 5). Prior to the late 1960s, due to the technical complexity to determine food shelf-life in 
the supply chain, date labels were coded with the purpose for retailers’ stock control. As consumers 
became more aware of their right to know the food quality status, in the 1970s, the coded date label-
ling system were replaced by the open dating system. Same transition also took place in US, where 
quality-based labels -- ‘Best-before’ date and ‘Sell-by’ date were introduced to consumers (Leib et al., 
2013). In the 1980s, food safety issues, such as the outbreak of Salmonella and Listeria, gradually be-
came one of the major concerns in society. In order to protect consumers from food-borne illnesses, 
safety-based label -- ‘Use-by’ date was introduced to the labelling system with the purpose to inform 
consumers about micro-biological condition of food products. Facing the growing societal concerns 
on food waste issues in the early 21st century, date labels have been assigned with a new environmen-
tal responsibility to reduce consumers’ unnecessary food waste (Milne, 2012). In order to reduce con-
sumers’ confusion over the meaning of different labels, ‘Sell-by’ date was taken away from the existing 
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labelling system, while ‘Best-before’ and ‘Use-by’ date still remained in the current system. 

Contradictions and tensions: Meeting consumers’ changing motivations and goals only from a label-
ling legislation and regulation perspective is insufficient, efforts also need to made from food industry 
to better communicate the key information to consumers. Although the date labels and storage infor-
mation have been assigned with the role to reduce consumer food waste, the relevant supports from 
industry practices are still scarce.

As food industry practitioners’ focus is to use the labels to better inform consumer purchasing behav-
ior, the food waste generated in household level has not yet been incorporated into the consideration. 
For example, industry participants indicated that “The brand owner does not want to put the long 
date on that packaging, because it makes the consumers to think they are not buying something that 
is fresh” (I1), and “Date label is something that food manufactures feel that they have to do, but it 
doesn’t help them to sell their products” (I5). Another concern that food industry practitioners have is 
the limited packaging space --“We are always fighting for space on package…There is a constant fight 
and battle between the doing the right thing [referring to reduce food waste] and having information 
[referring to the legislated label information]” (I5).

Figure 5. The historical development of consumers’ interaction with date labelling system within the 
changing socio-cultural contexts in UK�

4.2 Alternative approaches to judge food safety and quality
In the concept of AT, human activity is mediated by the use of tools. The tools can be external tool, 
such as hammer, phone, computer which are intended to manipulate physical objects, and they can 
also be internal abstract tools, such as multiplication table, cognitive model, language (Kaptelinin et 
al., 1999). As indicated in the proceeding section, consumers’ interaction with date labels is mainly 
motivated by the need to be able to easily identify the quality and safety status of food products. In 
response to that, consumers can use both external tools – the on-pack date labels and storage guidance, 
and internal tools -- individuals’ knowledge and sensory to attain their goal. 

4.2.1. The use of external on-pack labels: 
Date labels can be regarded as a quantitative-based indicator which provides pre-determined date cri-
teria for consumers to make the judgement. It is comprised of two parts (i) a date mark in a calendar 
form and (ii) a specific indicative text such as ‘Best-before’ or ‘Use-by’, which is used in association 
with the date information. While general consumers have no troubles interpreting the date mark, the 
explanatory texts can cause consumers’ confusions over the meanings of the labels. For example, In 
EU, only 47% of the households correctly understand the meaning of ‘Best-before’ date as food qual-
ity indicator, and less than 40% are able to correctly identify ‘Use-by’ date as food safety indicator 
(Eurobarometer, 2015). However, this rate is highly dependent on the macro socio-cultural context, 
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which includes factors ranging from physical climate, environment, and market practices to food-re-
lated media communication, educational campaigns, and social norms, which may indirectly influence 
consumers’ food consumption habits (Aschemann-Witzel et al., 2015). For example, with 73% of 
residents in New South Wales, Australia correctly understand the ‘Best-before’ date and 61% of the 
residents correctly understand ‘Use-by’ date, the rate is significantly higher than EU. ((NSW Environ-
ment Protection Authority, 2018). 

