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Abstract

Purpose: The purposef this study was tealculate mechanical properties of tough skinnegbtables as a part of Finite Element Modelling
(FEM) and simulation of tissue damage during meahupeeling of tough skinned vegetables.

Design/methodology: There are some previous studies on mechanicakpiep of fruits and vegetables however, behaviduissue under
different processing operations will be differdntthis study indentation test was performed on,Hgesh and Unpeeled samples of pumpkin
as a tough skinned vegetable. Additionally, thé pesformed in three different loading rates foelpd..25, 10, 20 mm/min and 20 mm/min
for flesh and unpeeled samples respectively. Thersgal end indenter with 8mm diameter used foretkgerimental tests. Samples prepare
from defect free and ripped pumpkin purchased ftacal shops in Brisbane, Australia. Humidity and pemature were 20-55% and 20%25
respectively.

Findings. Consequently, force deformation and stress andnstfasamples were calculated and shown in predefigrires. Relative
contribution (%) of skin to different mechanicaloperties is computed and compared with data availtbm literature. According the
results, peel samples had the highest value ofiregorce (291N) and as well as highest valueraoiriess (1411NM/.

Research limitations/implications: the proposed study focused on one type of toughnski vegetables and one variety of pumpkin
however, more tests will give better understandiofgsehaviours of tissue. Additionally, the behav®of peel, unpeeled and flesh samples
in different speed of loading will provide more aiét of tissue damages during mechanical loading.

Originality/value: Mechanical properties of pumpkin tissue calculatsitig the results of indentation test, specificdie behaviours of peel,
flesh and unpeeled samples were explored whicln&naapproach in Finite Element Modelling (FEMYadd processes.

Keywords: Finite Element Modelling (FEM), relative contribati, firmness, toughness and rupture force.

I ntroduction

The food processing and beverages industry isgedarmanufacturing industry in Australia with anover of more than $71.4 billion in
2005-6, and a growth rate of 2 per cent over thet 8 years [1]. Increasing the quality and qugntit food products is an excellent
enhancement for providing growing demand of fooddpction. Energy consumption and material loss tare significant issues in
development of food products.

Regarding the available reports, the energy consuméts food processing sector in 2004 were distediamong five stages as shown in
Fig. 1 [2]. According to this figure the processiagd on farm production have consumed almost 40¥%hafe processing energy rate [2].
Accordingly, $810 million has been spent in US Farel and electricity of fruit and vegetable indystr 2002 [3]. As a result more efficient
processing lines will lead the industry to enhatiee quality and quantity of food production in arde response increasing rate of global
demand for food products.
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FIGURE 1 : Share of energy in U.S. food processidgstry [2]
The rate of material loss varies attributable ®t§fpe of crop and operations, the waste rate gunidustrial processes in mango, banana and
orange has been reported 30-50%, 20% and 30-5Q%¢atdégely [4]. Additionally, mechanical damagestsas bruise, pressure and dynamic
collision are the major causes of material and itjuldss during post harvesting and processingrchynamic and static collision create
20% loss in potato production lines [5] which unidéity will be higher in softer produce such as mepanango and tomato. As an example,
rate of loss in apple production lines raise up@b [6], it appears as internal discoloration affdflavours in damaged parts because of



bruising and pressure [7]. Moreover, drop, vibmnagiand impact cause up to 25% loss in post hamgeatid 50-60% loss in processing period
of agricultural produce [8].

Peeling is one of the essential stages of posekting and food processing operations. Regardingiteod of peeling and the type of crops
this process can create high rate of loss whicteigdly is not desirable in processing industries: iRstance in peeling process of potato,
losing the peel is a disadvantage as the main safrprotein stores underneath of skin [7]. Stugytine behaviours of agricultural crops
under different industrial operations will help easchers and designers to optimise and design eelnaslogies to diminish unwanted
deformations and total energy usage. The presentell is a part of research on FE analysis and sitiari of tissue damage during
mechanical peeling of tough skinned vegetables. gdea of this study is to investigate the respoofspumpkin tissue under compressive

indentation.

Mechanical behaviours of agricultural cropsunder loading

There are prior studies focused on mechanical ptiepeof food tissues, the typical force deformataurve for agricultural crops has been
figured out by Mohsenin (Fig. 2) [9].

Dr
L ,
N Dy - : w L ,// y //
(V. /?‘ \ ] Q Z ""--.____.——-—-—-—-——//
- o Y % 1
Ll H
ot \LL o !
bt |
Fii Fy F,
| l L Dol D DEFORMATION
DEFORMATION |, D f+——D0p + De ——mi

(a) (b)
FAIGURE 2 : (a) Force deformation curve for agrtawl products — (b) Degree of elasticity from tbading-
unloading curve. B elastic or recoverable deformationy=plastic or residual deformationDy+De). [9].

