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Abstract: Fresh fruit micro-rupture generally occurs during mechanical handling, which severely affects the 8 

product’s postharvest quality along the supply chain. An extended finite element (XFEM) model was 9 

developed for investigating the fracture mechanical response of tomato fruit under postharvest mechanical 10 

compression. A 1/4 tomato fruit was modeled using three parts: exocarp, mesocarp and septa frame, and pre-11 

crack. An amplitude curve-based uniformly distributed pressure load was applied over the internal surface of 12 

the locule for replacing the pressure change of the liquid in the fruit locule during compression simulation. 13 

The XFEM-based cohesive segments method in conjunction with Phantom nodes was used to simulate the 14 

initiation and propagation of the pre-crack in the fruit model. It was assumed that the fruit tissues were linear 15 

elastic and ideally brittle solid materials before fracture, the tissue fracture energy was independent of the 16 

size and geometry of the cracked tissue specimen, the tissue fracture response met a linear elastic traction-17 

separation behavior, the crack initiation followed the maximum principal stress criterion and the crack 18 

evolution followed a linear softening law and a mode-independent and energy-based fracture criterion. The 19 

peak force applying over the locule surface was predicted as 0.02 MPa when the crack of the fruit virtually 20 

started to propagate. The XFEM model was found to be capable of reproducing the compression force-21 

percentage deformation behavior as well as crack propagation of a tomato fruit in compression up to 28 % 22 
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deformation with an average relative error was about 8 %. Both XFEM simulation and experiment data 23 

showed a rapid pre-crack propagation the percentage deformation was more than 20 %. Furthermore, the 24 

propagation length of the crack in the fruit model was sensitive to the peak pressure in the locule and the 25 

fracture mechanics (e.g., elastic modulus, Poisson’s ratio, failure stress, fracture energy) of the exocarp and 26 

mesocarp. This study demonstrates the application of XFEM as a novel tool to understand how fruit rupture 27 

under mechanical loading when the fruit mechanics varies at different conditions (e.g., ripeness), and the 28 

extent of crack propagation which are important for improving or developing new mechanical handling 29 

technologies.  30 

Keywords: Tomato fruit; Textural quality; Mechanical damage; Fracture mechanics; Crack propagation; 31 

Extended finite element method  32 

33 1. Introduction 

Fresh tomato fruit play an essential role in many human diets all over the world as source of mineral, 34 

vitamins and bioactive health promoting compounds such as carotenoids and phenolic compounds known to 35 

reduce the risk of chronic diseases including cardiovascular diseases and cancers (Canene-Adams et al., 36 

2005; Chaudhary et al., 2018). The global annual production of fresh tomatoes is more than 0.17 billion tons 37 

with a harvested area of approximately 5 million hectares of farmland and a gross production value more 38 

than 87.97 billion dollars since 2016 (FAOSTAT, 2020). However, fresh fruit are very susceptible to 39 

mechanical damage (e.g. microcracks) during mechanical harvesting, sorting, packaging and transporting, 40 

which can result in a substantial reduction in quality during subsequent storage (e.g., fast rot) (Toivonen and 41 

Brummell, 2008; Milczarek et al., 2009). This mechanical damage can be considered as the fruit response to 42 

excessive external loading forces and analyzed through two lenses: material science and bioscience with the 43 

associated biochemical reactions and changes (Li and Thomas, 2016). A simple damage process was closely 44 
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related to the biomechanics of the fruit (An et al., 2020) which highlight the importance of investigating the 45 

biomechanical behavior of tomato fruit under conditions that emulate postharvest mechanical handling 46 

processes.   47 

Previous research on the biomechanics of tomato fruit can be classified into two aspects related to the 48 

measurement of the multiscale biomechanics and numerical prediction of the internal mechanical damage. 49 

Factors reported to affect fruit mechanics mainly include, the structure of the fruit (e.g., number of locules), 50 

ripeness stage (Sirisomboon et al., 2012; Liu et al., 2020), cultivar (Vieira et al., 2019), organic fertilizer 51 

(Jahanbakhshi and Kheiralipour, 2019) and postharvest storage environment (Biswas et al., 2014). External 52 

loading conditions (e.g., compressibility) (Vieira et al., 2019) also influence the measurement results of fruit 53 

mechanics. Indeed,  the percentage deformation, rupture force and rupture energy were found to be around  54 

8.75 to 17.85 %, 42.84 to 85.78 N, and 1.98 to 3.23 J, respectively, for two cultivars of tomato fruit 55 

compressed to rupture along their equatorial section (Li et al., 2011). Similarly, it has been demonstrated that 56 

a constant firmness with linear deformation as function of force exists for a mature unripe tomato whereas 57 

the firmness a fully ripe tomato increased with increasing force (Sirisomboon et al., 2012). The same authors 58 

suggested that the peel at the mature green stage contributed approximately 70 % of the firmness of the fruit 59 

and 90 % at the pink stage and red stage. The firmness of tomato fruit reported in the literature varies from 60 

1.19 to 6.66 N/mm (Jahanbakhshi and Kheiralipour, 2019; Vieira et al., 2019) based on the puncture test. In 61 

contrast, the elastic modulus and tensile strength of the peel  are in the range of 52 to 173 MPa and 5.5 to 62 

10.1 MPa, respectively (Hetzroni et al., 2011). The failure stress and elastic modulus of the exocarp, 63 

mesocarp and locular gel tissues were found to vary from 0.42 to 0.58 MPa and 4.60 to 9.59 MPa, 0.12 to 64 

0.23 MPa and 0.73 to 0.85 MPa, and 0.012 to 0.016 MPa and 0.048 to 0.124 MPa, respectively (Li et al., 65 

2012), whereas values reported for the maximum strain at the break point, elastic modulus, breaking stress of 66 
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the cuticle of tomato are in the range of 6.4 to 31.5 %, 62.1 to 884.1 MPa and 9.7 to 58.6 MPa, respectively 67 

(Espana et al., 2014). Studies focusing on the prediction of the mechanical damage of tomato fruit caused by 68 

excessive external forces include the work by Kabas et al. (2008) where a homogenous solid tomato model 69 

for drop test simulation was proposed and validated with experimental measurement data that agreed well 70 

with deformation characteristics obtained from the finite element method. Li and Wang (2016) suggested a 71 

multiscale fruit finite element model, and the simulated results showed that the model was mainly sensitive 72 

to the mechanics of the fruit cells and cuticle, and can predict the propagation of the bruise volume of the 73 

fruit.  Here the term bruise describes any changed volume of fruit tissues below the skin that is discoloured 74 

and softened (Margarita, 1991).  Diels et al. (2019) proposed a 3D discrete element model of tomato tissue 75 

for simulating the cell rupture and inter-cellular debonding during tensile and compression tests. Their results 76 

showed that the inter-cellular bonding energy and tissue porosity had an important influence on the tissue 77 

failure characteristics and elastic modulus.  78 

It is apparent from the literature that considerable research has been devoted to the measurement of fruit 79 

mechanics and the numerical prediction of the internal mechanical damage of fruit with limited focus on the 80 

fracture mechanical behavior of tomato fruit. Fruit can be considered as hierarchically structured materials 81 

with different type of tissues which consist of many cells (Zulkifli et al., 2020). Therefore, even a very small 82 

microcrack of fruit tissues initiated by early mechanical handling will propagate into a large and long macro-83 

crack as a result of the subsequent repetitive mechanical compression and impact during transportation (Li, 84 

