Accepted Manuscript =

TRENDS IN
FOOD SCIENCE
& TECHNOLOGY

3D printing: Printing precision and application in food sector

Zhenbin Liu, Min Zhang, Bhesh Bhandari, Yuchuan Wang

PII: S0924-2244(17)30082-1
DOI: 10.1016/j.tifs.2017.08.018
Reference: TIFS 2074

To appearin:  Trends in Food Science & Technology

Received Date: 11 February 2017
Revised Date: 20 June 2017
Accepted Date: 30 August 2017

Please cite this article as: Liu, Z., Zhang, M., Bhandari, B., Wang, Y., 3D printing: Printing precision and
application in food sector, Trends in Food Science & Technology (2017), doi: 10.1016/j.tifs.2017.08.018.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.

broaigeq pA nuineL21A oL Griesu2|gug e2bsce

AI6M W6[gqLs’ CIISIou suq 21wNgl bsbele gf TOI6 SC K pLondy fo Aon PAJ‘TL COBE


https://core.ac.uk/display/86635083?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://dx.doi.org/10.1016/j.tifs.2017.08.018

10

11

3D printing: printing precision and application in food sector

Zhenbin Lid, Min Zhand’, Bhesh BhanddtiYuchuan Wan3

4State Key Laboratory of Food Science and Technoldigngnan University, 214122 Wuxi, Jiangsu,

China

PSchool of Agriculture and Food Sciences, UniversitQueensland, Brisbane, QLD, Australia

*Corresponding author: Dr. Min Zhang, ProfessoBohool of Food Science and Technology,

Jiangnan University, 214122 Wuxi, P. R. China.
Tel.: 0086-510-85877225; Fax: 0086-510-85877225;

E-mail: min@jiangnan.edu.cn




12

13
14
15

16
17
18
19
20

21
22
23
24
25
26
27
28

29
30
31
32

Abstract

Background: Three dimensional (3D) food printing is being alglinvestigated in food sector recent
years due to its multiple advantages such as cistdnfood designs, personalized nutrition,
simplifying supply chain, and broadening of theikalde food material.

Scope and approach: Currently, 3D printing is being applied in foodeas such as military and space
food, elderly food, sweets food. An accurate anecige printing is critical to a successful and
smooth printing. In this paper, we collect and gpalthe information on how to achieve a precise
and accurate food printing, and review the appbcatf 3D printing in several food areas, as wsll a
give some proposals and provide a critical insigtd the trends and challenges to 3D food printing.

Key findings and conclusions: To realize an accurate and precise printing, thras aspects should

be investigated considerably: material properfiescess parameters, and post-processing methods.
We emphasize that the factors below should be gsmecrial attention to achieve a successful
printing: rheological properties, binding mecharssihermodynamic properties, pre-treatment and
post-processing methods. In addition, there areetlmhallenges on 3D food printing: 1) printing
precision and accuracy 2) process productivity @)dproduction of colorful, multi-flavor,
multi-structure products. A broad application akttechnique is expected once these challenges are
addressed.

Key words: 3D food printing; printing precision; process paeders; productivity
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| ntroduction

3D printing, also known as additive manufacturiAd/|, solid freeform fabrication (SFF), was
firstly introduced in food sector by researchemfrCornell University using an extrusion based
printer (Fab@home) (Periard, Schaal, Schaal, MaldaeLipson, 2007). This technology is
characterized by a layer by layer material depmsithode based directly from a pre-designed file
(Pinna et al., 2016; Rayna & Striukova, 2016).

There are many potential advantages of 3D printetnology applied to food sector, such as
customized food designs, personalized and digédlinutrition, simplifying supply chain, and
broadening the source of available food materialng this technology, some complex and fantastic
food designs which cannot be achieved by manualr lab conventional mold can be produced by
ordinary people based on predetermined data filas ¢comprise culinary knowledge and artistic
skills from chefs, nutrition experts, and food desrs (Sun, Zhou, Huang, Fuh, & Hong, 2015). It
also can be used to customize confectionery shapeesolorful images onto surface of solid edible
substrates (Young, 2000; Zoran & Coelho, 2011)addition, 3D food printing permits to digitize
and personalize the nutrition and energy requirgsneh an individual person according to their
physical and nutrition status (Severini & Deros¥)16; Sun, Zhou, Huang, Fuh, & Hong, 2015;
Wegrzyn, Golding, & Archer, 2012; Yang, Zhang, & ditdari, 2015). Conventional food supply
chain can be simplified by 3D food printing. Thewansal application this technique will make the
manufacturing activities slowly moving to the placgoser to the customers and will lead to the
reduced transport volume, thus reducing the paokgaglistribution and overriding costs (Chen,
2016; Jia, Wang, Mustafee, & Hao, 2016; Sun et2015). Food printing technology will also
broaden the source of available food material byguson-traditional food materials such as insects,
high fiber plant based materials, and plant anchahbased by-products (Payne et al., 2016; Severini
& Derossi, 2016; Tran, 2016).

Currently, 3D printing techniques available in fosettor generally include four types: extrusion
based printing, selective sintering printing (SUSpder jetting, and inkjet printing. Extrusion leds
printing is usually used in the extrusion of hottnehocolate or soft-material such as dough, mashed
potatoes, and meat puree (Engmann & Mackley, 20&6g, Zhang, & Bhandari, 2015). Researchers
from Cornell University studied the fabricationa#ke frosting, processed cheese, and sugar cookies
using extrusion based printing (Lipton et al., 20R6riard, Schaal, Schaal, Malone, & Lipson, 2007).
This technology has also been applied by Nethesl@danization for Applied Scientific Research
(TNO) to fabricate various kinds of foods usingditmnal materials and non-traditional ingredients
such as algae and insects (Daniel, 2015; Sol, bin&eBommel, 2015). Another extrusion based
printer (Foodini Printer) has been created by Natiachines to be used for surface filling and
graphical decoration (Galdeano, 2015). Camillele(2017) studied the effect of 3D printing on
guality of processed cheese. Results showed tbagdrihted cheese was significantly less hard, by up
to 49%, and exhibited higher degrees of meltab{it¥%), compared to untreated cheese samples
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(not 3D printed samples) (Camille et al., 2017)eThiot-melt extrusion of chocolate using 3D
printing was firstly operated using a Fab@home tprgnsystem. They studied the deposition of
chocolate and the processing factors affectingpitieting accuracy during chocolate fabrication
(Hao et al., 2010). The chocolate extrusion protsas been commercialized by Choc Edge’s Choc
Creator, 3D System’s ChefJet, Hershey's CocoJet,Glrocabyte (Millen, 2012; Zhuo, 2015). SLS
has been utilized to fabricate complex structurgsgisugar or sugar-rich powders. Delicate and
complex 3D structures has been created by researdten TNO using sugars and NesQuik
powders (Gray, 2010). Using SLS, CandyFab Projest $uccessfully created various attractive
complex structures using sugar powders which cowdd be produced by conventional ways
(CandyFab 2007). Binder jetting offers advantageshsas fast fabrication, building of complex
structures and low material cost (Sun, Peng, Yam, & Hong, 2015). Based on binder jetting,
Southerland and Walters (2011) investigated theidation of edible constructs using sugars and
starch mixtures. Researchers from 3D System haeatext a binder to produce a wide variety of
colorful and flavors edible objects, such as vasi&inds of complex sculptural cakes by varying
flavor and colorful binders (Izdebska & Tryznowsk#)16). Inkjet printing generally handle low
viscosity materials, thus it is mainly used in #rea of surface filling or image decoration (P &ilhat