According to these graphs, linear part of diagréwomss the elastic behaviours of material where deébion and damages
are temporarily and they will disappear after udiog. However regarding the nature of agricultumaps, any source of
force —even very small amount- can create damaggsas internal discolouration which will definitediminish the quality
and customer acceptability of these crops. Asadtshin Fig.2, with “LL", the ratio of stress strathis zone is equal to the
modulus of elasticity, in addition “stiffness ogidity is indicated by the slope of initial stratgime portion of the curve” [9].
Plasticity is the capacity of material to take panent deformation and change, according to the Fidasticity region i,

which is after bioyield to the point of rupture [9]
Degree of elasticity defines as division of elagiformation over sum of elastic and plastic defatram which is possible to

calculate from force deformation curve.
In a study done by Emadi et al. [10] on peel angeghed samples of cantaloupe melon, Honeydew naidni/Natermelon,

compression test has been done using a 8 mm iretBacylindrical probe in the speed of 20 mm/miig(®.
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Figure 3: Force deformation curve for (a) cantaoomelon[10], (b) apple [11]and (c) pumpkid2].

The experimental test have been done by Grotte ehaeel and flesh of Fuji, Golden Delicious, Aray Smith and Pink
Lady apple with hemispherical tip indenter withrdigter of 4mm is shown in Fig.3 (b). The indentatiest performed at a
constant velocity of 20 cm per minutes. The reqiig.3) shown that the maximum deformation andurgforce are 31.91
and 72.60 for Granny Smith and Golden Delicioupeetvely. The force deformation curve for pumpg&amples under
resented in Fig.3 (c) [12].
Consequently, the results of calculated mechanicgdgrties of melon, apple and pumpkin demonstraitdable 1 to 3.

TABLE 1: Relative contribution (%) of peel to difemt mechanical properties of unpeeled melon (Me&taxdards

Deviation [10].

Rupture Toughness. Cutting Maximum Shear
Varieties force. IN N mm force, N shearing force. N strength N/mm’®
Cantaloupe melon 89 + 06?122 28 4 1401 102 £ 17°1 95 + pgd 141 + 30¢!
Honeydew melon 82+ 16 o4 I ) oL 102 + 25 g9+ 174 336 + 862
Watermelon 97 + 0232 50+ 152 100 + 14° 97 + 08 178 + 43!

Note: Values with the same letter and number are not significantly different (probability p < 0.05) by least
significant difference (LSD) (ala2 is not different than al or a2).

TABLE 2: Contributions of the skin to the firmnes®perties for four apple varieties. Tested aftéf @-Day storage af'.
Mean tStandard Deviation [11].

Contribution of the Skin (%)

Variety

Deformation

Rupture Force

Firmmness

Toughness

Fuji

Pink Lady
Golden Delicious
Granny Smith

8.40 £ 11.04 (a)
14.53 £ 9.07 (b)
25.24 £ 8.89 (c)
31.90 &= 8.23 (d)

67.26 £ 5.95 (a)
61.67 £ 3.71 (b)
72.60="2.16 (c)
67.95 £ 5.70 (a)

58.44 4+ 5.20 (a)
56.87 &= 5.01 (a)
61.1934=5.26:'(a)
59.51 4+ 5.20 (a)

41 4+ 2.88 (c)

Note: Values in parentheses with the same letter are not significantly different (7 < .05). (ANOVA:
soft INRA-LAMPE. Avignon).

TABLE 3: Relative contribution of skin to differentechanical properties for three pumpkin varietdssrahdale, Jap and
Butternut) Mean + Standard deviation [13].



Properties

Varieties  Rupfire force N Toughness Nmm  Cnfting force N Max shear Strength  Shear sfrength

force (N) N.mm?
Jarrahdale 1629 al 2.10£1.20 bI 54+13 c 2818 di 15356 el
Jap 23%7 al 1.80+0.80 bI 85423 c2 43+28 d2 145+41 ele2
Bufternnuf T3+6 al 2249 h2 85+9 c? 6719 A3 102+16 e2

Note: Values with the same letter and number are not significantly different (p > 0.05) by LSD (ele2 is not
different than 1 or €2).