2013; Diels et al., 2019). This crack will result in poor appearance whilst increasing the fruit susceptibility to 85 

bacteria invasion and rapid deterioration (Khadivi-Khub, 2015; Correia et al., 2018) which obviously 86 

compromises fruit commercial value, increases food waste and poses enormous food safety and economic 87 

issue. The extended finite element method (XFEM) is a very attractive and effective way to simulate 88 
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initiation and propagation of a discrete crack along an arbitrary, solution-dependent path in the bulk 89 

materials (Abdelaziz and Hamouine, 2008; Haeri et al., 2020). However, this method is yet to be exploited in 90 

fleshy fruit crack study. Therefore, the purpose of this study is to develop a XFEM model for investigating 91 

the fracture mechanical response of tomato fruit during postharvest mechanical compression handlings. 92 

93 2. Materials and methods 

2.1 Materials 94 

JinshengF1 tomato fruit samples having four locules were hand-harvested at the light red ripening stage 95 

according to the USDA standards (USDA, 1991) from a greenhouse of the Yangling Agricultural Hi-tech 96 

Industries Demonstration Zone in China. Before transporting to the laboratory these fruit were inspected to 97 

ensure that they were not damaged or infested with insects and were then cleaned manually and dried. In 98 

total, 30 tomato fruit were used for the compression tests of whole fruit and the study of biomechanics of 99 

tomato tissues. All the tests were performed within 24 h at room temperature (26 ± 1 ℃, 68-71 % RH). 100 

2.2 Experimental mechanical data of whole fruit and its tissues 101 

2.2.1 Compression test of whole fruit  102 

Whole fruit mechanical data of 20 tomatoes were determined by vertical loading-unloading tests along 103 

the fruit blossom-stem axis direction at 2 mm s
-1

 (Fig. 1A). To establish an initial crack position, each fruit 104 

was subjected to a small vertical pre-crack of length × width × depth: 7 × 0.4 × 8 mm in the midspan of the 105 

longitudinal equatorial section over a locule using a thin-blade graver (length × width: 7 × 0.4 mm) and then 106 

compressed to 28 % deformation between the moving P100 flat-end probe and the metal base plate of a TA-107 

XT Plus Texture Analyzer (Stable Micro System Ltd., UK). It should be noted that 28 % deformation was 108 

chosen based on the results from preliminary experiments and for practical reason. Indeed, when the 109 

deformation of the fruit was less than 28 %, the crack propagated on the visible side of the fruit surface and 110 
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was easily captured whereas when the deformation of a fruit was more than 28 %, the crack propagated to 111 

the top of the fruit making any observation and data capture difficult as the upper probe hided the top of the 112 

fruit. 113 

This prefabricated crack was across the fruit pericarp. Force-deformation data were recorded in real 114 

time during loading. Before compression, three digital cameras (SONY LBI-CNP3/B, resolution: 3840 × 115 

2160 pixels) were fixed around the equatorial section of each fruit on the base using tripods for recording the 116 

fruit deformation and crack generation process in real time (Fig. 1B). The distance between each camera and 117 

the fruit surface was 20 cm and the intersection angle of the adjacent cameras was 120°. This allowed 118 

recording of the complete propagation processes of all cracks on the fruit surface during compression. 119 

Subsequently, three-directional recorded videos of each fruit were replayed using a multimedia player 120 

PotPlayer 2.0.0317 software for detailed fruit examination.  Any fruit having only one crack and with an 121 

extended crack’s length less than the distance between upper-plate and base was selected. Because it was 122 

easy to observe the projection of the crack propagation path on the front view of the sample (Fig. 1B), a 123 

vertical length of the crack propagation path at each step increment of 1 % fruit deformation was extracted 124 

using the multimedia player and an image processing Digimizer Version 4.2.6.0 software. The obtained crack 125 

propagation length-fruit deformation data was then used for validating the crack propagation of the finite 126 

element model of whole fruit described in Section 3.1. For further validating this model the obtained force-127 

deformation data of five fruit were averaged at a step increment of 1 % deformation.  128 
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Fig. 1 Mechanics measurement of whole fruit and its tissues. (A) pre-cracking, li - pre-crack length; (B) 130 

whole fruit compression; lp - projection length of the extended crack on the front view; (C) and (D)  131 

schematic diagram of the tension test of a mesocarp specimen without a pre-crack and  with  a pre-crack, 132 

respectively. 133 

2.2.2 Determination of the mechanics of tomato exocarp and mesocarp tissues  134 

The mechanics of tomato exocarp and mesocarp tissues were determined using a method similar to that 135 

previously described by Li et al. (2012). Standard cuboid exocarp and mesocarp specimens (length × width: 136 

50 × 8 mm) were prepared based on some similar National Standards of the tension strength test on metals 137 

such as ASTM E8/E8M, GB/T-228.1-2010 and GB/T 21143-2014. The thickness of the exocarp and 138 

mesocarp specimens was about 0.21 ± 0.01 mm and 3.07 ± 0.08 mm, respectively. This was measured using 139 

an electronic digital caliper to an accuracy of 0.01 mm. The density of each specimen was measured using a 140 



8 
 

MH-300A electronic density tester to an accuracy of 0.001 g cm
-3

. In total, 10 tissue specimens without pre-141 

crack (5 specimens × 2 tissue types) (Fig. 1C) and 10 tissue specimens with a pre-crack of 3.6 mm length (5 142 

specimens × 2 tissue types) (Fig. 1D) were used for tension tests along their length direction at 0.2 mm s
-1

 143 

using an A/TG probe. Lastly, the mechanical parameters of the two tissue specimens without pre-crack, such 144 

as failure stress, failure strain, tensile elastic modulus were deduced using the method of (Singh and Reddy, 145 

2006; Li and Thomas, 2016) whereas the fracture energy of those with pre-crack was calculated using 146 

equation (1) (Walubita et al., 2013). The reported value of each mechanical parameter was a mean from 5 147 

replicates 148 

Gf=
1

wb
∫ F(x)dx

∆x

0
                                                                        (1) 149 

where Gf - fracture energy or fracture toughness (mJ mm
-2

), F - peak force at fracture (N), x- tension 150 

displacement (mm), w and b - width and thickness of the fracture cross-section of the specimen (mm), 151 

respectively.  152 

2.3 Modeling and simulation of whole fruit compression system 153 

2.3.1 3D Finite element modeling 154 

Based on a similar method proposed by Li and Wang (2016), a 3D geometrical model (Fig. 2A) of the 155 

whole fruit compression system including a 1/4 fruit model was developed using Abaqus 6.20/CAE 156 