et al., 2016). Grood and Grood (2011) created ap-dn-demand inkjet printer to dispense edible
liquids onto food surfaces to create appealing esa@rood & Grood, 2011). The FoodJet printer
uses pneumatic membrane nozzle-jets to depositeediiops onto a moving object to form an
appealing surfaces (FoodJet, 2015). Willcocks, ®afollins, Camporini, and Suttle (2011)
created a kind of edible ink to fabricate high teg8ons of images on edible substrates, such as
biscuit, cake, and crackers.

3D printing is being widely investigated in foodcs®. However, few studies have focused on
how to achieve an accurate and precise printingygh it is critical to a successful and smooth
printing of the food objects. The aims of this Bavipaper are to collect and analyze the information
regarding how to achieve a precise and accurai foimting, and to review the application of 3D
printing in several food areas, as well as to gome proposals and provide a critical insight th®
trends and challenges faced by 3D food printing.

2 3D food printing technologies and factorsinfluencing printing precision and accuracy

As mentioned earlier, the quality and precisionpointed objects depend on the material
properties, processing factors, and post-processgagments. Each 3D food printing technique has
its own advantages and limitations. Tab. 1 showscttmparison of different 3D printing techniques,
and factors affecting the printing precision anduaacy. This is discussed in detail in the follogvin
section.
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2.1 Extrusion-based printing and factor sinfluencing printing accur acy

The extrusion-based printing, also known as fusegosdition modelling (FDM), was firstly
introduced to fabricate plastics products (Ahn, koo, Odell, Roundy, & Wright, 2002). During
food printing process the melted material or pékeeslurry is extruded out continuously from a
moving nozzle, and welds to the preceding layersaoling. The extrusion based printing can be
applied into chocolate printing and soft-materimting, such as dough, mashed potatoes, cheese,
and meat paste (Lipton et al., 2010; Yang, Zhandgh&andari, 2015). Though this technique has
been applied in the deposition of a wide varietysoft-materials, the deposition of them into
complex and delicate shapes are inherently limaethey are fundamentally prone to distortion and
warping. To fabricate delicate and complex shapa@sng soft-material extrusion process, it is
necessary to print the additional structural olsjgotsupport the product geometry. The supporting
constructs must be manually removed in the finafest This is a time consuming process and will
slow printing speed and raise material costs (Has2©13; Hasseln, Hasseln, & Williams, 2014,
Von, Von, Williams, & Gale, 2015b). Therefore, & necessary to fully understand the material
properties and relevant technologies, thus to He &b construct 3D structures. The printing
precision and accuracy are critical in the productdf an appealing object, and there are several
factors which may be responsible for this: 1) esitn mechanism 2) material properties, such as
rheological properties, gelling, melting and glasssition temperature (Tg) 3) processing factors,
such as nozzle height, nozzle diameter and extrspeed 4) post-processing treatments.

Three extrusion mechanisms have been applied ifo80 printing: screw-based extrusion, air
pressure-based extrusion and syringe-based extrusicthe screw-based extrusion process, food
materials are put into the sample feeder and taatesp to the nozzle tip by a moving screw. During
the extrusion process, food materials can be féadl tine hopper continuously thus realizing the
continuous printing. However, the screw-based sxtruis not suitable for the food slurry with high
viscosity and high mechanical strength, thus thetgad samples do not attain proper mechanical
strength to support the following deposited layard result in the compressed deformation and poor
resolution (Liu, Zhang, Bhandari, & Yang, 2017).eThir pressure-based extrusion, during which
food materials are pushed to the nozzle by airgoures is suitable to print liquid or low viscosity
materials, (Sun, Zhou, Yan, Huang, & Lin, 2017).eT$yringe-based extrusion unit is suitable to
print food materials with high viscosity and higlechanical strength, so that it probably can be used
to fabricate complex 3D structures with high retolu However, it should be noted that the air
pressure-based extrusion and syringe-based extrasianot allow the continuous feeding of food
materials during printing

