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Abstract: During the harvesting process of Cerasus humilis, the fruits are susceptible to
compression and impacts from the combing teeth, leading to internal damage to the pulp
and rupture of the peel. This compromises the quality of the harvested fruits and subse-
quent processing, resulting in significant economic losses. To investigate the mechanical
behavior of Cerasus humilis fruit, this study measured the geometric parameters as well as
the mechanical properties (failure load, elastic modulus, compressive strength, and fracture
energy) of the peel, pulp, and core in both the axial and radial directions. A geometric
model of Cerasus humilis fruit was constructed using three-dimensional reverse engineer-
ing technology. The rupture process of the fruit under compressive loading was simulated
and analyzed using Abaqus software (Version 2023). The damage mechanisms were inves-
tigated, and the accuracy and reliability of the finite element model were validated through
compression experiments. The experimental results indicated that the mechanical proper-
ties of the peel of Cerasus humilis fruit exhibited no significant differences between the axial
and radial directions, allowing it to be regarded as an isotropic material. In contrast, the
mechanical properties of the pulp and core showed significant differences in both directions,
demonstrating anisotropic characteristics. Additionally, the axial compressive strength of
the Cerasus humilis fruit was higher than its radial compressive strength. The simulation
results revealed that during axial compression, when the surface stress of the peel reached
0.08 MPa, the fruit completely fractured. The location and morphology of the cracks in the
simulation were consistent with those observed in the experimental results. Furthermore,
under different compression directions, the force-displacement curves obtained from actual
compression tests closely aligned with those from the finite element simulations. The finite
element model established in this study effectively simulates and predicts the cracking and
internal damage behavior of Cerasus humilis fruit under compressive loads. This research
provides a theoretical foundation and technical guidance for reducing mechanical damage
during the harvesting process of Cerasus humilis.

Keywords: Cerasus humilis fruit; mechanical properties; compression; damage; finite
element simulation

1. Introduction

Cerasus humilis, native to China, is mainly distributed in the provinces and regions of
Shanxi, Hebei, Liaoning, Inner Mongolia, and others [1]. Along with Russian large-fruited
sea buckthorn, goji berry, and American blueberry, Cerasus humilis is collectively known as
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one of the world’s four rare health-promoting fruits. Its fruit is rich in nutrients, including
17 amino acids required by the human body, and abundant amounts of vitamin C, vitamin
B,, vitamin E, as well as minerals such as potassium, phosphorus, zinc, and selenium.
Notably, its calcium content is the highest among fruits, earning it the nickname “calcium
fruit” [2,3]. The primary harvesting method for Cerasus humilis is mechanical combing
harvesting [4-6]; the high-speed rotating comb teeth exert compression and impact on the
fruit [7], leading to internal pulp damage and peel rupture. This affects the quality of the
harvested fruit and subsequent processing. Therefore, comprehensively understanding
the biomechanical properties of the fruit, constructing a highly reliable mechanical model,
thoroughly studying its compressive damage, and analyzing its damage mechanisms have
important fundamental research value and industrial significance.

Currently, considerable theoretical and practical foundations have been established
regarding the mechanical properties of fruits. Yang Yuxiao et al. [8] investigated the me-
chanical property parameters of Korla fragrant pears at different maturity stages. They
established mathematical models describing the relationship between the static compres-
sion damage area and deformation amount for pears at various maturity levels, and
predicted the damage resulting from static compression during different harvesting peri-
ods. Through puncture tests, Tong Bin et al. [9] studied the mechanical properties of three
Cerasus humilis varieties at different temperatures. The experimental results demonstrated
that temperature has a significant effect on the puncture failure stress of different Cerasus
humilis varieties. As the temperature increased, the puncture failure stress of Cerasus
humilis decreased; thus, low-temperature environments help reduce mechanical damage.
Xue Zhong et al. [10] determined the mechanical property parameters of various tissues in
pineapple through tensile and compressive tests and shear strength tests. Ihueze Christo-
pher Chukwutoo et al. [11] measured the mechanical properties of citrus fruits through
compression tests. The experimental results showed that the radial compressive ultimate
stress and maximum contact stress of citrus are greater than those under axial compression.
Based on the distortion energy theory (DET) and the maximum shear stress theory (MSST),
the yield strengths of citrus during storage and transportation were determined to be
0.03 MPa and 0.01 MPa, respectively.