(Dassault Systems Simulia Corp., USA) for simulating the fracture mechanical response of the tomato fruit 157 

in compression up to 28 % deformation shown in Fig. 1B. The 1/4 fruit geometrical model included three 158 

parts: exocarp, mesocarp and septa frame, and pre-crack (Fig. 2B). During geometrical modeling, the 159 

thickness of the exocarp, mesocarp and septa tissues was set as a measured average value of 0.2 mm, 7 mm 160 

and 3 mm, respectively.  Also a small symmetry trapezoid shell planar was created as a pre-crack and its top 161 

and bottom base lengths, namely l1 and l2, was 2 mm and 7 mm, respectively. The pre-crack was placed on a 162 
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longitudinal equatorial section with an intersection angle of 45° to OAC plane, and was simultaneously 163 

perpendicular to the transverse equatorial section AOB (Fig. 2A and 2B), which provided a starting position 164 

of the following crack propagation during simulation. Considering that the mesh in XFEM model is not 165 

required to match the cracked geometry and the fruit tissue materials nearly incompressible (Poisson’s ratio 166 

is high), the exocarp and mesocarp were meshed into first-order linear C3D8H and C3D4 solid continuum 167 

element type having a relatively small global size (Table 1). The upper-plate, bottom-plate and pre-crack did 168 

not need to be meshed. Other geometrical parameters and interaction definitions are listed in Table 1. The 169 

whole fruit compression system was meshed into 307641 elements. 170 

Table 1 Parameters and conditions used for the 3D extended finite element modeling of the whole fruit 171 

compression system 172 

Parameter settings of the 3D extended finite element model 

Geometrical modeling and Meshing: modeling space, geometry type, shape, behavior 

Exocarp: 3D – Deformable – Solid – Revolution, Te: C3D8H, le: 0.2 mm, N: 106472 

Mesocarp and septa: 3D – Deformable – Solid – Revolution, Te: C3D4, le: 1.4 mm, N: 93890  

Upper-plate / Bottom-plate: 3D – Analytical rigid – Shell – Revolution / Extrusion 

Pre-crack: 3D – Deformable – Shell – Planar 

Finite element modeling: 

Exocarp: Et: 18.10 ± 2.24 MPa, σt: 2.06 ± 0. 62 MPa, Gf: 6.32 ± 2.00 mJ mm
-2

, ρ: 1.01e3 kg m
-3

, ν: 0.3 ~ 0.49  

Mesocarp and septa: Et: 0.66 ± 0.11 MPa, σt: 0.074 ± 0.02 MPa, Gf: 2.56 ± 0.89 mJ mm
-2

, ρ: 0.99 e3 kg m
-3

, 

ν: 0.3 ~ 0.45 

Upper-plate / Bottom-plate: None 

Pre-crack: None 

Interaction definition: 

Define contact pairs: contact between exocarp (Slave surface) and upper-plate/bottom-plate (Master surface): 

Small sliding, Automatic smoothing; contact property: Hard contact, friction coefficient = 0.4. 

Define tie constraint: contact between mesocarp (Master surface) vs exocarp (Slave surface): surface-surface 

contact, Position tolerance: 0.2. 

Define pre-crack: Specify crack type: XFEM; crack growth region: exocarp, mesocarp, Allow crack growth, 

initial crack location.  

Boundary conditions: 

1/4 fruit model: two sections ACD and BCD in Fig. 2A were applied symmetric constraints. 

Upper-plate: its reference point was applied: Ux = Uz = URx = URy = URz = 0 

Bottom-plate: its reference point was applied: Ux = Uy = Uz = URx = URy = URz = 0 
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Note: Te - element type, le - global element size, N - number of elements, Et - elastic modulus, σt - fracture 173 

stress, Gf - fracture energy, ρ - density, ν - Poisson’s ratio, Ux, Uy, Uz - degree of freedom of translation 174 

along x, y and z axis, URx, URy, URz - degree of freedom of rotation around x, y and z axis.  175 

2.3.2 Modeling pre-crack as an enriched feature using XFEM 176 

The XFEM-based cohesive segments method was used in conjunction with Phantom nodes to simulate 177 

the initiation and propagation of the pre-crack in the fruit model. To simplify the simulation analysis, it was 178 

assumed that: (1) the exocarp, mesocarp and septa tissues were linear elastic and ideally brittle solid 179 

materials before fracture and their nonlinear and ductile behaviors could be ignored since the force-180 

displacement curve of the tissue specimen during tension was almost linear before fracture; hence the 181 

deduced elastic and fracture mechanical parameters used instead of the raw data during finite element 182 

modeling, (2) the fracture energy (toughness) of fruit tissue was independent of the size and geometry of the 183 

cracked tissue specimen, (3) the fruit tissue fracture response met a linear elastic traction-separation 184 

behavior, explicitly, initial linear elastic behavior followed by the initiation and evolution of pre-crack, (4) 185 

the pre-crack initiation in a fruit tissue followed the maximum principal stress criterion with a given 186 

tolerance 0.05, namely the degradation of the cohesive response at an enriched element begins when the 187 

maximum principal stress approximates the maximum allowable stress (Eq. 2), and (5) after the initiation of 188 

pre-crack, the crack evolution followed a linear softening law and a mode-independent and energy-based 189 

fracture criterion, namely when the energy release rate of an enriched element in a tissue model reached the 190 

fracture energy of the tissue where the crack in the element propagated (Eq. 3;  Anderson, 2005). The pre-191 

crack was defined into an initial crack that grows along an arbitrary path through exocarp and mesocarp 192 

model region as the solution progresses (Table 1). The contact constrains between pre-crack and exocarp / 193 

mesocarp was defined as a normal “hard contact” pressure-overclosure relationship and a tangential friction 194 
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formulation. The normal behavior was enforced by a linear penalty method with a stiffness scale factor of 195 

one. During the finite element modeling, the elastic modulus, failure stress, fracture energy, and density of 196 

the exocarp and mesocarp model were assigned based on the measurement values in Section 2.2.2 (Table 1), 197 

and other parameters in this model, such as Poisson ratio, was assigned based on the literature in Dintwa et 198 

al. (2011); Gladyszewska et al. (2011), and Li and Wang (2016). All the boundary conditions are defined in 199 

Table 1. 200 

σmax ≈ σ
a
max                                                                                    (2) 201 

G ≥ Gf                                                                                                                                          (3) 202 

where σmax - maximum principle stress at an element centroid, σ
a
max - maximum allowable principle stress 203 

(failure stress), G - energy release rate, Gf - fracture energy. 204 

2.3.3 Modeling the pressure change of the liquid in a fruit locule  205 

Each chosen fruit sample had four liquid-filled locules. In general, there was a non-linear gradual 206 

increase in the pressure of the liquid in locules before crack propagation and then a sharp decrease during 207 

crack propagation with the increasing deformation of the whole fruit during compression. According to the 208 

existing fracture mechanics modeling techniques in Abaqus/CAE, it was difficult to model a liquid-filled 209 

locule to simulate the liquid flowing out of the locule during crack propagation. Therefore, an amplitude 210 

curve-based (Fig. 2C) uniformly distributed pressure load was applied over the internal surface of the locule 211 

(Fig. 2B) for charactering the pressure change of the liquid in the fruit locule during compression simulation. 212 