In extrusion based printing, the properties of faodterial, such as the moisture content,
rheological properties, specific crosslinking meubkms and thermal properties, are critical to a
successful printing. In the 3D printing of biomass Nostoc aphaeroides, the moisture content
affected the printing behavior greatly, and thghdly higher moisture content was helpful to form a
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smooth structure (An, Zhang, Godoi, & Zhong, 200THe viscosity of the soft-material should be
both low enough to be easily extruded through @& fimozzle and high enough to hold the
subsequently deposited layers (Godoi, Prakash, &nBari, 2016). Wang and Shaw (2005)
concluded that dental porcelain slurries with shé&anning behavior are beneficial to the
construction of objects, as they can be easilyueetl out from the nozzle with the application of
shear stress and become rigid and solidifies uperdeparture from the extruder (Wang & Shaw,
2005). In our previous work (Liu, Zhang, Bhand&iYyang, 2017), we investigated the impact of
rheological properties of mashed potatoes (MP) dh @inting by addition of different
concentrations of potato starch (PS). We conclutiat the highly desirable materials for 3D food
printing should not only possessed suitable yitless o) and elastic modulus (3o be capable of
maintaining printed shapes, but also had relabvedonsistency indexX<() and flow behavior index
(n) to be easily extruded out from nozzle in extrogi@sed type printer. MP with addition of 2% PS
displayed excellent extrudability and printability., shear-thinning behavidf, of 118.44 (Pas"),
and strong enough mechanical strength with yielesstfo) of 312.16 Pa and proper elastic modulus
(G"), therefore the objects could withstand the shayer time and possessed smooth shape and
resolution. No addition of PS induced a dropg1i195.90 Pa) and 'Gthus printed objects deformed
in time because of sagging. Although MP with additof 4% PS represented good shape retention
due to propet (370.33 Pa) and 'Gthe poor extrudability made it difficult to prikiue to highk
(214.27 Pas") and viscosity. The printed samples are illusttateFig. 1 (Liu, Zhang, Bhandari, &
Yang, 2017).We also investigated the printing béraaf MP with addition of different hydrocolloid,
and Fig. 2 illustrates several sample picturesaddition, our research group studied the fish surim
gel as potential food material for 3D printing (Warzhang, Bhandari, & Yang, 2017). Results
indicated that the surimi with high viscosity amavlloss tangents (t&ds G"/G’) could not extruded
smoothly with large amounts of broken depositecedinNaCl could be used to adjust the
viscoelasticity of surimi and the printed objectsing surimi with addition of 1.5g/100g NaCl
displayed a smooth surface structure, better nmagchith the target geometry and no compressed
deformation. Printed samples are shown in Fig. any Zhang, Bhandari, & Yang, 2017). In the
previous work of 3D printing Vegemite and Marmit¢éamilton, Alici, and Marc (2017) indicated
that then and K were critical in determining whether a materialsigtable for 3D printing and
determining the desired extrusion rates. Zhand. §2@15) also reported that the gel with highgr
and G revealed better performance to support the additideposited layers in the printing of
dual-responsive hydrogels. An, Zhang, Godoi, andngh(2017) studied 3D printing behavior of
three types of biomassl@stoc aphaeroides), that is fresh biomass, rehydrated biomass powdgr an
rehydrated biomass powder with addition of stafidiey studied the correlation between rheological
behavior and printability, and pointed out thatsetaty and viscosity balance is an essential
parameter to achieve printability. The increaselakticity went against smooth 3D print-running,
but could help to strength of the construct (Anaddy, Godoi, & Zhong, 2017). To achieve an ideal
rheological properties to be capable of holding 3fe structures, rheological modifiers, such as
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hydrocolloids and soluble protein, can be addedrbust comply with food safety standards. In
addition, the crystallization state and glass ftarstemperature (Tg) of material is also criti¢al
make the deposited material to support its owrcsire after printing (Godoi, Prakash, & Bhandari,
2016). In hot-melt extrusion of chocolate, underdiag the properties of the chocolate is critical t
the quality of the printed objects due to the ca@xpmlompositions and six different crystalline plsase
for cocoa butter (Marangoni & McGauley, 2003). Hab al. (2010) investigated the material
characterization on the quality of printed objedXiring this process, a seed was added in the
pre-melted chocolate to generate more V crystaligiwivas desirable in the deposition of “good”
chocolate. Chocolate slurries with pseudoplastioperty at different temperatures was highly
desirable in the deposition of 3D constructs (Hiaal.e 2010).

The processing parameters, such as nozzle dianmetezle height, extrusion rate and nozzle
moving speed, are also critical to the qualityhas# tesulting printed constructs. Previous work (Hao
et al., 2010) on the deposition of chocolate shotlatithe distance between the nozzle tip and build
platform played an important role in the quality mfilt objects, and an equation was developed
regarding the critical nozzle height:

Va

he =
© 7 uDy, Equation 1

Where,hc is the critical nozzle height,Mhe volume of slurries extruded out per unit tifom’/s),

Vh the nozzle moving speed (mm/s), Dn the nozzle eéiam(mm) and hthe optimal nozzle height.
This study showed that when a lower nozzle heigan th wasapplied, the volume of the extruded
chocolate would be too large for the space betweeibuilding platform and nozzle. Thus, the slurry
was forced to spread in the directions perpendidaiahe deposited slurry line and the resultant
extruded objects displayed a squeezing effect amat pccuracy. Conversely, the application of a
larger nozzle height resulting in parts of the diate not reaching the marble build surface in fime
leading to massively inaccurate parts (Hao et24110). Effects of nozzle height on the printing
behavior was studied in our group. Results indatdteat the application of a nozzle height lower
thanhc led to the thicker extruded lines than intenddtke &pplication of a nozzle height higher than
hc led to parts of the extruded surimi lines not heag the build surface before the nozzle turned a
corner and thus resulted in massively inaccuratéoses (Wang, Zhang, Bhandari, & Yang, 2017).
The effect of various nozzle diameter on the beohstruct was simple to determine. A safe rule of
thumb is to select the smallest nozzle tip thaivedl for easy material extrusion, as it is helptul t
construct the object with the finest resolution @naooth surface during printing (Periard, Schaal,
Schaal, Malone, & Lipson, 2007). Wang, Zhang, Blandand Yang (2017) concluded that the
nozzle diameter affected the printing precision andace smooth considerably. The 3D printing of
fish surimi displayed that the application of a #mwzzle diameter (0.8mm, 1.5mm) led to
relatively poor models due to the inconsistent wéd surimi filament in its diameter along the
length. Conversely, the use of a larger nozzle dtamcould extrude consistent lines, but the
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resolution and accuracy of the objects were po@n@yZhang, Bhandari, & Yang, 2017). Generally,
a small nozzle diameter is beneficial to print etgewith fine resolution, but it should be notedtth
the printing time required increased greatly whemg a small nozzle size. A good balance must be
made with the printing productivity and the primfiprecision. The extrusion rate and nozzle moving
speed are also important in extrusion based pgntih was suggested that the critical nozzle
movement rate can be determined by the followingadqn derived from Equation 1 (Khalil & Sun,
2007):

40

n Dy Equation 2

JJN ==

WhereVy is the optimal nozzle speed (mm/s), Q the matdidal rate (cni/s) and R the nozzle
diameter. It was shown that a nozzle velocity gne#tanVy would result in a smaller diameter

material bead than that of the nozzle, whereaszalewelocity less thaly would lead to a greater

diameter material bead than that of the nozzlethideof them was desired in printing (Khalil & Sun,
2007). Wang, Zhang, Bhandari, and Yang (2017) sstgdethat the alteration of nozzle speed would
affect the critical nozzle height when all othergmeters were kept constant. Too high speed (32
mm/s) resulted in the dragging effect causing brepkf the extruded slurry filaments. While too
low moving speed (20mm/s) resulted in the occueent flow instabilities of slurry and the
formation of coils (Fig. 4). They also suggestedttthere is a linear relationship between the
extrusion rate and the diameter of surimi line hagh extrusion rate (0.004 éfs) gave a larger
extruded lines’ diameter than desired due to theuston of greater volume of material. Too low
extrusion rate (0.002 cits) led to an inconsistent surimi slurry (Wang, ZaBhandari, & Yang,
2017). In the 3D printing of chocolate, it was raleel that the printing accuracy was seriously
affected by the extrusion rate and nozzle movemstat due to the bead diameter of chocolate track
decreased with the nozzle movement rate while asz@ with the extrusion rate, as shown in Fig. 5
(Hao et al., 2010). Similar results was also regabih the creating of detailed and complex ceramic
parts using extrusion based printing (Rueschhafstékis, Michie, Youngblood, & Trice, 2016). In
the previous work (Zhuo, 2015) on the developmérdfood printer, a positive linear relationship
between nozzle moving speed and extrusion ratestuaied. As shown in Fig. 6, the blue region
represents the acceptable prints and any valusgleuhe region led to bad prints (Zhuo, 2015).