Material and method

Indentation test performed for one variety of pumpks a part of FE modelling and simulation ofdsslamage during
mechanical peeling of tough skinned vegetablese Mhin scope of the study was calculating essemtigderties of skin,
flesh and unpeeled sample in order to use theggepies and establish the FE model. The test cdetplaccording the
available ASABE standard for compression test ovegrshape food materials [14]. The spherical inglewith diameter of
8mm used to compress samples in loading spee®6f 10 and 20 mm/ min. Jap variety of pumpkin wacpased from
local shops in Brishane (Queensland Australia). gimapkins used were ripe and defect free. For thatidum of sampling
and testing stage, the temperature and humidite 2&-28C and 20-55% respectively. Pumpkins keep in laboyato
condition 24-48 hours before test. The averagekiigiss of samples was 5 mm for peel and 50mm foeeled and flesh
samples.

Compressive loading carried out using Instron Ursaktesting Machine (IUTM), and the results of tordeformation
collected from the computer attached to the machifterward, rupture force, firmness, toughnessesst, strain and
relative contribution (%) of skin to different mextical properties calculated. The test has bedonpeed in three different
loading rates for peel including 1.25mm/min, 10 mmn/ and 20mm/min and one loading speed of 20 mm/fairflesh and
unpeeled specimens. The following formulas adafiaabtain rheological properties of peel, flesh angeeled samples [9,
15-17]:
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Where,o, €, F, A, AL, L, E., D, and T are compressive stress, strain, load, sexd®onal area, deformation, initial length,
rupture force, deformation in rupture point andgioness.

Result and Discussion
Force- Deformation Curve

The results of force deformation curve for pe@sHi and unpeeled specimens have been presentigddirafd Fig.5.
From the obtained data, the following propertidsiudated and compared with available literature.
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FIGURE 4 : Force deformation curve of skin, fleskl ampeeled samples in compressive loading.
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FIGURE 5 : Force deformation curve for skin in diéet compressive loading.
Rupture Force

Rupture in biological materials happens in bio yipldnt where the initial cell rupture starts takipigce [9, 10, 12]. The
details of maximum compressive load for skin, flasld unpeeled samples presented in Fig.6, accotdlitigs data rupture
point for flesh, unpeeled and skin are 188.5, 2rél, 291 N respectively. The results of ruptureddor unpeeled sample is
similar to the results have been reported for Jaety of pumpkin by Emadi et. Al. 250N [12]. Thepture force for
pumpkin peel was close to the results of study birnohammadi et al which reported rupture force3@DN [18].
However, the results were higher than rupture feateulated for watermelon peel and honey melorealgu samples, 175
and 183 respectively [10] which can be due to tlugl structure of pumpkin peel and flesh in congmariwith watermelon

Indentation on Peel Samples at 10mm/min

Indentation on Peel Samples at 20 mm/min

and honey melon.




Rupture Force

V

350 ~
300 A
250 A

200
150 -~
100 -

M skin
flesh

% unpeeled

L

Loading Speed=20 mm/min

FIGURE 6: Rupture Force for Skin, Flesh and Unpeséetples.

0 —

Rupture force, N

Cantaloupe  Horeydew Watermelon

melon melon

(@)

FIGURE 7: Rupture force for melons: unpee ﬁ
AE ocE= FiRMnESS

FORCE, F

OF

AD

Point of tissue mpturw)

TOUGHNESS

-~

DEFORMATION, D

@)

and~

Force (N)

0O Skin W Unpeeled

300 -

Z. 250

£ 200

< 150 -

£ 100

=

& 50 4

0 T
Jarrahdale Jap Butternut
Variety
(b)
2(a) [10] and pumpkin (b) [12]

20-

1.54

1.0

05. toughness

0.0 ‘ . ‘ . \\-

0 2 4 6 8 10
Displacement (um)

(b)

FIGURE 8. : (a) Firmness and toughness from forderdetion details of food particles under compressbading [16],
(b) Toughness of a raisin sample using force dedition curve[19].

Firmness

Firmness definition has been identified as: Thauiregl force to achieve a specified deformation (Beut967 & Schomer
et al. 1962 in [16]), the extension occurs undandard load (Kattan 1957, Parker et al.1966, Wititteger et al. 1950 &
Whittenberger 1951 in [16]), as well as the slopéocce deformation curve from zero to the pointapture and or failure
(Ang et al.1960, Burkner et al.1967 in [16] and [1B]). Regarding to these definitions, increasing tatio of force

deformation means the improvement in tissue firrar{€&y.8). In the other word, if for a particulaop in a given range of
loading the deformation rate is low, the tissue high firmness. The firmness of pumpkin samplesudated using the
following formula and the results have been presgnt Table 5:

F_F
D

WhereF,, D, and F are rupture force (N), deformation (m) iptare point and firmness (N



Consequently, firmness of skin, flesh and unpeeledgkin for the results of compressive loading atrt@/min calculated
as 107.7, 21.42 and 26.6 N/mm.