Consumers’ confusion over the meaning of ‘Best-before’ or ‘Use-by’ date were also identified by all of 
the packaging industry practitioners who participated in the interview. Furthermore, even the correct 
understanding of date labels does not necessarily lead to the correct usage. Participants in this study 
reported that they usually adopt the use of date labels according to their own ways. For example, I1 
stated “I will totally ignore the best-before date. But if something says use-by, and it has gone past that 
date, I will check carefully before I eat it” 

Contextualization is the other problem that the participants encountered when using date labels and 
storage guidance. In some of the cases, participants complained about readability of the printed marks 
-- for example, “The sign of date label could be bigger” (G1), “a clear date label and also large font 
size to read without using glasses. Something that makes it stand-out” (I1), and “In recent years, the 
labels are becoming smaller and smaller” (I6). According to the industry participants, there are two 
main factors that lead to the smaller date labels: (i). In order to present all the legislated labels on 
packaging, and at the same time communicate the brand identity to consumers, date labels are get-
ting smaller and smaller spaces on product package. (ii). As the urban household and family size is 
becoming smaller, people tend to not buy more than they need. Consequently, labels are gaining less 
attentions from the perspective of both consumer and industry practices.

The ‘Use-by’ and ‘Best-before’ date labelling system can also bring further confusions in terms of how 
long the product can be safely eaten after first opening (Lydhurst, 2012; Moller et al., 2016), especially 
on highly perishable food products such as dairy products, ready-to-eat meals, and meats, where bac-
teria such as Listeria Monocytogenes can grow rapidly due to incorrect food handling. For example, 
G4 described the need for specific shelf-life information regarding the opened taco sauce: “It has been 
in the fridge for 1-3 months, I don’t know how long can opened product stay”. Facing this particular 
situation, consumers can only make rough judgement based on own experiences – “If it got fungus on 
it then it’s bad” (G3).  However, from the perspective of food manufactures, as the storage conditions 
in consumer household environment differ, the implementation of such guidance on food packaging is 
beyond the manufactures’ shelf-life determination capacity (Lenhart et al., 2008).

4.2.2 The use of internal sensory perceptions: 
Compared with date labels which provides a quantitative indicator to consumers, the use of internal 
sensory perceptions can be regarded as more qualitative-based approach for consumers to judge food 
quality and safety. In terms of the internal tools, participants in this study stated that they mainly make 
assessments through checking products’ appearances, smells, textual feelings, and tastes. Among these 
sensory perceptions, appearance and smell were identified by the participants as the most common 
means, as it is relatively easy to making comparison between the current product with the past experi-
ences and memories– for example, “For comparing stuff, use visual memories” (G1), “If you pour a 
milk, and it is thready, then it is not okay” (G3). Participants also reported that in some particular case 
they use the textual feelings— “Vegetables might go fluffy” (I1) 

The judgement standard used in consumers’ sensory perceptions to assess food quality and safety is 
highly dependent on personal preferences. For example, in the one of the workshop discussion, one 
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participant brought a bag of opened nuts. All the participants assessed the nuts through smell, appear-
ance and taste, and almost all participants came back with the conclusion that it was fine to eat the nuts, 
except one participant, who firmly stated “it is not okay because it smells not good” (G3). 

Consumer sensory perceptions can have the possibility to be used to open up a window of opportunity 
to help consumers to reduce unnecessary food waste. According to a lab experiment conducted by Roe 
et al (2018) in testing how regular milk drinkers would deal with milk products without date labels, 
results indicated that the discarding rate is lower when respondents had to sole rely upon their sensory 
perceptions to the judgement. However, as the the experiment are not based on the real household 
contexts and the data may vary depending on individual preferences, the specific food type, and con-
sumers’ socio-demographic background, the result of the above cannot be generalized to encourage 
consumers to purely use their sensory perceptions to make judgement regarding the edibility of food. 
Interviews with food packaging experts also revealed the similar concern that consumers should not 
overly rely on their sensory perceptions thus ignore the date labels- For example, I1 stated that “I 
don’t think manufactures should encourage consumers to make their own judgement, because consum-
ers will still make their own judgment anyway. But they shouldn’t be encouraged. If something goes 
wrong, they will blame the manufactures.”

Furthermore, from the food industry’s perspective, the ways how consumer use their internal sensory 
assessments to judge food safety and quality have also led to practical influences on the shelf-life de-
termination standards used in food industry. According to Man (2015), food products not only have 
a microbiological shelf-life and a chemical shelf-life, but also a consumer-focused sensory shelf-life. 
Sensory attributes such as discoloration, slime, off flavors, and off-odor are commonly used in the 
sensory shelf-life determination process of highly perishable food products including meats, seafoods, 
fruits, and vegetables (Corradini, 2018).

4.2.3 Interplay between the use of labels and sensory perceptions:
Lyndhurst (2008) described peoples’ food consumption decision-making as a spectrum. At one end, 
people only trust their own knowledge and sensory perceptions to assess food quality and safety. While 
at the other end, people overly rely on on-pack labels as the only means to make the judgement. In con-
sumers’ food consumption activities, the use of sensory perceptions and on-pack information attributes 
are seldom disconnected. It is the cooperation of these two means that lead to the decision of whether 
food is edible or not (Lyndhurst, 2011). 