With the continuous development of finite element theory, numerical simulation
techniques have become an effective approach for studying the mechanical properties of
agricultural products under real-world loads, enabling efficient analysis and prediction
of their damage behavior [12]. Kang Shilei et al. [13] combined physical experiments and
numerical simulations to calibrate the mechanical parameters of Cerasus humilis fruit.
Thueze Christopher Chukwutoo et al. [14] combined Hertz contact stress theory with the
finite element method to study the maximum contact stress and ultimate stress of citrus
fruits under transportation and storage conditions. They simulated and determined the
characteristics of the elastic limit stress, elastic modulus, Poisson’s ratio, and bio-yield stress
of citrus fruits in both the axial and radial directions. Caglayan Nuri et al. [15] conducted
compression tests on potatoes and utilized a method combining reverse engineering, high-
speed imaging, and finite element analysis to examine the deformation of potato tuber
samples when dropped from different heights. They predicted the stress distribution and
the degree of damage after impact. Ben Zongyou et al. [16] determined the mechanical
properties (elastic modulus, compressive strength, and fracture energy) of gluten in both
the axial and radial directions under different moisture contents and aspect ratios. Utilizing
Abaqus software, they developed a finite element model with cohesive elements to simulate
the compression fracture process of gluten pellets. The simulation results closely matched
the experimental data, with a relative error of 4-7%. In summary, most researchers have
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only studied the stress distribution during compression, and there are few reports on the
fracture process of fruits under compressive loads.

In this study, a combined method of numerical simulation and experimentation was
employed to investigate the mechanical properties and compression damage mechanisms of
Cerasus humilis fruit. First, mechanical tests were conducted to determine the mechanical
parameters of each tissue of the fruit, namely the peel, pulp, and core. Then, three-
dimensional reverse engineering technology was used to accurately construct 3D geometric
models of the peel, pulp, and core. Finally, the compression cracking process of Cerasus
humilis fruit was simulated using the Abaqus finite element analysis software to obtain
the stress distribution and cracking conditions under compressive loads. The compression
damage mechanisms were analyzed, and the simulation results were compared with
the experimental data to verify the accuracy and stability of the finite element model.
This research provides theoretical guidance for reducing compression damage during the
harvesting of Cerasus humilis and for optimizing the design of harvesting equipment.

2. Materials and Methods
2.1. Materials and Equipment

In this study, fresh and mature “Nongda No. 6” Cerasus humilis fruits were selected
as the research materials. They were harvested from the Cerasus humilis experimental
field at Shanxi Agricultural University (longitude: 112°36'56" E; latitude: 37°25'17" N).
All fruits were hand-picked to ensure consistent ripeness and no damage. The harvested
fruits were stored in a constant-temperature incubator at 25 °C with a relative humidity
of 80% for later use, with the storage time not exceeding 24 h. Mechanical property tests
were conducted using a universal testing machine (INSTRON-5544, Instron Corporation,
Norwood, MA, USA) equipped with a 2 kN load cell, with a measurement error of +0.5%.
Other instruments required for the experiment included a digital vernier caliper (Wenling
Kaichuang Measuring Tools Co., Ltd., Taizhou, China, accuracy + 0.01 mm), an electronic
balance (Hangzhou Hengyi Instrument Technology Co., Ltd., Hangzhou, China. accuracy
£0.01 g), a drying oven (DHG-9023A, Wuxi Sanxin Precision Testing Equipment Co., Ltd.,
Wuxi, China), utility knives, and pulp samplers (Beijing Nanbei Chenyang Experimental
Equipment Co., Ltd., Beijing, China). Prior to the experiment, 100 fruits with similar shapes
and uniform masses, and without visible damage were randomly selected, labeled, and left
at room temperature for two hours. The basic dimensions of the fruits—length (L), width
(W), and height (H)—were measured using a vernier caliper, as shown in Figure 1a. The
fruit’s internal structure upon axial sectioning is shown in Figure 1b.

Pulp

Core

(b)

Figure 1. Cerasus humilis. (a) Three-axis dimensions of Cerasus humilis fruit; (b) cross-section of

cerasus humilis fruit.



Agriculture 2025, 15, 88

40f17

2.2. Determination of Moisture Content in Cerasus Humilis Fruit
Ten Cerasus humilis fruits were randomly selected. The moisture content of the fruit

was determined by direct drying method [17] Standard (GB 5009.3-2016). The average
value of the calculated results was taken, and the calculation formula is as follows:
nm

M= 100% (1)
my —ms

X =

where X represents the moisture content of the Cerasus humilis fruit (%); m; is the mass of
the empty aluminum container and the sample (g); m, is the mass of the empty aluminum
container and the dried sample (g); and m3 is the mass of the empty aluminum container (g).

