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Analysis and modelling

AbstrAct
Purpose: The purpose of this study was to calculate mechanical properties of tough skinned vegetables as a 
part of Finite Element Modelling (FEM) and simulation of tissue damage during mechanical peeling of tough 
skinned vegetables.
Design/methodology/approach: There are some previous studies on mechanical properties of fruits and 
vegetables however, behaviour of tissue under different processing operations will be different. In this 
study indentation test was performed on Peel, Flesh and Unpeeled samples of pumpkin as a tough skinned 
vegetable. Additionally, the test performed in three different loading rates for peel: 1.25, 10, 20 mm/min and  
20 mm/min for flesh and unpeeled samples respectively. The spherical end indenter with 8 mm diameter used 
for the experimental tests. Samples prepare from defect free and ripped pumpkin purchased from local shops in 
Brisbane, Australia. Humidity and temperature were 20-55% and 20-250°C respectively.
Findings: Consequently, force deformation and stress and strain of samples were calculated and shown 
in presented figures. Relative contribution (%) of skin to different mechanical properties is computed and 
compared with data available from literature. According the results, peel samples had the highest value of 
rupture force (291 N) and as well as highest value of firmness (1411 Nm-1).
Research limitations/implications: The proposed study focused on one type of tough skinned vegetables and 
one variety of pumpkin however, more tests will give better understandings of behaviours of tissue. Additionally, 
the behaviours of peel, unpeeled and flesh samples in different speed of loading will provide more details of 
tissue damages during mechanical loading.
Originality/value: Mechanical properties of pumpkin tissue calculated using the results of indentation test, 
specifically the behaviours of peel, flesh and unpeeled samples were explored which is a new approach in Finite 
Element Modelling (FEM) of food processes.
Keywords: Finite Element Modelling (FEM); Relative contribution; Firmness; Toughness and rupture force
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1.Introduction

The food processing and beverages industry is a largest 
manufacturing industry in Australia with a turnover of more than 
$71.4 billion in 2005-6, and a growth rate of 2 per cent over the 

past 10 years [1]. Increasing the quality and quantity of food 
products is an excellent enhancement for providing growing 
demand of food production. Energy consumption and material 
loss are two significant issues in development of food products.  

Regarding the available reports, the energy consumed in US 
food processing sector in 2004 were distributed among five stages 
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1.Introduction

The food processing and beverages industry is a largest 
manufacturing industry in Australia with a turnover of more than 
$71.4 billion in 2005-6, and a growth rate of 2 per cent over the 

past 10 years [1]. Increasing the quality and quantity of food 
products is an excellent enhancement for providing growing 
demand of food production. Energy consumption and material 
loss are two significant issues in development of food products.  

Regarding the available reports, the energy consumed in US 
food processing sector in 2004 were distributed among five stages 
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Table 1. 
Relative contribution (%) of peel to different mechanical properties of unpeeled melon (Mean ± Standards Deviation [10] 

Varieties Rapture force, N Toughness, Nmm Cutting force, N Maximum shearing 
force, N 

Shear strength, 
N/mm2

Cantaloupe melon 
Honeydew melon 

Watermelon 

89 ± 06a1a2 
82 ± 16a1 
97 ± 02a2 

28 ± 14b1 
21 ± 18b1 
50 ± 15b2 

102 ± 17c1 
102 ± 25c1 
100 ± 14c1 

95 ± 08d1 
89 ± 17d1 
97 ± 08d1 

141 ± 30e1 
336 ± 86e2 
178 ± 43e1 

Note: Values with the same letter and number are not significantly different (probability p < 0.05) by least significant difference (LSD), 
(a1a2 is not different than a1 or a2) 
 
Table 2.  
Contributions of the skin to the firmness properties for four apple varieties. Tested after a 210-Day storage at 2°C. Mean ± Standard 
Deviation [11] 

 Contribution of the Skin (%)
Variety Deformation Rapture force Firmness 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 ± 5.2 (a) 
56.87 ± 5.01 (a) 
61.19 ± 5.26 (a) 
59.51 ± 5.20 (a) 

65.35 ± 6.06 (a) 
68.26 ± 7.32 (a) 
78.51 ± 3.59 (b) 
81.41 ± 2.88 (c) 

Note: Values in parentheses with the same letter are not significantly different (P < 0.05), (ANOVA: soft INRA-LAMPE, Avignon) 
 
Table 3.  
Relative contribution of skin to different mechanical properties for three pumpkin varieties (Jarrahdale, Jap and Butternut) Mean ± 
Standard deviation [13] 

 Properties

Varieties Rapture force, N Toughness, Nmm Cutting force, N Max shear strength 
force, N 