Individual consumer is never fixed on their food decision-making spectrum. On the contrary, their 
interaction with both their internal and external mediating tools can be largely influenced by different 
variables existed in the specific food consumption contexts and consumers’ own preferences. As illus-
trated in Figure 6, three leading factors can be identified in terms of which tool is more likely to be used 
by consumers in different contextual situations. First, consumers’ past experience and familiarity with 
particular products: Studies have identified that habit and past experience can influence people’s food 
handling behavior (Brennan et al., 2007). When consumers are familiar with a particular food product, 
they are more likely to apply their internal knowledge, sensory perceptions, and past experiences as 
means to make the judgement. In this case, date labels and storage guidance are often used only as 
‘yardsticks’ (White et al., 2009; Lyndhurst, 2008). Second, products’ perceived micro-biological fea-
tures: For food such as salad, bread, potatoes, and fruits, where deterioration sign can be easily spotted, 
consumers are more likely to use their own sensory assessments than date labels. While for products 
such as yogurt, milk, eggs, chicken, ham, and ready-made meal, consumers are likely to follow on-
pack date labels and storage guidance (Lydnhurst, 2008; Samotyja, 2015; Terpstra et al., 2005). Third, 
existing studies have revealed that consumers’ socio-demographic background can also influence their 
behavior pattern regarding the use of their internal and external tools. According to Lydnhurst (2011), 
In UK, older people are more likely to trust their sensory perceptions than younger people. However, 
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this is in contradiction to a similar study conducted by Van Boxstael et al (2014) in Belgium, in which 
questionnaires-based statistical results indicated that younger people tend to rely upon their sensory 
assessments than elders. 

4.2.4 Lack of knowledge within both internal and external operations:
Operations are routine processes providing an adjustment of an action to the ongoing situation (Kapte-
linin & Nardi, 2006). In other words, it reveals how actions are adjusted and performed in different 
conditions. Shifting the focuses to the operation layer, the correct usage of both the internal sensory 
perceptions and the external on-pack label information cannot be separated from the corresponding 
knowledge and past experiences that each individual consumer owns. 

In terms of consumers’ use of internal sensory perceptions, in order to be able to judge the quality of 
particular food products through sensory assessment, the corresponding knowledge and experiences 
on questions such as what methods should be used in each particular case, what criteria and standard 
should be applied to make a judgment, and to what extent can the senses be trusted are used in the 
process. For example, G2 stated that the lack of common food knowledge is an underlying reason for 
food waste: “I was about 55 years old when I heard that you can have egg for half year, and use if for 
a lot of things. It’s a problem if you don’t know the knowledge. “Similar to the statement, G1 expressed 
that the lack of past experiences can be a problem to trust own sensory judgment “We don’t know how 
bad things taste or smell, for example bad milk and butter”. While some participants expressed the 
need for knowledge, some shared their tips based on their own experiences -- “I can use coffee to [test 
milk quality], so you pour a bit milk into coffee, see if it has small lumps” (G3), “If meat color is dark, 
it does not mean it has gone bad, it only means it has gotten oxygen” (I1). In terms of consumers’ use 
of external labels, specific knowledge on the meaning of different types of labels become the mediat-
ing tools that consumer use to judge date. It has been identified that consumers’ limited food labelling 
knowledge is one of the major factors that lead to consumer food waste issues (Manzocco et al, 2016). 

Figure 6. The use of date labels and sensory perceptions as the external and internal mediating tools 
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in consumers’ food consumption activity system.
4.3 Influences from social interaction

Another factor that might influence the consumers’ interaction with on-pack labels is the social inter-
action within individual consumers’ food consumption activities, which involves the social interaction 
with family members, food suggestions from colleagues or internet, self-confidence about particular 
food. (Lyndhurst, 2008). For example, people usually learn the food-related knowledge from their 
families and friends, and then incorporated the knowledge and experience into their existing food con-
sumption activity system (Green et al., 2003). For example, “Some knowledge is also inherited from 
parents. For example, nuts, the only thing that can go bad is the butter and fat” (G5), “It’s a cultural 
thing. My wife’s parents came from a poor countryside, her parents never throw away anything, my 
wife has learned a lot from that. Both knowledge and the mindset.” (G2), “I got the knowledge from 
my daughters, because she has studied food technology at year 12” (I1). When it comes to the deci-
sion-making, some participants reported that they can be easily influenced by others’ opinions – for 
example, P1 stated “If I am unsure whether a milk product is good or not, I usually pour the milk into 
glass and taste it, then go to my roommate and ask does it taste weird. If both of us think it’s okay, then 
it is fine and we will drink it”
4.4 Dynamic interplay between labels, sensory perceptions, and social interaction: 