The printing temperature should also be fineethnas the viscosity of the food material is
directly correlated with the temperature. The terapge should be low enough so that the extruded
chocolate harden rapidly on the substrate withloutihg too much (Periard, Schaal, Schaal, Malone,
& Lipson, 2007). In the previous work of 3D prirginfegemite and Marmite (Hamilton, Alici, &

Marc, 2017), the viscosity decreased when the teatyre increased. 172 kPa of pressure was used
8
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to extrude both materials at 25°C but it shouldlberease to 103 kPa at 45°C. The application of a
172 kPa pressure to fabricate objects at 45°Cdedd large flow rate and the formation of a puddle
of material. With a further increase of temperatiré®5°C, too quick extrusion of the material was
formed even with the application of a very low @@ (<34 kPa) (Hamilton, Alici, & Marc, 2017).

Ideally, the 3D food structures should resist tetgorocessing (baking, cooking, frying, etc), as
most of foods consumed in daily life must go thioubese processes. The deposition of various
kinds of soft-material, such as cookie dough, cheasl cake frosting, have been done via extrusion
based 3D printing technique (Lipton et al., 2018hwever, these objects were not suitable for
conventional food processing techniques and wouldatty deformed after post-processing
treatments. In order to realize the wide applicatd 3D printing process on foods, this technique
must be easily compatible with traditional food gessing steps (Lipton, Cutler, Nigl, Cohen, &
Lipson, 2015). Two main ways that have been appbetiaintain the shape stability of objects after
post-processing are recipe control and additioaddlitives (Lipton et al., 2010). Additives of vars
concentrations of transglutaminase was blended ieiéim beef paste to maintain printed shape
stability after cooking. It was shown that additiam 0.5% of transglutaminase by weight
significantly increased the structure stabilityeaftooking. This was because that the addition of
transglutaminase led to the formation of new protaeatrix over time. The extrudates survivability
of scallop through deep fried and turkey meat tglosous-vide cooking were investigated, and
excellent performances were obtained (Lipton et2f110). In another study, the composition of the
cookie recipe was found to have significant effemtsthe printability and shape stability of the
cookie. It was shown that increasing the butterteanincreased the printability but decreased the
shape stability after baking. The increase of yakcentrations increased the shape stability, which
can be seen in Fig. 7 (Lipton et al., 2010). Théhoe of varying recipe formulation of cookie dough
to achieve desired printability and shape stabiifier baking has also been investigated (Zhuo,
2015). Godoi, Prakash, and Bhandari (2016) beltbae the 3D printed structures which can resist
post-processing can be achieved by controllingphygsical-chemical, rheological, structural and
mechanical properties of the materials.

2.2 Selective laser sintering based printing and factorsinfluencing printing accur acy

Selective laser sintering (SLS) is a technologyt #yaplies a power laser to selectively fuse
powder particles together layer by layer finalljoim 3D structure. The laser scans cross-sections o
the surface of each layer and selectively fusesptiveder. After scanning each cross-section, the
powder bed is dropped and a new layer of powdeovered on top. This process is repeated until
the desired structure is finished. Finally, theuseid powder is removed and reclaimed for next
printing (Noort et al.,, 2016). SLS has been widapplied in the metal and ceramic industrial
manufacturing, however, there are several hurdtesuking SLS in food sector: (1) suitable

powdered material which can fuse together withoetodnposition of the material itself during
9
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fabricating process (2) the construction of variedi#le objects using a wide range of food material
(Diaz, Van, Noort, Henket, & Brier, 2014). GeneyabLS allows for the production of free standing
complex 3D structures with high resolution, but &wailable material is limited to powder material,
such as sugar, fat or starch granule. It is necgssaexpand the available range of food ingredient
thus to broaden the application of this technolimggraditional food. In SLS, the material propestie
and processing factors (laser types, laser powser|spot diameter, etc), are both critical to the
printing precision and accuracy of fabricated pé8isirazi et al., 2015).

Material properties, such as particle size, flowsbibulk density and wettability of powder
material, have a great impact on the printing @ieni and accuracy of objects in SLS (Godoi,
Prakash, & Bhandari, 2016). Powder density and cesgibility are also important in SLS, as they
seriously affect the powder flowability inside thessel which, in turn, contributes for the formatio
of patterns when the laser source is applied t@tveder bed (Berretta, Ghita, Evans, Anderson, &
Newman, 2013; Schmid, Amado, Levy, & Wegener, 2013)e preferred edible powder in SLS
should be a free-flowing powder which can be powétout substantial clumping. In addition, the
powdered material should not be sticky, and thigsrnwaor any tendency to agglomerate or to adhere
to contact surfaces (Diaz, Van, Noort, Henket, 8Br2014). The particle size affects the printing
precision and resolution of fabricated objects (Ded al., 2010; Sun, Peng, Yan, Fuh, & Hong,
2015). A smaller layer thickness results in a ggewsnmechanical strength and a decrease in the
porosity of fabricated constructs, while the minmmudayer thickness that can be used in SLS is
determined by the maximum particle size of the pewfFred, Lohrengel, Neubert, Camila, &
Czelusniak, 2014). Diaz, Van, Noort, Henket, aneiBf2014) invent a method for the production of
edible objects with a high degree of resolution g@mecision using SLS. In this invention, the
multi-material structures were created by usingcavger composition comprising a structural
element and a binder component. The structuralexéprovided bulk and scaffold function and the
binder component acted as particle-particle singetelping bind the powder into the desired
structure. Typically, the melting temperature (Ton)glass transition temperature (Tg) of the binder
component ranged between 10-200°C. The binder dhowdergo melting and glass transition in less
than five seconds, while the structural componéoukl be non-melting at the temperatures below
200°C (Diaz, Van, Noort, Henket, & Brier, 2014). &ddition, they concluded that the binder
comprising at least two compounds that differ ieitif’g or Tm, such as the palm oil powder with a
Tm of 30°C and maltodextrin with a Tg of 62°C, derstrated excellent performance in aspects of
the printing precision and accuracy of printed otge

The processing factors, such as laser types, tHaareter, laser power, and scanning speed,
should also be fine-tuned to get a desired outcdrne.interaction between the powdered materials
and laser beam is critical to the quality of fabteéd constructs in SLS process, as the strength of
interaction depends on the laser types and th@rfusf material is affected by the laser energy
density (Gu, Meiners, Wissenbach, & Poprawe, 20A2)igher laser energy density, which can be
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obtained by adjusting the scanning speed and lpseer, leads to denser parts with stronger
mechanical strength due to longer interaction tifgorous and brittle structure will be obtained
when a lower laser energy density is applied (Ftexhrengel, Neubert, Camila, & Czelusniak,
2014). The CandyFab uses hot air to selectivelgsand melt sugar powder due to the low melting
temperature of sugar powder. The interaction tietevben the hot air gun and sugar powder was one
to three seconds, determined by the air temperaiudelayer thickness. Larger laser spot diameter
made the constructs less likely to break, and bdrigate of fabrication was obtained by turning up
the heat and speed, while the resulting objecesipion and resolution were poor. Changing the
laser diameter from 5 mm to about 1.6 mm improvedgdrinting resolution and precision, but at the
expensing of lowering the constructing rate anducedy the mechanical strength of the printed
object (CandyFab, 2009). In the fabrication of atodul and detailed edible object, the SLS
procedure was performed by Diaz et al. (2014) uaicgrbon dioxide laser with laser spot diameter
0.6 mm, and specific process parameters (layeardist of 0.1 mm, writing speed 1250 mm/sec,
laser power 50% and layer thickness 0.3 mm).