Shear strength,
N/mm2 

Jarrahdale 
Jap 

Butternut 

16 ± 9 
23 ± 7 
73 ± 6 

a1 
a1 
a2 

2.10 ± 1.20 
1.80 ± 0.80 

22 ± 9 

b1 
b1 
b2 

54 ± 13 
85 ± 23 
85 ± 9 

c1 
c2 
c2 

28 ± 8 
43 ± 28 
67 ± 9 

d1 
d2 
d3 

153 ± 56 
145 ± 41 
102 ± 16 

e1 
e1e2 
e2 

Note: Values with the same letter and number are not significantly different (p > 0.05) by LSD (e1e2 is not different than e1 or e2) 
 

4.Result and discussion

4.1.Force- deformation curve 
 

The results of force deformation curve for peel, flesh and 
unpeeled specimens have been presented in Fig. 4 and Fig. 5.  

From the obtained data, the following properties calculated 
and compared with available literature. 
 
 
4.2.Rupture Force 
 

Rupture in biological materials happens in bio yield point 
where the initial cell rupture starts taking place [9,10,12]. The 
details of maximum compressive load for skin, flesh and unpeeled 
samples presented in Fig. 6, according to this data rupture point 
for flesh, unpeeled and skin are 188.5, 274, and 291 N 
respectively. The results of rupture force for unpeeled sample is 
similar to the results have been reported for Jap variety of 
pumpkin by Emadi et. Al. 250 N [12]. The rupture force for 
pumpkin peel was close to the results of study by Shirmohammadi 
et al which reported rupture force of 310 N [18]. However, the 
results were higher than rupture force calculated for watermelon 
peel and honey melon unpeeled samples, 175 and 183 
respectively [10] which can be due to the tough structure of 

pumpkin peel and flesh in comparison with watermelon and 
honey melon. 
 

4.3.Firmness
 

Firmness definition has been identified as: The required force 
to achieve a specified deformation (Bourne 1967 & Schomer et al. 
1962 in [16]), the extension occurs under standard load (Kattan 
1957, Parker et al. 1966, Whittenberger et al. 1950 & 
Whittenberger 1951 in [16]), 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 [16] and [11,16]). 
Regarding to these definitions, increasing the ratio of force 
deformation means the improvement in tissue firmness (Fig. 8). In 
the other word, if for a particular crop in a given range of loading 
the deformation rate is low, the tissue has high firmness. The 
firmness of pumpkin samples calculated using the following 
formula and the results have been presented in Table 5:  
 

D
FF  (5) 

 

where Fr, Dr and F are rupture force (N), deformation (m) in 
rupture point and firmness (Nm-1). 
 

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. 

3.  Material and method
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Table 1. 
Relative contribution (%) of peel to different mechanical properties of unpeeled melon (Mean ± Standards Deviation [10] 

Varieties Rapture force, N Toughness, Nmm Cutting force, N Maximum shearing 
force, N 

Shear strength, 
N/mm2

Cantaloupe melon 
Honeydew melon 

Watermelon 

89 ± 06a1a2 
82 ± 16a1 
97 ± 02a2 

28 ± 14b1 
21 ± 18b1 
50 ± 15b2 

102 ± 17c1 
102 ± 25c1 
100 ± 14c1 

95 ± 08d1 
89 ± 17d1 
97 ± 08d1 

141 ± 30e1 
336 ± 86e2 
178 ± 43e1 

Note: Values with the same letter and number are not significantly different (probability p < 0.05) by least significant difference (LSD), 
(a1a2 is not different than a1 or a2) 
 
Table 2.  
Contributions of the skin to the firmness properties for four apple varieties. Tested after a 210-Day storage at 2°C. Mean ± Standard 
Deviation [11] 

 Contribution of the Skin (%)
Variety Deformation Rapture force Firmness 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 ± 5.2 (a) 
56.87 ± 5.01 (a) 
61.19 ± 5.26 (a) 
59.51 ± 5.20 (a) 

65.35 ± 6.06 (a) 
68.26 ± 7.32 (a) 
78.51 ± 3.59 (b) 
81.41 ± 2.88 (c) 

Note: Values in parentheses with the same letter are not significantly different (P < 0.05), (ANOVA: soft INRA-LAMPE, Avignon) 
 
Table 3.  
Relative contribution of skin to different mechanical properties for three pumpkin varieties (Jarrahdale, Jap and Butternut) Mean ± 
Standard deviation [13] 

 Properties

Varieties Rapture force, N Toughness, Nmm Cutting force, N Max shear strength 
force, N 