2.3. Mechanical Property Tests of Various Tissues of Cerasus Humilis

The peel, as the outermost tissue of Cerasus humilis fruit, plays a critical protective
role in reducing mechanical damage [18]. To analyze the differences in the axial and
radial mechanical properties of the Cerasus humilis peel, a utility knife was used to cut
the peel along the axial direction into rectangular specimens measuring 40 £ 0.5 mm in
length and 10 £ 0.5 mm in width. Any excess pulp adhering to the back of the peel was
carefully scraped off, resulting in a thickness of 0.3 &= 0.1 mm. Before the test, to prevent
the fruit peel from slipping, the peel samples were fixed in a fixture with a rubber pad and
stretched at a loading rate of 5 mm/min [19]. The test was stopped upon peel rupture, and
specimens that fractured near the middle region were selected as valid tensile samples.
Using a sampler, the pulp was made into cylindrical specimens along the axial direction
of the Cerasus humilis fruit; each sample had a height of 15 & 0.5 mm and a diameter of
8 = 0.5 mm. The compression test was conducted using a platen compression method.
During the experiment, both types of samples were placed in the support fixture and
centered on the compression plates. The distance between the grips and the sample was
finely adjusted using the displacement control button. Once the platen made slight contact
with the sample surface, the compression force and displacement were reset. The universal
testing machine was set to a loading speed of 5 mm/min. The loading process was initiated
by pressing the start button and stopped when the sample experienced compressive failure.
The preparation and testing procedures for the radial samples were identical to those for the
axial samples. The ellipsoidal core of Cerasus humilis fruits is embedded within the pulp,
offering support and minimizing fruit deformation. During the experiment, the excess
flesh surrounding the core was scraped off, and the core sample was placed in the support
fixture, centered on the compression plates. Loading was applied along both the short and
long axes of the core at a rate of 5 mm/min until the core fractured. The corresponding
force—displacement curves and test data were recorded using a universal testing machine.
Each test was repeated five times, and the average value was taken as the test result. The
mechanical property testing process is shown in Figure 2. After completing the experiment,
the data were processed using Origin 2024b (Origin Lab, Northampton, MA, USA). The
mechanical property parameters of each tissue of Cerasus humilis fruits were calculated
according to Formulas (2)-(6) [20]:

o= @
=28 @)
p=2- 1t (4)
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C2(1+w)
where o is the stress (MPa); F is the tensile force (N); S is the cross-sectional area of the
material in the tensile (compression) direction (mm?); ¢ is the tensile (compression) strain
(%); AL is the length after deformation (mm); L is the original length before deformation
(mm); E is the elastic modulus of the material (MPa); E,, is the fracture energy of the material
(m]); f(x) is the force—displacement curve of the material under tension or compression;
and [ is the displacement corresponding to the first peak point on the curve (mm).

(@) (b) (©)

Figure 2. Mechanical property tests of different tissues of cerasus humilis fruit. (a) Peel tensile test;

(b) pulp compression test; (¢) core compression test.

2.4. Compression Test of Cerasus Humilis Fruit

In order to understand the fracture process of Cerasus humilis fruit under compressive
loads and to verify the accuracy of simulation results, we selected 10 Cerasus humilis fruits
of similar size and without damage, removed their stalks to minimize interference with the
mechanical tests [21], and conducted compression tests along the axial and radial directions.
During the test, the loading rate of the universal testing machine was set to 5 mm/min, and
loading was stopped after the fruit cracked. The force-displacement data obtained from the
experiment were automatically recorded by the computer, and the experimental procedure
is shown in Figure 3.
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Figure 3. Compression tests of Cerasus humilis fruit. (a) Axial compression test; (b) radial compres-

sion test.