The variation of the pressure amplitude with the step time in the fruit locule was specified by a smooth step 213 

definition method (Eq. 4). As shown in Fig. 2C, the initial pressure on the whole locule surface was set as 0 214 

at the beginning of the step time (ts = 0) when the upper-plate surface just came into contact with the 1/4 fruit 215 

model. When 0 < ts ≤ t1, P(ts) showed a gradual increasing pressure curve, and at the step time t1 the crack 216 
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propagation on the fruit model was about to start and the pressure uniformly applying over the locule surface 217 

reached the peak value P1. When t1 < ts ≤ 1, P(ts) showed a sharp decrease until the simulation of whole 218 

fruit compression to 28 % deformation was completed.  At the end of the step time (ts = 1) the pressure 219 

applying to the locule surface was 0. According to the experimental results of whole fruit compression in 220 

Section 2.2.1, the pre-crack started to propagate rapidly when five fruit samples were compressed to about 221 

19.6 %, which corresponded approximately to the step time 0.7.        222 

 P(ts)=

{
 

 P1 (
ts

t1
)

3

(10-15
ts

t1
+6 (

ts

t1
)

2

)                                                              0 < ts ≤ t1

P1-P1 (
ts-t1

1-t1
)

3

(10-15
ts-t1

1-t1
+6 (

ts-t1

1-t1
)

2

)                                                  t1< ts ≤ 1  

        (4) 223 

Where P(ts) - an amplitude curve function of the locule pressure, ts - step time, P1 - peak pressure in the 224 

locule, t1 - the corresponding step time at P1. 225 

 226 
Bottom-plate 

l
1
 l

2
 

Pre-crack  

O 

A 
B ¼ modeling 

Upper-plate 

C 

D 

Pre-crack 

1 

2 

3 

4 

45º 
O 

A 

B 

Exocarp  
Mesocarp 

P(t
s
) 

P
1
 

t
s
 t

1
 0 1 

Septa 

locule 

X 

Y 

Z 

A                                                     B                                                     C 227 

Fig. 2 3D geometric modeling of a whole fruit compression system. (A) the upper-plate (diameter: 100 mm), 228 

bottom-plate (length × width: 80 mm × 50 mm) and 1/4 fruit model included three parts: exocarp, mesocarp 229 

and septa frame, and pre-crack; (B) the equatorial section of a four locular tomato (fruit diameter × height: 230 

76 × 64 mm); (C) an amplitude curve defining smooth locule-pressure step data. P(ts) - an amplitude curve 231 

function of the locule pressure, ts - step time, P1 - peak pressure in the locule, t1 - the corresponding step time 232 

at P1. 233 
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2.3.4 Loading and Simulation 234 

Fruit model validation: It was difficult to measure the pressure values of the liquid in a fruit locule 235 

during compression experiment. Therefore, different values, 0.01, 0.02, 0.03 and 0.04 MPa for the peak 236 

pressure (P1) were chosen based on the nonlinear increasing trend of the pressure of fluid inside the locule 237 

during fruit deformation (Li and Wang, 2016). Meanwhile, using the measuring value of each mechanical 238 

parameter of fruit tissues (Table 1), a whole fruit compression test was multiple simulated based on the 239 

developed XFEM model. An optimal peak pressure P1 was deduced based on the predicted accuracy of the 240 

fruit model by comparing the obtained compression force vs fruit deformation data and the projection length 241 

of the crack vs fruit deformation data from simulation and experiment. 242 

Sensitivity analysis: After the optimal peak pressure of locule was deduced, a group of mechanical 243 

parameters was obtained to ensure the XFEM model reproduces the compression force-percentage 244 

deformation behavior as well as crack propagation of a tomato fruit in compression up to 28 % deformation. 245 

To assess the robustness of the XFEM fruit model, the peak pressure was set as 0.04, 0.05 and 0.07 MPa 246 

based on non-linear variation reported in literature (Li and Wang, 2016), the elastic modulus and failure 247 

stress were increased and decreased by 30 %, the fracture energy was increased and decreased twice whereas 248 

the Poisson’s ratio was set as 0.3 ~ 0.49 and the XFEM simulations of the whole fruit compression were 249 

performed under quasi-static conditions (Table 2). After each simulation, some parameters such as the 250 

compression force, crack length and crack volume were extracted. Lastly, the model sensitivity to each tissue 251 

mechanical parameters was analyzed. 252 

At each compression simulation the reference point of the upper-plate was applied by a 18 mm 253 

downward displacement load instead of a force load. The 18 mm compressive displacement corresponded to 254 

an about 28 % deformation of this fruit model. The XFEM simulation accounted for the geometrically 255 
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nonlinearity (e.g., large-deformation effects) and boundary nonlinearity (e.g., contact and constraint). A static 256 

and general procedure with a direct sparse solver and a Newton’s method solution technique was used to 257 

solve the fracture mechanical response of the fruit model. All the simulations were performed using a HP 258 

Z840 High-Performance Computer Platform with two E5-2683V4 16-core 2.1GHz Intel(R) CPUs and a 259 

128G DDR4-2133 RegRAM. 260 

Table 2 Mechanical parameters of the XFEM model used in sensitivity analysis. 261 

No. of 

simulation 

Sensitivity 

parameters 
Other mechanical parameters 

1 P1= 0.04 MPa 
Eex = 20.35 MPa, Eme = 0.76 MPa, vex = 0.4, vme = 0.37, σmaxex = 1.44 

MPa, σmaxme = 0.055 MPa, Gfex = 4.32 mJ mm
-2

, Gfme = 1.67 mJ mm
-2

 
2 P1= 0.05 MPa 

3 P1= 0.07 MPa 

4 Eex= 14.25 MPa 
Eme = 0.76 MPa, P1 = 0.02 MPa, vex = 0.4, vme = 0.37, σmaxex = 1.44 

MPa, σmaxme = 0.055 MPa, Gfex = 4.32 mJ mm
-2

, Gfme = 1.67 mJ mm
-2

 
5 Eex= 20.35 MPa 

6 Eex= 26.46 MPa 

7 vex = 0.3 Eex = 20.35 MPa, Eme = 0.76 MPa, P1 = 0.02 MPa, vme = 0.37, σmaxex = 

1.44 MPa, σmaxme = 0.055 MPa, Gfex = 4.32 mJ mm
-2

, Gfme = 1.67 mJ 

mm
-2

 

8 vex = 0.4 

9 vex = 0.49 

10 σmaxex = 1.15 MPa 
Eex = 20.35 MPa, Eme = 0.76 MPa, P1 = 0.02 MPa, vex = 0.4, vme = 0.37, 

σmaxme = 0.055 MPa, Gfex = 4.32 mJ mm
-2

, Gfme = 1.67 mJ mm
-2

 
11 σmaxex = 1.44 MPa 

12 σmaxex = 1.87 MPa 

13 Gfex = 2.16 mJ mm
-2

 
Eex = 20.35 MPa, Eme = 0.76 MPa, P1 = 0.02 MPa, vex = 0.4, vme = 0.37, 

σmaxex = 1.44 MPa, σmaxme = 0.055 MPa, Gfme = 1.67 mJ mm
-2

 
14 Gfex = 4.32 mJ mm

-2
 

15 Gfex = 8.65 mJ mm
-2

 