Shear strength,
N/mm2 

Jarrahdale 
Jap 

Butternut 

16 ± 9 
23 ± 7 
73 ± 6 

a1 
a1 
a2 

2.10 ± 1.20 
1.80 ± 0.80 

22 ± 9 

b1 
b1 
b2 

54 ± 13 
85 ± 23 
85 ± 9 

c1 
c2 
c2 

28 ± 8 
43 ± 28 
67 ± 9 

d1 
d2 
d3 

153 ± 56 
145 ± 41 
102 ± 16 

e1 
e1e2 
e2 

Note: Values with the same letter and number are not significantly different (p > 0.05) by LSD (e1e2 is not different than e1 or e2) 
 

4.Result and discussion

4.1.Force- deformation curve 
 

The results of force deformation curve for peel, flesh and 
unpeeled specimens have been presented in Fig. 4 and Fig. 5.  

From the obtained data, the following properties calculated 
and compared with available literature. 
 
 
4.2.Rupture Force 
 

Rupture in biological materials happens in bio yield point 
where the initial cell rupture starts taking place [9,10,12]. The 
details of maximum compressive load for skin, flesh and unpeeled 
samples presented in Fig. 6, according to this data rupture point 
for flesh, unpeeled and skin are 188.5, 274, and 291 N 
respectively. The results of rupture force for unpeeled sample is 
similar to the results have been reported for Jap variety of 
pumpkin by Emadi et. Al. 250 N [12]. The rupture force for 
pumpkin peel was close to the results of study by Shirmohammadi 
et al which reported rupture force of 310 N [18]. However, the 
results were higher than rupture force calculated for watermelon 
peel and honey melon unpeeled samples, 175 and 183 
respectively [10] which can be due to the tough structure of 

pumpkin peel and flesh in comparison with watermelon and 
honey melon. 
 

4.3.Firmness
 

Firmness definition has been identified as: The required force 
to achieve a specified deformation (Bourne 1967 & Schomer et al. 
1962 in [16]), the extension occurs under standard load (Kattan 
1957, Parker et al. 1966, Whittenberger et al. 1950 & 
Whittenberger 1951 in [16]), 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 [16] and [11,16]). 
Regarding to these definitions, increasing the ratio of force 
deformation means the improvement in tissue firmness (Fig. 8). In 
the other word, if for a particular crop in a given range of loading 
the deformation rate is low, the tissue has high firmness. The 
firmness of pumpkin samples calculated using the following 
formula and the results have been presented in Table 5:  
 

D
FF  (5) 

 

where Fr, Dr and F are rupture force (N), deformation (m) in 
rupture point and firmness (Nm-1). 
 

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.  result and discussion

4.1.  Force- deformation curve

4.2.  rupture gorce

4.3.  Firmness
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Fig. 4. Force deformation curve of skin, flesh and unpeeled samples in compressive loading 
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Fig. 5. Force deformation curve for skin in different compressive loading 
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Fig. 4. Force deformation curve of skin, flesh and unpeeled samples in compressive loading 
 

0

100

200

300

400

0 0,5 1 1,5 2 2,5 3 3,5 4 4,5 5

Fo
rc
e
(N
)

Deformation (mm)

Indentation on Peel Samples at 20 mm/min

0

50

100

150

200

0 2 4 6 8 10 12 14 16 18 20

Fo
rc
e
(N
)

Defromation (mm)

Indentation on Flesh Samples at 20 mm/min

0

50

100

150

200

250

300

0 2 4 6 8 10 12 14 16 18 20 22 24

Fo
rc
e
(N
)

Deformation (mm)

Indentation on Unpeeled Samples at 20 mm/min

y = 29,031x

y = 22,882x

y = 100,65x

0

50

100

150

200

250

300

350

0 1 2 3 4 5 6 7 8 9 10 11

Fo
rc
e
(N
)

Deformation (mm)

Indentation on Pumpkin Samples at 20 mm/min

Unpeeled
Elastic

Flesh
Elastic

Peel
Elastic

 
 

 
 

 
 

Fig. 5. Force deformation curve for skin in different compressive loading 
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5. Conclusion and future work 
 

The compressive indentation performed on skin, 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 skin, flesh and unpeeled 
samples, 107.7, 21.42 and 26.6 N/mm respectively. Relative 
contribution of calculated properties also estimated as: 26.21% 
and 85.44% relative contribution of deformation for peel to 
unpeeled values. Relative contribution of rupture force for flesh 
and peel were 68.8% and 106.2% respectively, in addition to the 
relative contribution of toughness for skin and flesh which was 
27.84% and 58.78%. 
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