Consumers’ food consumption and disposal decision-making activity patterns are not static but under a 
dynamic transition process. It is impossible to categorize individual consumer into any of the particular 
categories presented on the figure. In fact, each individual consumers’ activity patterns might distribute 
over the matrix as the food judgement can be influenced through the interplay between mediating tools 
and social interaction. As presented in Figure7, four case scenarios which can trigger consumer food 
waste behavior can be identified. In Scenario1, as consumers’ particular food consumption decision is 
only based on the on-pack label information while extremely easy to be influenced by others’ opinions, 
the lack of internal knowledge about food and concerns for others might lead to overcautious interpre-
tation of date labels, which can result in well preserved food being thrown away before it’s expected 
expiry date (Lyndhurst et al., 2011). In Scenario2, as consumers overly rely upon their own sensory 
assessments and others’ opinions to make the judgement, their food disposal decisions can be largely 
shaped by their own knowledge of food and special concerns for others. For example, it is reported that 
parents of young children are more likely to pay more attention to the quality of food, they tend to pre-
vent their children eating the product if they are unsure about the quality status (Terpstra et al., 2005). 
In Scenario3, consumers make decisions only based on their own knowledge and sensory perceptions, 
thus ignore the on-pack label information or other people’s role in the decision-making process, the 
potential misperception of food might lead either well preserved food being thrown away before its 
expiry date, or spoiled food being consumed after its shelf-life. Similar to that, consumers in Scenario 
4 tend to overly rely on their own understanding of on-pack labels as the only means to tell whether 
food is spoiled. Food might be wasted if consumers are unable to identify the correct the meaning of 
date labels, especially the differences between ‘Best-before’ date and ‘Use-by’ date. 
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Figure 7. Consumers’ activity patterns in relation to the usage of on-pack labels, own judgement, and 
social interaction context�

5. Development of design implications and interventions

So far, we have summarized the results collected from the comprehensive literature review and the 
in-depth interviews and design workshops with both general consumers and industry practitioners. 
Through applying an activity theoretical lens to analyze the literature and empirical results, we have 
described how consumers’ shifting food consumption motivations, the changing socio-cultural con-
texts, and the dynamic interplay between internal sensory perceptions and external on-pack labels can 
influence the usage of on-pack date labels and storage information in consumers’ food consumption 
activity. The empirical results mentioned above led to the identifications of tensions within each ana-
lytical aspect. From a design perspective, these tensions were further translated into implications for 
design interventions listed in Table 1 below.

Analytical aspects Summary of tensions Implications for design interventions
Socio-cultural con-
text & Development

Lack of efficient ways to incorporate food waste 
concerns with consumers’ existing motivations 
in judging food safety and quality.

Incorporate food waste concerns with consum-
ers’ existing motivations of judging food safety 
and quality.

Socio-cultural con-
text & Development

Food industry practitioners focus on using date 
labels to better inform consumers’ purchasing 
behavior. For example, give discounts to dairy 
products, breads, fresh produce, and meats when 
the products are close to their expiration date. 
However, consumers’ interaction with labels at 
household levels have been largely neglected 
due to the lack of economic incentives.

Establish connections between consumers and 
food industry practitioners after the products 
have been purchased. Informing consumers 
about the product shelf-life and storage guid-
ance, while at the same time offering product-re-
lated tips such as cooking recipes, brand sustain-
ability values, manufacturing process.
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Socio-cultural con-
text & Development

Limited space on packaging. Lack of motivation 
to present information that does not necessarily 
improve products’ sales performance.

Compress and store information in image marks 
or codes on packaging, and make it accessible 
for consumers to extract the information.

External 
mediating tool

Consumer’s confusions over the meanings 
of different types of date labels, particularly 
‘Best-before’ and ‘Use-by’ date.

Present explicit information about the differenc-
es between different types of labels. However, 
questions such as should there be only one 
single designation to guide consumers, which 
terminology should be further improved in order 
to avoid consumers’ confusion and at same 
time reduce consumer food waste, need further 
investigation�

External 
mediating tool

The on-pack date and storage information is not 
contextualized to align with consumers’ daily 
food consumption activities (e.g. lack of guid-
ance on how the product should be stored, and 
how long it can last after first opening).

Present product-specific shelf-life and storage 
information to address consumers’ particular 
concerns (e.g. provide more descriptive label 
guidance such as ‘Use within X days after first 
opening’, ‘Can be stored in freezer to extend 
shelf-life’).