2.5. Finite Element Modeling and Simulation
2.5.1. Geometric Model Construction

To enhance the feasibility of the study and reduce the complexity of the model, it
was assumed that there is complete adhesion between the core and the pulp, without
separation [22]. During modeling, the core was embedded as an independent geometric
entity within the flesh structure. Geometric entity modeling is key to improving simulation
accuracy. Given the irregular shape of Cerasus humilis fruit, one fruit was randomly
selected from the test samples. A handheld 3D scanner (HandySCAN 700, Creaform, Lévis,
QC, Canada; scanning accuracy of 0.03 mm, scanning measurement rate of 480,000 mea-
surements/second, scanning resolution of 0.05 mm) was used to collect point cloud data
of its surface and core. The open-source software CloudCompare v2.13.2 (EDF R&D, Cha-
tou, France) was utilized to reconstruct the point cloud data, generating an initial mesh
model. Subsequently, the mesh model was imported into SolidWorks (Dassault Systémes
s.a, Waltham, MA, USA) for further processing. Surface editing tools were used to refine
the surface details, completing the geometric modeling of the peel, flesh, and core. Finally,
in SolidWorks, the peel, pulp, and core were assembled, and constraints were applied to
ensure that the positional relationships between the geometric entities were consistent with
the actual structure of Cerasus humilis fruit, thus forming a complete geometric model of
the fruit. The modeling process of Cerasus humilis fruit is shown in Figure 4.

©e

Peel Mnde]jng—

—>

Whole Fruit '
Assembly

Pulp Modelin
- '

Core Modeling

—_—— . o — — — — ——— — ———— —

Figure 4. Establishment of the geometric model of Cerasus humilis fruit.
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2.5.2. Finite Element Modeling and Meshing

In this research, finite element simulations were conducted using Abaqus (Version
2023, Dassault Systemes, Paris, France). In finite element analysis, the mesh type and
mesh size have a significant impact on the accuracy of the simulation. Common mesh
types include tetrahedral meshes and hexahedral meshes. Tetrahedral elements, due to
their flexible shapes, can better adapt to complex and irregular geometries; however, at
the same mesh density, the simulation accuracy is usually lower. In contrast, hexahedral
elements, owing to their regular shapes and higher-order shape functions, can provide a
higher accuracy and better numerical stability at the same mesh density [23]. Moreover,
smaller mesh sizes help to capture subtle variations in the physical fields more accurately.
Based on the above considerations and to adapt to the size of the Cerasus humilis fruit and
meet the computational speed and solution accuracy requirements, this study employed
hexahedral meshes with a global mesh size of 0.5 mm [24,25]. The Cerasus humilis model
was imported into the Hypermesh software in Altair HyperWorks 2020 (Altair Engineering,
Inc., Troy, ML, USA) for mesh preprocessing. The peel, pulp, and core of Cerasus humilis
fruit were meshed separately to ensure that the mesh quality met the analysis requirements.
The numbers of elements and nodes for each tissue of Cerasus humilis after meshing are
shown in Table 1. The mesh details and compression directions are shown in Figure 5.

Table 1. Number of mesh elements and mesh types for each tissue of Cerasus humilis fruit.

Material Number of Nodes =~ Number of Grids Mesh Type
Peel 22,117 11,051 C3D8
Pulp 8707 7746 C3D8R
Core 13,702 12,189 C3D8R

(d) (e)

Figure 5. Finite element simulation modeling. (a) Peel; (b) pulp; (c) core; (d) cross-section of Cerasus
humilis fruit; (e) axial compression finite element model; (f) radial compression finite element model.

2.5.3. Ductile Damage Model

In Abaqus, the Ductile Damage model was used to simulate the damage and failure
behaviors of materials due to the formation, growth, and coalescence of voids within the
material during plastic deformation [26,27]. The processes of damage initiation and damage
evolution are shown in Figure 6. This model is widely applied to predict phenomena such as
damage accumulation and the ultimate failure of materials under tensile and compressive
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loads. By incorporating this model, material damage mechanisms can be introduced into
finite element analyses, enabling a more accurate simulation of the material failure process.

Damage Evolution
Complete Failure| i

Damage Variable

Damage Initiation Strain
Equivalent Plastic Strain

Figure 6. Ductile Damage model: damage initiation and evolution.

This study adopted a damage initiation criterion based on equivalent plastic strain.
When the equivalent plastic strain of the material (si,q) reaches a predetermined critical
value (i.e., fracture strain, s];), the damage initiation criterion is triggered, and the model
begins to compute the material’'s damage. The fracture strain represents the maximum
equivalent plastic strain the material can withstand and can be determined from mechanical
test data. Its calculation formula is shown in Equation (7) and it was used to identify the

onset of material damage.
o

€J; = €total — T 7)

f

where ¢, is the fracture strain; €, is the total strain; E is the elastic modulus; and o7 is the
fracture stress.