16 Eme= 0.53 MPa 
Eex = 20.35 MPa, P1 = 0.02 MPa, vex = 0.4, vme = 0.37, σmaxex = 1.44 

MPa, σmaxme = 0.055 MPa, Gfex = 4.32 mJ mm
-2

, Gfme = 1.67 mJ mm
-2

 
17 Eme= 0.76 MPa 

18 Eme= 0.99 MPa 

19 vme = 0.3 Eex = 20.35 MPa, Eme = 0.76 MPa, P1 = 0.02 MPa, vex = 0.4, σmaxex = 

1.44 MPa, σmaxme = 0.055 MPa, Gfex = 4.32 mJ mm
-2

, Gfme = 1.67 mJ 

mm
-2

 

20 vme = 0.37 

21 vme = 0.45 

22 σmaxme = 0.039 MPa 
Eex = 20.35 MPa, Eme = 0.76 MPa, P1 = 0.02 MPa, vex = 0.4, vme = 0.37, 

σmaxex = 1.44 MPa, Gfex = 4.32 mJ mm
-2

, Gfme = 1.67 mJ mm
-2

 
23 σmaxme = 0.055 MPa 

24 σmaxme = 0.072 MPa 

25 Gfme = 0.84 mJ mm
-2

 Eex = 20.35 MPa, Eme = 0.76 MPa, P1 = 0.02 MPa, vex = 0.4, vme = 0.37, 
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26 Gfme = 1.67 mJ mm
-2

 σmaxex = 1.44 MPa, σmaxme = 0.055 MPa, Gfex = 4.32 mJ mm
-2

 

27 Gfme = 3.34 mJ mm
-2

 

Note: P1 - peak pressure of the fruit locule, Eex - elastic modulus of exocarp, Eme- elastic modulus of 262 

mesocarp vex - Poisson’s ratio of exocarp, vme - Poisson’s ratio of mesocarp, σmaxex - fracture stress of exocarp, 263 

σmaxme - fracture stress of mesocarp, Gfex - fracture energy of exocarp, Gfme - fracture energy of mesocarp. 264 

2.4 Post-processing analysis 265 

2.4.1 Evaluation of compression force - percentage deformation data and crack length data 266 

After each simulation, the compression force vs percentage deformation data at each increment sub-step 267 

were extracted from the field output in the output database. Subsequently, a sub-path was created by 268 

connecting a series of nodes in the cracked elements along one side of the crack every 10 increments 269 

(frames) in the total increments. Each 10 frames corresponded to a fruit deformation level. Finally, each sub-270 

paths’ length was extracted and regarded as the propagation length of a real crack in the 1/4 fruit model at a 271 

giving deformation level and all the sub-paths’ lengths were plotted as the historical propagation lengths of 272 

the pre-crack in the 1/4 fruit model during compression. 273 

2.4.2 Evaluation of the total crack volume in fruit model 274 

According to the XFEM, the crack propagates across the entire element at a time. There were two large 275 

crack surfaces when a crack propagated in some elements of the fruit exocarp or mesocarp models. Based on 276 

that, the volume between two crack surfaces was defined as the crack volume in a fruit tissue model. 277 

Because the change in the volume of a cracked solid element resulting from the external compression forces 278 

was much less than that from the crack opening, the former was ignored. Before crack, the elements in the 279 

fruit exocarp and mesocarp models were polyhedral shape, and therefore, it was assumed that the cracked 280 

elements had approximately a polyhedral shape before crack. Consequently, when  the 3D coordinate values 281 

of the nodes in an element were extracted from the output database, the volume of the element before and 282 
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after crack was deduced using a general formula of the volume of arbitrary polyhedrons in 3D space 283 

proposed by Wei (1997). The crack volume in the element was calculated from the difference between the 284 

volume before and after the element was cut through by a crack (Eq. 5). The crack volume in the fruit 285 

exocarp or mesocarp models could be calculated from the sum of the crack volumes of all cracked elements 286 

in the corresponding fruit tissue model. The total crack volume in the fruit model was thus expressed as the 287 

sum of the crack volumes in the fruit exocarp and mesocarp models (Eq. 6).  288 

    Vecrack=Veafter-Vebefore                                                                              (5)           289 

Vtotal=∑Vexcrack

i

n=1

+∑Vmecrack

j

n=1

                                                         (6) 

where Vecrack - crack volume of an element, Vebefore, Veafter - volume of an element before and after crack, 290 

respectively, Vtotal - total crack volume of fruit model, Vexcrack, Vmecrack - crack volume of fruit exocarp and 291 

mesocarp models, respectively, i and j - number of crack elements in fruit exocarp and mesocarp models, 292 

respectively. 293 

3 Results  294 

3.1 Validation of the XFEM model  295 

Figure 3A is a stress contour with feature edges, and shows the von Mises stress distribution and the 296 

final propagated crack length on the fruit model surface when the XFEM model was applied with a 297 

compression to 28 % deformation. In this model, the peak pressure in the fruit locule was 0.02 MPa, and the 298 

elastic modulus, Poisson’s ratio, maximum principle stress (failure stress) and fracture energy of the exocarp 299 

tissue were 20.35 MPa, 0.4, 1.44 MPa and 4.32 mJ mm
-2

, respectively.  An elastic modulus of 0.76 MPa, 300 

Poisson’s ratio, 0.37, maximum principle stress or failure stress, 0.055 MPa and a fracture energy of 1.67 mJ 301 

mm
-2

 were used for the mesocarp tissue.  The von Mises stresses in the exocarp and mesocarp models varied 302 
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from 0.01 to 10.61 MPa, and 0.01 to 0.35 MPa, respectively. The pre-crack in the exocarp model propagated 303 

along an arbitrary path on the green region where the von Mises stress value was larger than 1.44 MPa, and 304 

the crack was easy to be observed from the front view. If the fruit deformation is more than 28 %, the pre-305 

crack will propagate to the top of the fruit and cannot be easily observed as the upper probe hampered the 306 

crack view from the top of fruit. A stress contour with all element edges is shown in Fig. 3B. The exocarp 307 

and mesocarp tissue included lots of elements. The sections of final cracks in the exocarp and mesocarp 308 

models were matchable in 2D plane (Fig. 3B), but had many uneven surfaces in 3D space. This highlighted a 309 

simultaneous pre-crack propagation in the two types of tissues of the fruit model during compression. 310 