Internal 
mediating tool

Consumers’ lack of knowledge on the use sen-
sory perceptions. And lack of interests to search 
and learn the relevant knowledge.

Provide product-specific tips and guidance to 
consumers. As relevant knowledge information 
already exists on mass media, the focus needs to 
be shifted to communicate the tailored guidance 
to consumers in a more interactive and contex-
tualized way.

Interplay between 
mediating tools &
Social interaction

Consumers’ food-related knowledge and aware-
ness have been gradually lost in the changing 
socio-cultural context. Given the spectrum 
between the use of sensory perceptions and on-
pack labels, consumers’ over reliance on either 
end of the spectrum can lead to food safety and 
waste issues.

Encourage consumers to use their sensory 
perceptions in conjunction with date labels to 
make the judgement. Therefore, design should 
focus on not only changing the undesired food 
waste behavior, but also retaining the desired 
food-related knowledge and behavior (e.g. retain 
the knowledge on how to judge whether food is 
okay to eat through sensory assessments).

Table 1. Summary of identified tensions and the corresponding potential implications and 
opportunities to improve the on-pack date labels and storage information design.

5.1 Design concept development
Based on the proposed design implications, we set the primary aim of the design intervention as to 
support consumers in using the external mediating tools -- date labels and storage information, in con-
junction with their internal mediating tools – their own knowledge and sensory perception, to judge 
food quality and safety, while incorporating other design implications and solving the tensions within 
consumer-labelling interaction activity system identified in the Table 1 above. 

The concepts generated in participant design workshops can be grouped into two categories: (i) Focus-
ing on providing an on-pack visual representation of how a spoiled food product can look like, so that 
consumers would know that it is safe to consume the product before it looks like the picture presented 
on the packaging. All the similar ideas identified in this category were based on the concept that con-
sumers should be encouraged to use more of their own sensory perceptions to make the judgement. 
Proposed ideas ranged from using QR code to present visual guidance to consumers to completely 
replacing any types of date labels by visual images. (ii). Focusing on ‘smart labels’ to give real-time 
feedbacks to consumers. The design concepts in this group were proposed based on the existing re-
al-time indicators, which can change label color according to the variations of temperature, particular 
gases, or bacterial. However, instead of focusing on the technical design part, more emphasis was 
put the usability of such labels. For example, how to better inform consumers that the label is about 
to change its color, how to educate consumers to understand the basic mechanism behind the ‘smart 
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labels’, and how to avoid consumer confusion. Some of the above design concepts are presented in the 
Figure 8�

Figure 8. Some of the labelling design concepts generated in the design workshops.

5.2 Final design prototype 
A mobile digital prototype was developed based on the Augmented Reality (AR) technology with the 
consideration that: (i) the use of AR technology can transfer the information attributes presented on 
packaging from 2-Dimension to 3-Demension. Under the topic of this particular study, this feature 
can be used by food manufacturers and retailers to tell consumers how a spoiled product might look, 
smell, or taste like through enhanced augmented 3D modelling and the descriptions associated with 
the models, thus to enable users to assess the quality and safety of the food products through making 
comparison with the augmented models. (ii) the image mark can extend the food information attributes 
from general printed packaging to consumers’ personal digital devices, thus solve the packaging space 
limitation that industry participants concerned out. Various packaging information including the dif-
ferences between Best-before and Use-by date, detail storage guidance regarding the particular food 
product, the manufacturing information of the food products, food and packaging disposal guidance, 
and recommended recipes, can be compressed in image marks and presented in AR scene.  

Consumer interaction procedures with the app are as the following:1). Install the app on their mo-
bile devices. 2). Start the app and use the device default camera to scan the particular image marks 
on food packaging. The image mark is designed to contain the specific product’s date and storage 
related guidance with an augmented 3D model of the food product. Note that the image mark can 
be designed in different sizes, patterns, colors, and layouts to fit different product packaging. 3). The 
specific food model, date and storage information then will be presented on the app interface. 4). 
Users can select the particular date and view the sensory related information and visualization of the 
augmented food products. To be more specific, the texture of the augmented food model, suggestions 
in terms of the best storage condition and suitable ways to handle the current food in cooking, and 
other alternative approaches to assess the food quality and safety, will change accordingly depending 
on the date that user selected (see Figure 9). 
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Figure 9. The AR-based mobile digital prototype developed in the present study�

The next step is to test the AR-based mobile digital prototype in consumers’ real household environ-
ment in a mid-term time span (1-3 weeks). We plan to conduct field observations and interviews with 
consumers to understand their usage of the prototype, identify potential problems, refine the design 
concept, and then iterate the design. 
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