The printed objects in selective laser sinterirymequire further post processing, such as the
removal of the excess food material powder to imerthe surface smooth and further heating to
enhance the mechanical strength.

2.3 Binder jetting based printing and factorsinfluencing printing accuracy

Binder jetting printing, also known as inkjet 30iimg (3DP), was firstly introduced by Sachs,
Haggerty, Cima, and Williams (1994), during whicbwglered materials were deposited layer by
layer and the binder was selectively ejected ugmh enaterial layer at certain regions based on the
data file for the object being produced. The binfdeses the current cross-sections to previous and
afterwards fused cross-sections. The un-fused p@adsupport the fused parts at all times during
the fabrication process, allowing for the productaf intricate and complex structures. Finally, the
unbound powder is removed and recycled for furtlser (Sachs, Haggerty, Cima, & Williams, 1994).
Binder jetting technology can be used to fabricaeplex and delicate 3D structures, and have the
potential to produce colorful 3D edible objects grying binder composition. However, the
structural material is only limited to powder sfughd the edible binder affects its wide applicaiio
food sector, especially in the field of traditiof@bd consumed in daily life.

In binder jetting process, properties of powderedemal and binder are critical to the successful
fabrication of parts. The binder must have suitaideosity, surface tension, ink density, and fléa
properties to prevent spreading from nozzles. Tindds concentration was also important to the
successful fabrication of parts with desired din@mal precision (Peters et al., 2006). In a
successful fabrication process, the bound strustsh®uld possess adequate product strength with
minimal shrinkage or expansion and minimal 'blegdiof the binder into neighboring voxels
(Hasseln, 2013; Hasseln, Hasseln, & Williams, 20¥n, Von, Williams, & Gale, 2015a).

Flowability of powder is important. The powder wghitable flowability permits the roller to easily
11
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build up thin layers, which facilitates the fabtioa with high precision and accuracy. Conversely,
poor flowability reduces the resolution and accyratfabricated parts due to insufficient recoating
(Lanzetta & Sachs, 2003). A free-flowing powderhnstuitable spreading and packing properties is
preferred in binder jetting. It means that the pemshould be not sticky, and thus has hardly any or
no tendency to agglomerate or to adhere to costataces. Typically, the angle of repose of the
powder should be low, e.g. smaller than 30° (DNaort, & Van, 2015). The wettability of powder is
another affecting factor in accurate printing. dshbeen suggested that too-low wetting of powder
material leads to the rearrangement of powder bed is detrimental to subsequent printing.
Too-high wetting and slow reaction between powded &inder reduce the resolution of and
precision of fabricated objects (Hogekamp & PoblQ4£, Shirazi et al., 2015). The moisture content
of edible powder used in binder jetting should beslthan 6% based on the powder material
composition (Von, Von, Williams, & Gale, 2015b). bddition, wetting methods has also been
applied to reduce the unbound powder migrationndutine fabrication process (Hunter, Kasperchik,
Nielsen, Collins, & Cruz-Uribe, 2008). The partidize and distribution of powders also affect the
printing precision and accuracy, as the variatibpaoticle size influences the pore size distribuiti
within the powder bed and thus affects the bindbedpavior of a water-based binder (Hapgood,
Litster, Biggs, & Howes, 2002; Von, Von, William&, Gale, 2015a). To achieve an edible powder
with suitable spreading and packing qualities, seagpowder particles can be mixed with fine
powder particles (Von Hasseln, 2013; Von Hassebn YAasseln, & Williams, 2014; Von, \Von,
Williams, & Gale, 2015a).

The processing factors, such as head types, gyimglocity, droplets path, nozzle diameter, and
resonance frequency of the head, also affect theiggon of printed objects. In general a larger
nozzle diameter helps to increase printing spe¢dduluce the resolution and precision of fabricated
objects (Shirazi et al.,, 2015). In order to real&esuccessful printing, the processing factors
mentioned above should be properly adjusted.

The fabricated objects in binder jetting may reguurther post processing, such as baking,
heating, or removal of the excess food material ge@wto improve the mechanical strength or
precision (Von Hasseln, Von Hasseln, & Williams,120 Von, Von, Williams, & Gale, 2015a).
Making use of the adsorbability of pores within fmented parts, an additive can be sprinkled over
the surface of the edible constructs to add diffefilavors or colors to improve the appearancéef t
food (Lai & Cheng, 2008).

2.4 1nkjet printing and factorsinfluencing printing accuracy

Inkjet printing dispenses a stream of droplets frarthermal or piezoelectric head to certain
regions for the surface filling or image decoratmnfood surfaces, such as cookie, cake, and pizza
(Kruth, Levy, Klocke, & Childs, 2007). There areawypes of inkjet printing methods: continuous
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jet printing and drop-on-demand printing. In a aombus jet printer, ink is ejected continuously
through a piezoelectric crystal vibrating at a ¢ansfrequency. To get a desired flowability of the
ink, it is charged by the addition of some condwetagents. In a drop-on-demand printer, ink is
ejected out from heads under pressure exerted lwahse. Generally, the printing rates of
drop-on-demand systems are slower than that ofimmenis jet systems, but the resolution and
precision of produced images are higher. A typitalximum resolution for a single print head
continuous jet printer image is about 70-90 dotsgogiare inch (dpi) (Willcocks, Shastry, Collins,
Camporini, & Suttle, 2011). Generally, inkjet primg handles low viscosity materials that do not
possess enough mechanical strength to hold 3DtwsteucTherefore, it is usually used to print
two-dimensional images. From the point of view ofinfing precision and accuracy, the
compatibility between ink and substrate surfacescasity and rheological properties of ink,
temperature and printing rate, are important to@eassful printing.