However, there was a significant difference in the von Mises stress distributed between two crack sections of 311 

the exocarp and mesocarp, and on the crack section of the mesocarp tissue.  312 

Data from the compression force vs percentage deformation plots of four XFEM simulations was 313 

compared with that of the compression experiments (Fig. 3C). The percentage deformation on the horizontal 314 

axis referred to the ratio of the downwardly vertical displacement of the upper-plate to the initial height of 315 

the fruit model. The four simulation curves indicated the compression force vs percentage deformation data 316 

of the XFEM model in which the peak pressure of the fruit locule was set at 0.01, 0.02, 0.03, 0.04 MPa, 317 

respectively. There was almost no obvious difference in the results of the four XFEM simulations. The blue 318 

region was a B-Spline error band of the experimental compression force data against different deformation 319 

levels from 0 to 28 %. The average compression force increased from 0 to 56.03 N when the 1/4 fruit sample 320 

in the model was compressed from 0 to 28 % deformation. Moreover, it was apparent that the four XFEM 321 

simulation curves were close to the experimental compression force vs percentage deformation curve and its 322 

error band. Their average relative error was about 8.1 %. Fig. 3D shows a comparison of the projection 323 

length of exocarp crack vs percentage deformation data of the four XFEM simulations to that of the 324 
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compression experiments. The projection length of the exocarp crack referred to the length of the exocarp 325 

crack in the projection of the front view of the XFEM fruit model. The projection length of the exocarp crack 326 

propagated from 0 to 29.77 mm when the 1/4 fruit sample was experimentally compressed from 0 to 28 % 327 

deformation. The relative error of the projection length of the exocarp crack data between the four XFEM 328 

simulations (P1 = 0.01, 0.02, 0.03, 0.04 MPa) and the experiment at 29 deformation levels was about 12.7 ± 329 

11.6 %, 7.8 ± 7.2 %, 9.8 ± 6.5 %, 17.3 ± 15.4 %, respectively. The projection length of exocarp crack showed 330 

the smallest relative error between the XFEM simulation and experiment data in the 0 - 28 % deformation 331 

range when the peak pressure of the fruit locule was 0.02 MPa and the elastic moduli of exocarp and 332 

mesocarp at the maximum measurement values. Therefore, it was inferred that when the crack of the fruit 333 

was about to start to propagate the peak force applying over the locule surface was 0.02 MPa. Furthermore, 334 

both XFEM simulation and experiment data revealed that the pre-crack propagation was almost absent or 335 

very slow propagation was observed when the percentage deformation of fruit model was less than about 336 

20 % when compared to the conditions where, the percentage deformation was more than 20 % with rapid 337 

pre-crack propagation. With the increasing fruit deformation, the crack propagation would not only result in 338 

the occurrence of the enzymatic oxidation and browning (Milczarek et al., 2009; Tang et al., 2020), but also 339 

would initiate a rapid fruit deterioration (Sisquella et al., 2013; Wang et al., 2021). Hence, the critical 340 

deformation value causing rapid pre-crack propagation will be a high risk point for the deformation of 341 

tomato fruit along the stem-blossom axis in postharvest mechanical handlings.  342 
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A                                                                            B  

  

343

344

345

C                                                                               D 346 

Fig. 3 Extended finite element simulation of 1/4 fruit model. (A) stress contour of fruit model with feature 347 

edges at 28 % deformation with P1 = 0.02 MPa; (B) crack sections in exocarp and mesocarp; (C) 348 

compression force - percentage deformation curves in experiment and XFEM simulations, P1 - peak pressure 349 

of the fruit locule; (D) projection length of crack - percentage deformation curves in experiment and XFEM 350 

simulations. 351 

3.2 Sensitivity of the XFEM model to peak pressure in the locule 352 

The mechanical parameters of the XFEM model is listed in the 1
st
, 2

nd
, 3

rd
 simulation of Table 2. Fig. 4 353 

shows the compression force, crack length and crack volume of the XFEM model against the percentage 354 
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deformation (0 - 28 %) when the peak force applying over the locule surface was 0.04, 0.05 and 0.07 MPa, 355 

respectively. Except for the peak pressure, the other mechanical parameters of exocarp and mesocarp in the 356 

model were the same as in Fig. 3A. The crack length referred to the propagation length of the crack on the 357 

exocarp surface of the XFEM model whereas the crack volume referred to the total propagation volume of 358 

the crack in the exocarp and mesocarp of the XFEM model. There was a gradual obviously difference in the 359 

compression force, crack length and crack volume of the XFEM model with the increasing fruit deformation 360 

for all the four peak pressure values tested. Also the crack of the fruit model propagated from a slow to a 361 

steep rise with the increased percentage deformation (Fig. 4B). These results could be attributed to a limited 362 

number of elements satisfying equations (2) and (3) at small deformation of the fruit model. However, as the 363 

fruit deformation increased, more and more elements would satisfy equations (2) and (3) based on the 364 

maximum allowable principle stress and fracture energy. When the fruit deformation was 28 %, the 365 

compression force, crack propagation length and crack propagation volume of the XFEM model at P1 = 0.07 366 

MPa were 1.12, 1.63, 1.81 times higher than those at P1 = 0.04 MPa, respectively. Interestingly, the pre-crack 367 

on the XFEM model started to rapid propagate at a lower percentage deformation as the peak pressure 368 

applied over the locule surface increased.  Indeed, when P1 = 0.04 MPa, the pre-crack started to rapid 369 

propagate from 26 % deformation of the XFEM model whereas this similar propagation started at 17 % 370 

deformation when P1 = 0.07 MPa. Hence, the peak pressure applied over the locule surface showed a gradual 371 

sensitive effect on the compression force, crack propagation length and crack propagation volume of the 372 

XFEM model during compression. This further illustrated the effectiveness of investigating the fracture 373 

mechanical behavior of tomato fruit by a pressure amplitude curve over the approach based on the change of 374 

the liquid pressure in a locule during crack propagation.  375 
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A C B 

376

Fig. 4 Effect of peak pressure in the fruit locule on the XFEM model. (A) compression force-percentage 377 

deformation; (B) crack length-percentage deformation; (C) crack volume-percentage deformation. P1 - peak 378 

pressure of the fruit locule.  379 

3.3 Sensitivity of the XFEM model to exocarp mechanics 380 

3.3.1 Sensitivity of the XFEM model to exocarp elastic modulus 381 

The mechanical parameters of the XFEM model are listed in the 4
th
, 5

th
, 6

th
 simulation of Table 2. Fig. 5 382 

- A1, A2 and A3 shows the compression force, crack length and crack volume of the XFEM model against 383 

the percentage deformation from 0 to 28 % when the elastic modulus of the exocarp was 14.25, 20.35 and 384 

26.46 MPa, respectively. With the increasing of fruit deformation, among three exocarp elastic modulus 385 

values there was an apparent gradual difference in the compression force, crack length and crack volume of 386 

the XFEM model. When the fruit deformation was 28 %, the compression force, crack propagation length 387 

and crack propagation volume of the XFEM model at Eex = 26.46 MPa were 1.07, 2.85, 1.62 times higher 388 

than those at Eex = 14.25 MPa, respectively. The higher the exocarp elastic modulus, the longer the crack on 389 

the XFEM model propagated. Meanwhile, the volume of the crack propagation also increased with the 390 

increasing exocarp elastic modulus, which might be attributed to the tie constraint between the two contact 391 

surfaces of exocarp and mesocarp models. Indeed, because each of the nodes on the slave surface (exocarp) 392 
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were constrained to have the same motion at the point on the master surface (mesocarp), the propagation of 393 

crack in the exocarp also simultaneously drove the propagation of crack in the mesocarp.  394 

