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Abstract
Understanding of mechanical behaviour of food particles will provide researchers and designers essential
knowledge to improve and optimise current food industrial technologies. Understanding of tissue behaviours
will lead to the reduction of material loss and enhance energy efficiency during processing operations.
Although, there are some previous studies on properties of fruits and vegetables however, tissue behaviour
under different processing operations will be different. The presented paper is a part of FE modelling and
simulation of tissue damage during mechanical peeling of tough skinned vegetables. In this study indentation
test was performed on peeled and unpeeled samples at loading rate of 20 mm/min for peel, flesh and unpeeled
samples. Consequently, force deformation and stress and strain of samples were calculated. The toughness of
the tissue also has been calculated and compared with the previous results.
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1 Introduction
post harvesting and 50-60% loss in processing period
of agricultural produce [6].
Majority of agricultural crops have a skin that needs
to be removed in one of the first steps of food
processing industry. Regarding the method of peeling
and the type of crops this process can create high rate
of loss which generally is not desirable in processing
industries. Studying the behaviours of agricultural
crops under different industrial operations will help
researchers and designers to optimise and design new
technologies to diminish unwanted deformations and
total energy usage [7-11]. The presented work is a
part of research on FE analysis and simulation of
tissue damage during mechanical peeling of tough
skinned vegetables. This study has focused on the
response of tough skinned vegetables -pumpkin tissue
under compressive loading.

Australian food industrial sector is a sub section of
food and beverages industry. It is the largest
manufacturing industry in Australia with a turnover
of more than $71.4 billion in 2005-6 [1]. The rate of
material waste and energy consumption are the major
factors are affecting the efficiency of this industrial
division.
Regarding the properties of materials and the loading
type, the rate of deformations differs in different
operations. A loss of 30-50% has been reported in
mango production line, as well as 20% and 30-50%
waste for banana and orange respectively [2].
Different deformations such as bruise, pressure and
dynamic collision are diminishing the quality and
quantity of post harvesting and food processing
chain. As an example dynamic and static collision
can cause 20% loss in potato production lines [3]
however the rate of loss will be higher for softer
produce such as banana, mango and tomato. Apple
loss raise up to 50% [4], it appears as internal
discoloration and off flavours in damaged parts
because of bruising and pressure [5]. Furthermore,
mechanical deformations create up to 25% loss in

2 Mechanical behaviours of agricultural crops
under loading
The typical force deformation curve for agricultural
crops under indentations has been presented by
Mohsenin (Figure 1) [12].
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There is a linear section where material shows the
elastic behaviours and deformation and damages
disappear after unloading. Although it is essential to
consider that agricultural crops are naturally soft and
any source of force – even very small amount- can
create damage which will diminish the quality and
customer acceptability of these crops. In Figure 1,
―stiffness or rigidity is indicated by the slope of
initial straight line portion of the curve‖ [12].

Figure 2: Force-deformation curves for (a)
cantaloupe melon: –––, peel; —–, unpeeled produce
[15] and (b) apple [16] and (c) pumpkin [17].
In a study done by Emadi et al. [15] on peel and
unpeeled samples of cantaloupe melon, Honeydew
melon and Watermelon, compression test has been
done using a 8 mm in diameter cylindrical probe in
the speed of 20 mm/min. Additionally, Grotte et al.
have been studied mechanical behaviours of different
varieties of apple peel and flesh (including Fuji,
Golden Delicious, Grammy Smith and Pink Lady
apple). A hemispherical tip indenter with diameter of
4mm has been used by Grotte et al. The test
performed at a loading speed of 20 cm per minutes.
The results (Figure 2) shown that the maximum
deformation and rupture force are 31.91 and 72.60 for
Granny Smith and Golden Delicious respectively.
The force deformation curve for pumpkin samples
under indentation test also has been presented in
Figure 2 (c) [17] in each study the results of tests
have been used to calculate mechanical properties of
samples.

Figure 1: Force deformation curve for agricultural
products[13].
Elastic behaviours continue up to bio yield point
(Figure 1) , and afterward, permanent deformation
and changes take place [12-14].

3 Material and method
A spherical end indenter was used to compress the
samples of Jap variety of pumpkin. This study has
been done as a part of FE modelling and simulation
of mechanical peels process of tough skinned
vegetables. Accordingly, the core objectives of the
study were calculating required properties of peel,
flesh and unpeeled sample in order to use develop the
computer model. The test completed according
available standard for compression test of convex
shape food materials [18]. The spherical indenter
with diameter of 8mm used to compress samples in
loading speed of 20 mm/ min. Samples have been
prepared using Jap variety of pumpkin purchased
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from local shops in Brisbane (Queensland Australia).
During sampling and test, the temperature and
humidity were 20-250C and 20-55% respectively, and
samples were prepared from ripe and defect free
pumpkins. Pumpkins kept in laboratory condition 2448 hours before the test. The average thickness of
skin samples was 5 mm and unpeeled and flesh
samples have 50mm thickness.
Test has been performed using an Instron Universal
testing Machine (IUTM). Consequently, the results of
force deformation collected from the computer
attached to the machine. Afterward, different
mechanical properties of tissue were calculated and
compared with previous works. In order to calculate
the mechanical properties of pumpkin tissue the
following formulas were used [11, 12, 19, 20]:

In these formulas, , , F, A, , , ,
and T were
compressive stress, strain, load, cross sectional area,
deformation, initial length, rupture force, deformation
in rupture point and toughness.