The compatibility of the printed image with surfacef substrates play a critical role in
determining the final image quality and resolutidhe surface chemistry of the substrates and that
of the ink influence the interaction behavior ortbe ink droplets are jetted onto the surface.
Sometimes it is necessary to improve the compailnf substrate’s surface by coating the surface
with a binder film or other compatibility-enhancifign before printing an image (Shastry, Ben, &
Collins, 2006; Shastry et al., 2004; Willcocks, &g Collins, Camporini, & Suttle, 2011). In the
previous work (Mandery, 2010), a binder such adlaher poly (1-vinyl-2-pyrrolidone), was added
to the edible ink to increase the compatibilityvben the ink and the substrate (Mandery, 2010).
Water-based glazes containing gums or other saritggt such as polyglycerol oleates and
polysorbates, were also used to modify the choeokadequately to allow the printing of
high-resolution images on surface. Moreover, thpliegtion of multi-layer of surfactant on the
substrate surface before printing an image, thepeitnlity was significantly increased. Thus the
printed images was better with high printing priezisand resolution (Willcocks, Shastry, Collins,
Camporini, & Suttle, 2011). The contact angle df oroplet on surface, closely related with the
compatibility and adhesion between the ink andstliestrate, is desired less than about 50 degrees.
Another indication of the compatibility, surfacensgon of the inks, is most preferred below 35
dynes/cm (Shastry et al., 2004). Shastry, Ben,Guoitins (2006) also indicated that a low polarity
material such as carnauba wax is typically coatedhe surface of many hard panned sugar shell
confections, which shows an adverse effect on tingipg of an image with high precision and
accuracy due to the low polarity surfaces. Thuydrdphilic substance was usually coated to the
surface of substrates to form a polarity-modifiadace to improve the compatibility of water-based
ink with the substrate (Shastry, Ben, & CollinsQg}

The viscosity and rheological properties of edihleis also critical to the printing precision and
accuracy (Godoi, Prakash, & Bhandari, 2016). Gdlyerais necessary that the edible inks possess
low viscosity so that they can be easily ejectaduph the tiny orifices of the print-head (Shastry,
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Ben, & Collins, 2006). The desired inks in continaget have a narrow range of acceptable viscosity.
The viscosity above 10 mPas easily leads to thepfsuoavitation inside print-head during printing.
The ink with viscosity below about 2 mPas is nab#&. Thus the most desired viscosity of inks in a
continuous jet printer should be between about@a#bout 6 mPas (Shastry et al., 2004). Willcocks,
Shastry, Collins, Camporini, and Suttle (2011) adsggested that the inks should possess ideal
viscosity to enable the proper flowability (Willda; Shastry, Collins, Camporini, & Suttle, 2011).

Temperature is another important factor in the jetting, as it can be used to modify the
rheological properties and surface energy of thks.i\ low temperature may be applied to lower
surface energy and reduce the spreading tendenoksacross the chocolate surface (Shastry, Ben,
& Collins, 2006; Willcocks, Shastry, Collins, Camju, & Suttle, 2011). The temperature required
to achieve desired viscosity also changes withrtkéngredients (Shastry et al., 2004).

The proper jetting rates and rapid drying of inkplets are required for a precise and accurate
inkjet printing. When too much ink is jetted to men section, the ink droplets will coalesce into
larger droplets due to the lack of sufficient tifoe the ink to completely dry, resulting in a loss
precision and a poor image quality. Applicationaostream of dry gas and addition of alcohol to
ensure the rapid drying of ink droplets can sigaifitly increase the printing precision and accuracy
(Shastry, Ben, & Collins, 2006; Willcocks, Shastygllins, Camporini, & Suttle, 2011).

3 Application of 3D food printing in some specific food areas
3.1 Military and space food

The US Army has shown a great deal of interestha dpplication of 3D food printing in
military foods due to the several reasons. 1) thehnology allows for the production of meals on
demand in the battlefield; 2) meals can be perssthland customized depending on individual
soldier's nutrition and energy requirements; 3% tieichnology could extend the shelf life of food
material by storing them in raw material form ratttean in final product form (Jennifer, 2014). The
use of ultrasonic agglomeration to fuse particbggether by shooting ultrasonic waves at them in 3D
food printing in the US Army, have been experimdrite produce a wider variety of meals and thus
offering more options to soldier’s food. US Armyalintended to create a 3D compact unit which
can transform forage plant materials (such asliegk, berries) into food (Davide & Xavier, 2015;
Jasmine, 2014).

NASA funded Systems and Materials Research Corpora(SMRC) to investigate the
possibility and application of 3D printing for pracing food during long space missions (Lin, 2015;
Lipton, Cutler, Nigl, Cohen, & Lipson, 2015). NAS#anted to use 3D food printing to meet the
requirements of food safety, nutritional stabityd acceptability of meals for long space missions,
while using the least amount of spacecraft resaurCearrently, the food system in NASA could not
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meet the nutritional and five-year shelf life regmnents for long missions, as the individual
packaged foods processed with traditional cookirgfthads possess little micronutrients due to
degradation over time. The refrigeration equipmenit take up much spacecraft resources. In
addition, the current space food system could neetmpersonalized nutritional and energy
requirements of astronauts (Davide & Xavier, 200LBy, 2015; Lipton, Cutler, Nigl, Cohen, &
Lipson, 2015). According to the proposal of SMR@,arder to design a food system to meet
nutritional and personalized requirements for indiral astronaut for long space missions, the 3D
printing will be used to deliver macronutrientsrimahydrate, protein, and fat), structure and textur
and the inkjet printing to deliver micronutrientigvor and smell. Dry sterile containers will beeds

to store the macronutrient stocks and sterile pazlstore the micronutrients and flavors as liquids
aqueous solutions or dispersions. During the prioolnof food, the macronutrient stocks will be fed
directly to the printer by combining with waterat and blending with flavors and texture modifiers
at the print head. Then the mixtures will be ex¢didnto desired structures and shapes. This
technology could not only solve the uniform longnestorage, sustenance, and micro-nutrition, but
also could meet the personalized dietary needsmapicbve the pleasure of eating (Irvin, 2013).