Before damage occurs, the material follows an elastoplastic constitutive relationship,
with the equivalent plastic strain gradually accumulating. This constitutive relationship is
described in Equation (8). When e‘;,q > sj;, the material enters the damage evolution phase,
during which a damage variable D is introduced to describe the degradation of material
stiffness. The constitutive relationship for the material in the damage evolution phase is
expressed in Equation (9). As D increases, the effective stiffness of the material gradually
decreases. When D = 1, the material completely fails and loses its load-bearing capacity.
Through the relationship between equivalent plastic strain and fracture strain, the model
effectively captures the entire process from elastoplastic behavior to damage evolution and
ultimate failure.

c=D°:¢ 8)

c=(1-D)D°: ¢ )

where ¢ is the stress tensor; D° is the material’s elastic stiffness matrix; €€ is the strain tensor;
and D is the damage variableand 0 < D < 1.

2.5.4. Boundary Conditions and Solutions

The mesh model established in Hypermesh was imported into ABAQUS. Based on the
results of the mechanical tests, the peel and pulp were defined as elastoplastic materials [28].
During the compression process of Cerasus humilis fruit, the core does not undergo damage;
therefore, it was simplified as a linear elastic material. The Ductile Damage model was
used to define the damage behavior of the peel and pulp, with the damage evolution type
set to displacement and a parameter value of 1 x 10~8. The remaining material properties
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and damage parameters are presented in Table 2. Using the TIE tool, the inner surface of
the peel, the outer surface of the pulp, the inner surface of the pulp, and the outer surface of
the core were tied together into a single entity. The base and the indenter were set as rigid
bodies. A fixed constraint was applied to the base, a displacement constraint was applied
in the negative Y-direction to the indenter, and its degrees of freedom were constrained in
the other directions. The compression displacement was 10 mm. General contact was used
for the contact interactions, with the friction coefficient between the Cerasus humilis fruit
and the indenter and support set to 0.01 [29]. The ABAQUS/Implicit solver was utilized for
computation. The maximum number of increments was set to 20,000, the initial increment
size to 0.01, and the minimum increment size to 1 x 107°.

Table 2. Material simulation parameters.

E (MPa) 1

Plasticity Parameters Ductile Damage Model

2 3

Material
E;

Yield
Stress

Plastic
Strain

Stress
Triaxiality

0
E; [30] (g/cm®) F;z::;uil;e Strain Rate

Peel 1.40

Pulp 0.23

Core 73.11

1x 107
0.03
0.04

1.40 0
0

0.2

0.3 1.05 0.01 1

1

1
0.58 1

60.18

0.4
0.3

1.05
1.15

0.2

= e S
'S n =N

-
w

Stress (MPa)

0.0 L L L

! E: elastic modulus. E;: axial elastic modulus Ej: radial elastic modulus. 2 : Poisson’s ratio. 3 p: density.

3. Results and Discussion
3.1. Geometric Parameters and Mechanical Properties of Cerasus Humilis Fruit

According to the measurement results for the moisture content, the average moisture
content of the “Nongda No. 6” fruits was 84.72 £ 0.03%. Using a vernier caliper, the mean
and standard deviation of the length of the Cerasus humilis fruits were measured to be
26.13 £ 1.59 mm, the width was 27.11 £ 1.73 mm, and the height was 22.45 & 1.42 mm.
For the core, the mean and standard deviation of the minor axis were 8.27 4+ 0.33 mm, the
major axis was 9.31 £ 0.42 mm, and the height was 12.65 & 0.55 mm. Using an electronic
balance, the mass of the fruits was measured to be 10.96 +1.69 g, and that of the core was
0.56 + 0.05 g. The densities of the Cerasus humilis fruits and cores were 1.05 = 0.016 g/cm?
and 1.15 + 0.16 g/cm?, respectively. The results of the mechanical property tests of the
peel, pulp, and core of the Cerasus humilis fruits are shown in Figure 7.

Axial compression
Radial compression

Axial compression
— Radial compression

Axial Tensile
—— Radial Tensile

0.10

0.08

e
=
=8

Stress (MPa)
Stress (MPa)

e
>
=

0.02

0.1 0.2 0.3
Strain (%)

(a)

0.00
0.0

0
0.4 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18

Strain (%)

(c)

0.1 0.2 0.3 0.4

Strain (%)

(b)

Figure 7. Mechanical property test results. (a) Axial and radial tensile stress—strain curves of peel;
(b) axial and radial compressive stress—strain curves of pulp; (c) axial and radial compressive stress—
strain curves of core.