Toughness

Toughness is the work causes rupture in bio magd8a 16], it is defined as the area under forefodmation curve up to
rupture point (formula (3), Fig.8). Calculated tonghs for unpeeled and flesh samples of Jap varigiympkin have been
shown in Fig.9. Toughness of flesh and unpeelepEamere 829.4 and 1411.1 N.mm respectively whiehregher than

the results for cantaloupe melon and watermelop [10
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Relative Contribution of Skin and Flesh to Different Mechanical Properties
of Pumpkin

According Emadi [20], relative contribution of skimthe unpeeled properties is computable from:
the value of properties of skin

Relative Contributi Skinto the U led S le = X 100
elative Contribution of Skin to the Unpeeled Sample the value of properties of unpeeled

Relative contribution of peel or flesh propertiedlwgive the ratio of mechanical properties of skim the unpeeled
properties. This data is helpful to compare the esgoroperties obtained from different agriculturabps, in order to

counteract the unwanted effects of different expernital conditions. In this study, relative conttibn of both skin and

flesh to the unpeeled properties examined. Theomes have been presented in Table 4 and Tabl@&atesely.

According to these results, contribution of pumpgkin and flesh to deformation in rupture point @6 and 85 percent
respectively. The contribution of skin to the tonghs was lower than the value for flesh which s @uthe lower thickness
of skin compare to the flesh samples. Howeverctmdribution of skin to the rupture force was 1@8qgent which is higher
than the value for flesh (68 percent).

TABLE 4: Mechanical properties of pumpkin peel Reand unpeeled.



Speed of Rupture

. Firmness Toughness
sample Loading Force (N.mY) (N.mm)
(mm/min) (N) ) )
1.25 314 82.63 596.6
Peel 10 350 102.94 595
20 291 107.78 392.85
Flesh 20 188.5 21.42 829.4
Unpeeled 20 274 26.60 1411.1

TABLE 5: Relative contribution of skin and flesh &#p pumpkin to different mechanical propertiesrgiaeled Pumpkin in
20mm/min compressive loading speed.

Defor mation Rupture Force Toughness
Jap (Rupture (N) (Elastic

point)(mm) region)(Nmm)
Peel 26.21 106.20 27.84
Flesh 85.44 68.80 58.78

Application of Investigated Properties

Applying Finite Element Modelling and simulation efigineering operations is an innovative trend agmesearchers and
designers of industrial technologies. Applying thesodels is helping researchers to measure andla@cdifferent
properties and characteristics under loading wha@hetimes is very difficult to be calculate withpexmental tests [21]. of
materials These models are applicable to study ohtenergy consumptions, tool wear and materis$ lim real world
operations [18, 22]. This applications will help dohieve precise understanding of interrelationgtiiglifferent variable
involve the processes to improve tool design aecs®ptimum conditions [23]. These models are lesstly and time
demanding than common experimental methods. Howealeulating material properties of food particiesssential for
developing an appropriate model of food processing post harvesting operation. The presented studhis paper
performed experimental tests on pumpkin tissuestamaterial properties of peel, flesh and unpespatimens. The results
of empirical tests will be applied in developingtRE model of mechanical peeling of tough skinnegetables. To date
this work is the first effort on modelling mechaaipeeling of tough skinned vegetable and the raaim of the current
work is obtaining more details of force-deformatienergy rates, and deformation of tissue aftabéishing the proposed
model. It is also one of the few studies whichrafited to combine the results of experimental studfenaterial properties
to model an industrial stage. The results of bogpeements and models will be helpful to expandilatiée database on

rheological behaviours of food particles durindetiént loading stages through food operations

Conclusion and futurework

The compressive indentation performed on skinhfi@sd unpeeled samples of pumpkin. The resultstfvibich was force
and deformation details obtained and mechanicadgaties of sample computed. Regarding to the calonks, rupture force
were 291, 188.5 and 274 N for skin, flesh and ulggesamples respectively. Toughness of flesh w&48R.mm which
was lower that toughness of unpeeled of unpeeletlss (1411.1 N.mm). Firmness also estimated far, dlesh and
unpeeled samples, 107.7, 21.42 and 26.6 N/mm riagglgc Relative contribution of calculated propestialso estimated as:
26.21% and 85.44% relative contribution of defoiiorafor peel to unpeeled values. Relative contridoutf rupture force
for flesh and peel were 68.8% and 106.2% respégtiue addition to the relative contribution of whness for skin and
flesh which was 27.84% and 58.78%.
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