3.2 Elderly food

Many countries are facing with the aging probleoghsas Japan, Sweden, and Canada. About
15%-25% of elderly people over the age of 50 antbu0% of nursing home residents suffer from
chewing and swallowing difficulties (Sun, Peng, Y&uh, & Hong, 2015). People suffering from
this disease are often provided with unappealingrigge-like food’, which cause the loss of
appetite and even nutritional deficiencies. To addithis issue, European Union (EU) has funded the
PERFORMANCE project, aiming at designing an aut@dananufacturing method and offering
personalized and specially textured food using 3iDting technology (PERFORMANCE, 2012).
Scientists in the project have created simulatewd$, such as peas and gnocchi, imitating thdie tas
and texture. Not only the elderly will be fond @tieg these foods, but also the soft, pureed textur
is easier for them to swallow. Besides, persondlingritional meals of each person can be produced
based on individual age, physical condition, antlithen and energy requirements (Davide & Xavier,
2015; Severini & Derossi, 2016). A survey done by PERFORMANCE regarding 3D printing
food in care homes have shown that 54 % of paeidpfelt the food texture was good, 79% thought
the printed food is equivalent to the one prepaénetraditionally cooking method and 43% preferred
to printed food when dysphagia occurred (Lunardd,&2. In Germany, a few nursing homes served
a printed soft food to elderly suffering from chegiand swallowing difficulties (Wiggers, 2015).
The tastier 3D-printed foods made of peas, masbéatqes, and broccoli have successfully entered
the market and 1,000 of the country’s agencieslgupjs type of food daily (Wiggers, 2015).
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3.3 Confectionery market

Sweets, accounting for a large proportion of thedfmarket, are widely consumed in the world.
Most of the leading companies and research ceat&® food makers are focusing on sweets, such
as Hershey, ChocEdge and 3D Systems. Tab. 2 sh@ansomparison of different confectionery or
sweets printing machines.

One of the world largest manufacturers of indusggrade 3D printers - 3D Systems,
cooperating with Hershey (a leader in the productd chocolate and desserts), has developed an
extrusion-based chocolate printer called Cocojeickvcan print various shapes in chocolate (Millen,
2012; Zhuo, 2015). The first commercial chocolaiatpr called ChocCreator, was designed by the
scientists in the University of Exeter (Davide & W&, 2015). Hans Fouche invented a 8 nozzle
Cheetah chocolate 3D printer and used this systeexperiment with different kinds of chocolates
(Victor, 2015). Currently, most 3D chocolate isatexl using melt-extrusion based printer, while four
students called 3D Chocolateering coming from Unsig of Waterloo built a low cost selective
laser sintering based printers to create 3D chéeaskauctures using chocolate powder (Victor, 2015)
The CandyFab project was the first to create 3Dedsional structures using sugar in 2007 and
introduced a selective sintering based printer,d@Bab. They created a technology SHASAM
(selective hot air sintering and melting), in whiahfocused heat source was used to fused the
particles together to create complex structure@@aab project, 2007). The 3D Systems ChefJet
Pro is able to print both tasty and visually appegpbweets or food decorations using various kinds
of food materials including sugar, chocolate andesle. Complex structures such as interlocking
sweets, various sugar sculptures and entire wedcikgs have been created using this system.
Moreover, the Cheflet Pro equipped with four pheads was able to create multi-color structure,
such as multi-color cocktail decorations (iRevieW®14). Several examples of 3D customized
sweets are shown in Fig. 8.

The GumLab project established by two London-bagaedents, invented a GumJet 3D printer
to print an appealing chewing gum. The extrusioseldaprinter equipped with a Cartesian platform
was able to print gum resin along with flavoringda by layer (Krassenstein, 2015). Wacker has
designed a chewing gum 3D printer, which could tereum with fruit juice, coconut and plant
extracts thus allowing the production of gum witiffedlent mouth feel and flavor. In addition,
Wacker also invented a new method called Candy2@urnurn existing candy into gum. This
technology can handle water-based and fat-congimigredients while the traditional dry kneading
method cannot (Corey, 2016).

4 Some proposals

3D food printing is an emerging technology in fogector, we emphasize that the aspects as
shown below should be kept in mind to achieve @asgful printing.
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Rheological properties of food materials is impotrte improve the printing performance and
self-supporting ability in extrusion-based printifidne food material for extrusion printing shoulel b
pseudoplastic fluids with suitable shear-thinnirdndvior and rapid structural recovery ability as it
can be easily extruded out from the nozzle withdpplication of shear force and solidify rapidly
again after leaving the nozzle and G are critical to the self-supporting ability, akd n play an
important role in extrudability and printability. good balance must be made so that the mixture is
as strong as possible to maintain the printed shapke still could be printable and capable of
adhering to previously deposited layers (Liu, ZhadBlgandari, & Yang, 2017). We emphasize that

the rheological properties are critical to a susfitdsextrusion printing.

The material’'s binding mechanisms and thermodynagmuperties like Tm and Tg are important
to a successful extrusion-based printing. Variouslk of additives can be added to achieve desired
rheological properties. Thus, the binding mecharjssuch solidification upon cooling, cross-linking
mechanisms, gel properties under different comltigsuch as pH, ion, time, etc.) should be
investigated to achieve desired properties suit&ddre8D printing. Some additives like fat, blood
plasma protein can be added to adjust the thernamdignproperties of material. The correlation
between printing temperature and printing perforceashould be studied based on material's
thermodynamic properties.

As pre-treatment methods (ultrasound, radio frequemtc) and post-processing methods
(drying, cooking, frying, etc) affect the gel fortiten mechanisms and the stability of printed olgect
the impact of pre-treatment and post-processindioakst should be studied, so as to determine the
most suitable pre-treatment and post-processingadet

5 Challenges and trends

Recently, great efforts have been put by reseaschiening at applying 3D food printing into
food industry. However, there are still many diflites for this technology to be widely used indoo
sector due to several reasons 1) printing precisi@haccuracy 2) process productivity 3) production
of colorful, multi-flavor, multi-structure products

Printing precision and accuracy are critical to application of 3D printing technology in food
sector. One of the advantages of 3D printing iabwicate an exquisite and fascinating structure of
edible products to increase consumer’s intereséing appetite. However, currently few works
focused on printing accuracy are published. To eaghia precise and accurate printing, material
properties (i.e. rheological properties, partideesetc), process parameters (i.e. nozzle diameter
printing speed, printing distance, etc), and postgssing methods (i.e. baking, frying, cooking) et
should be kept in mind. More efforts should be give the achievement of precise and accurate
printing.

17



574
575
576
577
578
579
580
581
582

583
584
585
586
587
588

589
590

591
592
593
594
595
596
597
598
599
600
601

602

603
604
605
606
607

608

Improving production efficiency can reduce prodotcosts. A common example of enhancing
process productivity is to increase the printingexp and to use large nozzle or laser diameter.
However, this often leads the reduction of precisimd resolution of printed objects, thus placing
3D food printing in an unfavorable circumstance. §dephasize that under the premise of ensuring
acceptable printing accuracy, a large nozzle diamahd fast printing speed should be adopted.
Another potential way to improve printing produdiyvis to use multi-nozzle printers to fabricate
multiple objects simultaneously. However, this wgilirely increase the complexity of control system
and technical challenge, thus it is necessaryrity caut considerable studies to achieve both ateura
printing and high process productivity.