Figure 3: Force deformation curve of peel, flesh and unpeeled samples in indentation test.

sample is comparable with results of previous study
of Jap variety of pumpkin which reported 250N [17].
The results also were higher than rupture point
calculated for watermelon peel and honey melon
unpeeled samples, 175 and 183 respectively [15].

4 Result and Discussion
4.1

Load Deformation Results

The results of force deformation curve for skin, flesh
and unpeeled specimens have been presented in
Figure 3.
From the obtained data, the following properties
calculated and compared with available literature.
4.2 Rupture Point
Rupture in biological materials happens in bio yield
point where the initial cell rupture starts taking place
[12, 15, 17]. The details of maximum compressive
load for skin, flesh and unpeeled samples presented
in Figure 3, according to this data rupture point for
flesh, unpeeled and skin are 188.5, 274, and 291
respectively. The result of rupture point for unpeeled

Figure 4: Rupture Force for Skin, Flesh and
Unpeeled samples.
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Figure 6: Firmness and toughness from force
deformation details of food particles under
compressive loading [19].
Consequently, firmness of skin, flesh and unpeeled
pumpkin for the results of compressive loading at 20
mm/min calculated as 107.7, 21.42 and 26.6 N/mm.
4.4 Toughness
Toughness is the work causes rupture in bio materials
[12, 19], it is defined as the area under force
deformation curve up to rupture point (formula (3),
Figure 6). Calculated toughness for unpeeled and
flesh samples of Jap variety of pumpkin have been
shown in Figure 7. Toughness of flesh and unpeeled
sample were 829.4 and 1411.1 N.mm respectively
these results were higher than the results of previous
work on cantaloupe melon and watermelon (Figure 8)
[15].

Figure 5: Rupture force for melons: unpeeled
and peel

(left) [15] and pumpkin (right) [17]

4.3 Firmness
The required force to achieve a specified deformation
(Bourne 1967 & Schomer et al. 1962 in [19]) defined
as firmness, the extension occurs under standard load
(Kattan 1957, Parker et al.1966, Whittenberger et al.
1950 & Whittenberger 1951 in [19]), as well as the
slope of force deformation curve from zero to the
point of rupture and or failure (Ang et al.1960,
Burkner et al.1967 in [19] and [16, 19]). Regarding to
these definitions, any increase in the ratio of force
over deformation will increase the tissue firmness. In
the other word, if for a particular crop in a given
range of loading the deformation rate is low, the
firmness of tissue will be high. The firmness of
pumpkin samples calculated using formula (4),
results have been presented in Table 1.

Figure 7: Toughness of flesh and unpeeled samples
in 20 mm/min loading rate.
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5 Application of Investigated Properties
Application of Finite Element Modelling and
simulation method in optimization and design of
engineering operations is a novel trend and is getting
popular among researchers and of industrial
equipments. These models are applicable to study
rate of energy consumptions, tool wear and material
loss in real world operations[8]. Which will help to
achieve understanding of interrelationship of
different variable involve the processing in order to
advance tool design and select optimum conditions
[21]. These models are less costly and time
demanding than common experimental methods,
however material properties of food particles are
essential to establish an appropriate model of food
processing or post harvesting operation. Experimental
tests were performed on pumpkin tissue to calculate
material properties of peel, flesh and unpeeled
specimens. The results of this study will be used to
develop a FE model of mechanical peeling of tough
skinned vegetables. To date this work is the first
effort on modelling mechanical peeling of tough
skinned vegetable and the authors predict get more
details of force-deformation, energy rates, and
deformation of tissue after establishing the proposed
model. The results of both experiments and models
will be helpful to expand available database on
rheological behaviours of food particles during
different loading stages through food operations.
Figure 8: Toughness for melons: unpeeled
peel

6 Conclusion and future work

and

Indentation tests were performed using spherical end
indenter to test properties of peel, flesh and unpeeled
samples of pumpkin. The result of test which was
force and deformation details obtained and
mechanical properties of sample computed.
Regarding to the calculations, rupture force were 291,
188.5 and 274 N for skin, flesh and unpeeled samples
respectively. Toughness of flesh was 829.4 N.mm
which was lower that toughness of unpeeled of
unpeeled samples (1411.1 N.mm). Firmness also
estimated for peel, flesh and unpeeled samples,
107.7, 21.42 and 26.6 N/mm respectively.

(left) [15] and pumpkin (right) [17].

Table 1: Mechanical properties of pumpkin peel
flesh and unpeeled.
Rupture
Force
(N)

Firmness
(N.m-1)

Toughness
(N.mm)

Peel

291

107.78

392.85

Flesh

188.5

21.42

829.4

Unpeeled

274

26.60

1411.1

sample

Results of the test have been shown in Table 1. It is
clear that the peel firmness were higher than the flesh
and unpeeled samples. Additionally, the value of
rupture force was higher for peel compare to other
samples.
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