3.3.2 Sensitivity of the XFEM model to exocarp Poisson’s ratio 395 

The mechanical parameters of the XFEM model is listed in the 7
th
, 8

th
, 9

th
 simulation of Table 2. The 396 

sensitivity of the XFEM model to exocarp Poisson’s ratio is depicted in Fig. 5 - B1, B2 and B3. There was 397 

almost no obvious difference in the compression force and crack propagation length of the XFEM model 398 

when the fruit deformation was less than 25 % for the three Poisson’s ratio values of the exocarp considered 399 

in this study. However, a gradual obviously difference in the compression force and crack propagation length 400 

of the XFEM model for all the three Poisson’s ratio values of the exocarp was observed when the fruit 401 

deformation was more than 25 %. However, the Poisson’s ratio had no apparent effect on the crack 402 

propagation volume of the XFEM model with the increasing fruit deformation for all the values considered 403 

in this study. The reason is that the exocarp was thin and the changing of the Poisson’s ratio of the exocarp 404 

only resulted in a slight difference in the crack volume of the exocarp but not the total crack volume of the 405 

XFEM model.  406 

3.3.3 Sensitivity of the XFEM model to exocarp failure stress 407 

The mechanical parameters of the XFEM are listed in the 10
th
, 11

th
, 12

th
 simulation of Table 2. Fig. 5 - 408 

C1, C2 and C3 shows that the failure stress values of the exocarp had no significant effect on the 409 

compression force of the XFEM model with the increasing fruit deformation. This result could be attributed 410 

to the fact that the elastic moduli of the exocarp and mesocarp in three simulations (corresponding to three 411 

exocarp failure stress values) was set as constant values (Fig. 5 - C1). However, the failure stress values of 412 

the exocarp had a gradual apparent effect on the crack propagation length of the XFEM model (Fig. 5 - C2). 413 

A high failure stress value of the exocarp delayed the beginning of the degradation of the cohesive response 414 
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at the enriched exocarp element and as a result the crack on the XFEM model did not have a long 415 

propagation at a given constant fracture energy level. Furthermore, because the elastic modulus of the 416 

exocarp is constant, its firmness is also fixed. An increase in the failure stress of the exocarp mainly 417 

weakened the propagation capability of the crack in the exocarp but could not simultaneously drove an 418 

obvious propagation of the crack in the mesocarp. Hence, the propagation volume of the crack in the XFEM 419 

model did not significantly varied with the increase in the failure stress of the exocarp (Fig. 5 - C3).  420 

3.3.4 Sensitivity of the XFEM model to exocarp fracture energy 421 

The mechanical parameters of the XFEM model are listed in the 13
th
, 14

th
, 15

th
 simulation of Table 2. It 422 

can be seen from Fig. 5 - D1, D2 and D3 that the fracture energy of the exocarp has almost no significant 423 

effect on the compression force and crack volume of the XFEM model with increasing fruit deformation. 424 

However, the fracture energy showed a significant effect on the propagation length of the crack, which was 425 

similar to the effect of the failure stress of the exocarp presented in Section 3.3.3. Here, for the three fracture 426 

energy levels, a sharp increase in the crack length almost occurred at the same deformation level (Fig. 5 - 427 

D2). This could be attributed to the fact that the initiation of the crack in exocarp elements did not delay at 428 

the three fracture energy levels considered because the exocarp failure stress was constant. The crack 429 

propagation was defined based on the fracture energy. The crack in the element propagated after the 430 

initiation of the crack in the exocarp element when the energy release rate of the element reached the fracture 431 

energy of the exocarp.  Hence, a higher fracture energy meant that an enriched element in the exocarp model 432 

needed more energy release rate to meet the Eq. 3 for crack propagation (evolution), thus indicating a more 433 

difficult crack propagation (Fig. 5 - D2).  434 
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A1 A2 A3 

B1 B2 B3 

C1 C2 C3 

D1 D2 D3 
43

Fig. 5 Effect of exocarp mechanical parameters on the XFEM model. (A1, A2, A3) Effect of the exocarp 436 

elastic modulus Eex; (B1, B2, B3) Effect of the exocarp Poisson’s ratio vex; (C1, C2, C3) Effect of the exocarp 437 

failure stress σmaxex; (D1, D2, D3) Effect of the exocarp fracture energy Gfex.  438 

 439 
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3.4 Sensitivity of the XFEM model to mesocarp mechanics  440 

3.4.1 Sensitivity of the XFEM model to mesocarp elastic modulus 441 

The mechanical parameters of the XFEM model are listed in the 16
th
, 17

th
, 18

th
 simulation of Table 2. 442 

Fig. 6 - A1, A2 and A3 shows the compression force, crack length and crack volume of the XFEM model 443 

against the percentage deformation (0 - 28 %) when the elastic modulus of the mesocarp was 0.53, 0.76 and 444 

0.99 MPa, respectively. With the increasing fruit deformation, the elastic modulus of the mesocarp showed a 445 

gradual significant effect on the compression force, crack length and crack volume of the XFEM model. 446 

When the fruit deformation was 28 %, the compression force, crack propagation length and crack 447 

propagation volume of the XFEM model at Eme = 0.99 MPa were 1.54, 2.67, 10.59 times higher than those at 448 

Eme = 0.53 MPa, respectively. For a constant percentage deformation level (> 20 %), the propagation length 449 

and volume of the crack on the XFEM model increased with the increasing elastic modulus of the mesocarp. 450 

Because the mesocarp was thick, the long propagation of a crack on the XFEM model would cause a sharp 451 

increase in the crack propagation volume.  452 

3.4.2 Sensitivity of the XFEM model to mesocarp Poisson’s ratio 453 

The mechanical parameters of the XFEM model are listed in the 19
th
, 20

th
, 21

th
 simulation of Table 2. 454 

Fig. 6 - B1, B2 and B3 shows that the Poisson’s ratio of the mesocarp had a gradual significant effect on the 455 

compression force, crack length and crack volume of the XFEM model when the fruit percentage 456 

deformation was increased from 0 to 28 %. In contrast, the Poisson’s ratio of the mesocarp showed a weaker 457 

contribution to the compression force of the XFEM model than the elastic modulus. Similar to the effect of 458 

the above elastic modulus, when the fruit deformation was more than about 20 %, the propagation length and 459 

volume of the crack of the XFEM model increased with the increasing Poisson’s ratio of the mesocarp. When 460 
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the fruit deformation was 28 %, the crack propagation length and volume of the XFEM model at νme = 0.45 461 

were 1.38 and 1.95 times higher than those at νme = 0.3 (Fig. 6 - B2 and B3). 462 

3.4.3 Sensitivity of the XFEM model to mesocarp failure stress 463 

The mechanical parameters of the XFEM model are listed in the 22
th
, 23

th
, 24

th
 simulation of Table 2. It 464 

can be seen from Fig. 6 - C1, C2 and C3, that the failure stress of the mesocarp had no significant effect on 465 

the compression force of the XFEM model with the increasing fruit deformation from the 0 - 28 %.  466 

However, a significant effect of the failure stress on the crack propagation length and volume of the XFEM 467 

model was observed. For a constant percentage deformation level (> 20 %), the propagation length and 468 

volume of the crack on the XFEM model decreased with the increasing the failure stress of the mesocarp. 469 

When the fruit deformation was 28 %, the crack propagation length and volume of the XFEM model at 470 