As the color, flavor, and texture of food are catito the experience of people, it is necessary to
fabricate a 3D edible structure with these desattibutes. Several attempts have been made in the
production of colorful, varying flavor and textuoé food products using 3D printing technology
(Hasseln, 2013; Hasseln, Hasseln, & Williams, 204h, Von, Williams, & Gale, 2015a), but they
have not been widely applied. Thus, more attensibould be given to the production of varying
color, flavor and texture food products.

Conclusion

3D food printing has several great advantages, agcbustomized food designs, personalized
nutrition, simplifying supply chain, and broadeniofythe available food material. 3D printing has
been recently investigated in food sector. Howefear, studies have focused on how to achieve an
accurate and precise printing. Material propertipspcess parameters, and post-processing
treatments are three main aspects affecting timinyi precision and accuracy, which should be kept
in mind in order to produce a delicate and comgléible structures. 3D printing has been applied in
food areas such as military and space food, eldedg, sweets food, and chewing gum. Though the
investigation of 3D food printing has been expagdahthe moment, there are still a few challenges
that need to be addressed such as printing pracsid accuracy, printing speed and production of
food with multiple quality and nutritional attriteg. Wider application of 3D food printing are
expected once these challenges are overcome.
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799 Tab.1 Comparison of different 3D food technologies
Extrusion based printing Selective laser sintgrin Binder jetting Inkjet printing
Chocolate, soft-material Liquid binder and
Available Powdered materials such as Low viscosity material
such as dough, cheese, powdered materials such
material sugar, chocolate, fat such as pizza sauce
meat puree as starch, sugar, protein
Flowability, particle size,
Melting temperature, Compatibility, ink
Material Rheological properties, wettability and binder’s
flowability, particle size, rheological properties,
properties mechanical strength, Tg viscosity and surface
wettability, Tg surface properties
tension
Factors
Laser types, laser power, laser
affecting Printing height, nozzle Head types, printing rate, Temperature, printing
Processing energy density, scanning
printing diameter, printing rate, nozzle diameter, layer rate, nozzle diameter,
factors speed, laser spot diameter,
precision nozzle movement rate thickness printing height
laser thickness
Post Heating, baking, surface
Additive, recipe control Removal of excess parts coating, removal of excess No
processing parts
Complex 3D food
More material choices,
More material choices, Complex 3D food fabrication,  fabrication, full color
Advantages better printing quality,
simple device varying textures potential, varying flavors
fast fabrication
and textures
Incapable of fabricating of
complex food designs, Simple food design, only
Limited materials, less Limited material, less
Limitations difficult to hold 3D for surface filling or
nutritious products nutritious products
structures in image decoration
post-processing
¢) QTSR
S
Products @@'
.3,, (®§
800 *The products images were reproduced from websi{a) Natural Machines Co., available at
801 https://www.naturalmachines.com/ (b) TNO (Lind2@15) (c) 3D Systems Co., available at
802 https://www.3dsystems.com/culinary/gallery (d) Bdet Printing Systems, available at
803 http://www.foodjet.com/

804
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Tab.2 Comparison of different sweets printing maehi

CandyFab Fouche
Company 3D Systems Choc Edge 3D Systems 3DCloud Porimy
Project Chocolates
Fouche
CandyFab-600 3D Food
Machine Cheflet Choc Creator CocoJet QiaoKe Chocolate
0 Printer
printer
Chocolate,
Chocolate,
Materials Sugar sugar, starch, Chocolate Chocolate Chocolate Chocolate
soft-material
protein
Extrusion Extrusion
Technolo  Selective laser Extrusion Extrusion Extrusion
Binder jetting based based
ay sintering based printing based printing based printing
printing printing

Machine

image

*The machine images were reproduced from webs)eCandyFab Poject (CandyFab, 2007)3B)Systems Co.,
available at https://www.3dsystems.com/culinaryéargl (c) ChocEdge Co., available at
http://chocedge.com/ (d) 3D Systems Co., availabletp://www.3dsystems.com/de/node/7563 (e) 3DEIGQ.,
available at

http://www.3ders.org/articles/20150811-china-3ddlaunveils-new-giaoke-chocolate-3d-printer-with-dewe-so
lid-feed-system.html (f) KunShan Porimy Co., avaléaat _http://www.porimy.com/product.asp?plt=37(y))
Fouche Chocolates, available at

http://www.3ders.org/articles/20140102-south-akiBal-printed-chocolate-factory.html
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desired image 4%

Fig. 1 Desired images and printed objects usinghetpotatoes with addition of different
concentrations of potato starch (Liu et al, 2017)
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820 Fig. 2 Printed objects using mashed potatoes @search group)
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ACCEPTED MANUSCRIPT

Fig.3 Different geometrical shapes of 3D printedraugel samples by the addition of three different
levels of NaCl (A=Control, B=0.5 g/100 g, C=1.0@01g, D=1.5 g/100 g).Extrusion parameters are
nozzle diameter 2.0 mm, nozzle height 5.0 mm, roarbving speed 28 mm/s and extrusion rate

0.003 cni/s (Wang et al., 2017).
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ACCEPTED MANUSCRIPT

Fig. 4. Geometry shape of printed surimi gel sasigaCl content 1.5 g/100 g) with different
nozzle moving speed (A=20, B=24, C=28, D=32 mnidher extrusion parameters are nozzle
diameter 2.0 mm, nozzle height 5.0 mm and extrusits0.003 crifs (Wang et al., 2017).
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833

Plot showing the necessary extrusion speed to obtain a bead width of 1.25mm, for
various axis movement speeds [using experimental and predicted data)
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Extrusion Speed vs Print Speed

1100
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838
839 Fig. 6 Graph of the relationship of extrusion spaed print speed in cookie printing (Zhuo, 2015)
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Yolk vs X dimension stability Yolk vs Z dimension stability
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842 Fig. 7. Variations in the amount of butter, yolkdasugar relative to the nominal cookie recipectffiee shape

843  stability. Yolk concentration can improve stabilitythe X direction (in the plane of the backingnpat the expense
844 of stability in the Z direction (height). This ctea a narrow band, between two thirds and one dniddanormal,
845  where yolk concentration can be varied and stilited. For each data point, ten cubes were madenaadured in
846 3 places along the X and Z directions (Lipton et2010)
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Fig. 8 Examples of customized sweets reproducecth fiwebsite: (a) chocolate “Mr. Black”,
KunShan Porimy Co., available at http://www.poriooyn/product.asp?plt=370 (b) colorful
sweets,3D Systems Co., available at https://www.3dsysteoms/culinary/gallery(b) sugar structures,
CandyFab Project (CandyFab, 2007) (d) chocolate, r@ Systems Co., available at
https://www.3dsystems.com/culinary/gallery
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3D printing: printing precision and application in food

sector

Highlights

»  Factors affecting 3D food printing precision were discussed.
» Applications of 3D printing in food sector were reviewed.

»  Challengesto 3D food printing were proposed.