σmaxme = 0.039 MPa were 1.21 and 3.37 times higher than those at σmaxme = 0.072 MPa, respectively. Because 471 

the mesocarp was much thicker than the exocarp, the failure stress of the mesocarp showed a stronger effect 472 

on the crack propagation volume of the XFEM model than that of the exocarp. Furthermore, a high failure 473 

stress value of the mesocarp delayed the beginning of the sharp increasing of the crack length (Fig. 6 - C2), 474 

indicating that the initiation of the crack at the enriched mesocarp elements was delayed. Therefore, the 475 

crack on the XFEM model did not have a long propagation at a given fracture energy level. 476 

3.4.4 Sensitivity of the XFEM model to mesocarp fracture energy 477 

The mechanical parameters of the XFEM model are listed in the 25
th
, 26

th
, 27

th
 simulation of Table 2. 478 

With the increasing fruit deformation, the fracture energy of the mesocarp did not show any significant effect 479 

on the compression force of the XFEM model (Fig. 6 - D1), but showed an obvious effect on the crack 480 

propagation length and volume of the XFEM model (Fig. 6 - D2 and D3). Similar to the effect of the failure 481 

stress of the mesocarp, the propagation length and volume of the crack on the XFEM model decreased with 482 
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the increasing fracture energy of the mesocarp at a constant percentage deformation level (> 20 %). When 483 

the fruit deformation was 28 %, the crack propagation length and the volume of the XFEM model at Gfme = 484 

0.84 mJ mm
-2

 were 1.28 and 1.84 times higher than those at Gfme = 3.34 mJ mm
-2

, respectively. The crack 485 

initiation condition of the mesocarp was the same and the sharp increase in the crack length almost occurred 486 

at the same fruit deformation level as the mesocarp failure stress was set constant for the three fracture 487 

energy levels (Fig. 6 - D2). The crack propagation law describes the rate at which the cohesive stiffness is 488 

degraded once the corresponding crack initiation criterion is reached, so in the mesocarp a smaller fracture 489 

energy showed a faster crack propagation (Fig. 6 - D2 and D3). 490 
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B1 B2 B3 

C1 C2 C3 

D1 D2 D3 
491

Fig. 6 Effect of mesocarp mechanical parameters on the XFEM model. (A1, A2, A3) Effect of the mesocarp 492 

elastic modulus Eme; (B1, B2, B3) Effect of the mesocarp Poisson’s ratio vme; (C1, C2, C3) Effect of the 493 

mesocarp failure stress σmaxme; (D1, D2, D3) Effect of the mesocarp fracture energy Gfme.  494 

 495 
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4 Discussion  496 

Previous literature on the finite element modeling of fruit (Li and Wang, 2016) and single cell (Wang et 497 

al., 2004; Dintwa et al., 2011) considered the liquid in the fruit locule or single cell as a nearly 498 

incompressible water because the fruit or cell did not crack. However, in fact the liquid in the locule will 499 

decrease in volume during fruit cracking. The new modeling method in Section 2.3.3 avoided to consider the 500 

change of the volume of the liquid in the locule during fruit cracking. There is almost no other literature 501 

about the investigation of the changing of the internal liquid pressure during fruit crack based on the latest 502 

review by Zulkifli et al. (2020), so no comparison was performed. 503 

Existing literature mainly focused on the investigation of the mechanical response and internal 504 

mechanical damage of fresh fruit during compression and impact (Zulkifli et al., 2020). Li and Wang (2016) 505 

demonstrated that the elastic moduli of the cuticle and mesocarp cell had an apparent gradual effect on the 506 

overall compression force vs percentage deformation data but the Poisson’s ration of the cuticle and 507 

mesocarp cell showed no effect. Dintwa et al. (2011) proposed that the Poisson’s ratio of the tomato cell wall 508 

had no substantial effect on the force-deformation behavior of the cell whereas and impact was observed 509 

from the initial turgor pressure of the liquid inside the cell. Sadrnia et al. (2008) proposed that the elastic 510 

moduli of the green and white rind as well as red flesh showed a significant influence on the stiff response of 511 

a watermelon. However, in the literature very little information is available on the fracture mechanical 512 

behavior (e.g., crack propagation length and volume) of fresh fruit, especially using the extended finite 513 

element method. Nonetheless the change in the biomechanical properties (e.g., elastic modulus, Poisson’s 514 

ratio, failure stress and fracture energy) of the exocarp and mesocarp in a tomato fruit reflected different 515 

ripening stages or storage conditions of the fruit. Bargel and Neinhuis (2005) proposed that the stiffness of 516 

the tomato skin increased from immature to fully ripe fruit for all three cultivars while the skin failure stress 517 
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displayed a tendency to decrease for two of those cultivars. Sirisomboon et al. (2012) proposed that the 518 

unripe tomato was more elastic than the ripe one whilst the peel of the fruit was more prone to rupture at the 519 

late stage than at the early stage. Gladyszewska et al. (2011) proposed that the Poisson’s ratio of the fruit skin 520 

depended on the ripening stage and storage temperature whereas Celik (2017) suggested that the Poisson’s 521 

ratio of fruit materials should be set between 0.2 ~ 0.5 for simulation. Matas et al. (2005) proposed that the 522 

mechanical properties of isolated tomato fruit cuticles depended on the relative humidity and temperature. 523 

Hence, the extended finite element model developed in this study allows understanding of how a fruit rupture 524 

under mechanical loading when the fruit mechanics varies at different conditions (e.g., ripeness, storage 525 

temperature and humidity). During postharvest handling, the propagation of a small crack will not only result 526 

in the occurrence of enzymatic oxidation and browning because of the rupture of cells in tissues and the 527 

entry of external oxygen (Milczarek et al., 2009; Tang et al., 2020), but also would cause a rapid 528 

deterioration because of external bacterial and fungal contamination during storage (Sisquella et al., 2013; 529 

Wang et al., 2021). Hence, from the viewpoint of fruit safety, the study provided a good method for 530 

exploring the fracture mechanical behavior of tomato fruit under external loads.  531 

5 Conclusion 532 

In this study, an extended finite element (XFEM) model was developed to simulate the whole fruit 533 

compression experiments for investigating the fracture mechanical response of tomato fruit. Results showed 534 

that the XFEM model had the capability of reproducing the compression force-percentage deformation 535 

behavior as well as crack propagation of a tomato fruit in compression up to 28 % deformation. It was 536 

effective to investigate the fracture mechanical behavior of tomato fruit by a pressure amplitude curve as 537 

opposed to the change of liquid pressure in a locule during crack propagation. Furthermore, the propagation 538 

length of the crack in the XFEM fruit model was sensitive to the peak pressure in the locule and the fracture 539 
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mechanics (e.g., elastic modulus, Poisson’s ratio, failure stress, fracture energy) of the exocarp and 540 

mesocarp. This study provides a valuable method to understand how a fruit rupture under mechanical loading 541 

when the fruit mechanics varies at different conditions (e.g., ripeness, storage temperature and humidity), 542 

which can be further used for deeply exploring new mechanical handling technologies in the fruit supply 543 

chain. This extended finite element method model might also be used for other fresh fruit. 544 
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