From Figure 7a, it can be observed that when the peel of the Cerasus humilis fruits
was stretched, both the axial and radial tensile stress—strain curves were nonlinear, with no
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obvious bio-yield point. As the strain of the specimen increased, the stress correspondingly
increased. When the strain reached a certain value, the stress reached its maximum. With a
further increase in strain, the stress sharply decreased, and the peel fractured at this point.
The point corresponding to the maximum stress is the failure point of the peel specimen;
this stress is called the failure stress, which is the tensile strength of the peel [31]. The
axial tensile strength of the peel was slightly greater than the radial tensile strength. From
Figure 7b, it can be observed that the axial and radial compressive stress—strain curves
of the pulp exhibited significant differences. During radial compression, the stress—strain
curve showed a certain linear variation characteristic; as the load increased, the radial
compressive stress gradually increased. When the stress reached the compressive strength
of the pulp, its original tissue structure was destroyed, and the entire pulp fractured. In
contrast, the axial compression curve displayed obvious nonlinearity, but the overall trend
was similar to that in the radial direction. The radial compressive strength of the pulp was
greater than the axial compressive strength, possibly because under axial compression,
the pulp is more prone to sliding or deformation along the cell layers. From Figure 7c, it
can be observed that the axial and radial compression curves of the core were similar to
those of the peel. However, the axial compressive strength of the core was greater than its
radial compressive strength. This may be because the fiber bundles or sclerenchyma cells
inside the core are more densely arranged in the axial direction, thereby enhancing its axial
load-bearing capacity.

The mechanical properties of the peel, pulp, and core of the Cerasus humilis fruits are
presented in Table 3. A t-test of the experimental data indicated no significant differences
between the axial and radial mechanical properties of the peel (p > 0.05), suggesting that
the peel can be treated as an isotropic material. Conversely, significant differences were
observed in the axial and radial mechanical properties of the pulp and core (p < 0.05),
indicating that they exhibited anisotropic behavior. The detailed analysis results are
provided in Table 4.

Table 3. Mechanical test results.

Failure Load (N)

Compressive (Tensile)

Strength (MPa) Elastic Modulus (MPa) Fracture Energy (m])

Material
Axial Radial Axial Radial Axial Radial Axial Radial
1.47 1.05 0.51 0.33 1.55 1.07 11.19 5.35
1.23 1.39 0.54 0.35 1.24 1.18 12.33 8.88
Peel 1.82 1.20 0.49 0.40 1.60 1.23 8.50 7.42
1.81 0.95 0.45 0.38 1.09 1.42 11.6 5.16
1.93 1.68 0.41 0.56 1.52 1.30 9.18 10.91
Average value 1.65 1.25 0.48 0.40 1.40 1.24 10.56 7.54
Standard deviation 0.29 0.29 0.05 0.09 0.22 0.13 1.64 2.43
1.73 4.57 0.034 0.091 0.20 0.67 3.13 4.36
2.65 3.82 0.053 0.076 0.28 0.52 451 3.34
Pulp 2.44 7.09 0.049 0.096 0.24 0.56 4.46 3.97
2.51 4.66 0.05 0.087 0.23 0.51 4.98 5.40
1.64 4.15 0.043 0.078 0.18 0.62 3.14 3.86
Average value 2.19 4.86 0.046 0.086 0.23 0.58 4.04 4.19
Standard deviation 0.47 1.29 0.0075 0.0085 0.038 0.068 0.85 0.77
454 .46 467.81 7.67 5.16 67.76 63.65 321.82 178.79
479.06 521.50 7.78 5.74 73.29 66.40 351.71 228.17
Core 507.28 515.25 8.18 5.40 68.51 52.52 386.18 247.73
476.61 468.37 7.93 4.98 78.37 61.71 362.08 166.19
541.66 512.15 8.72 5.32 77.61 56.64 407.37 238.09
Average value 491.81 497.02 8.06 5.32 73.11 60.18 365.83 211.79
Standard deviation 33.59 26.62 0.42 0.28 4.94 5.57 32.75 36.81
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Table 4. t-test results.
Material Source of Variation Factor t Statistic DF p Significance

Failure Load 2.16 8 0.063
Pecl Compressive Strength 1.63 6 0.15
ee Elastic Modulus 1.38 6 0.21
Fracture Energy 2.30 7 0.055

Failure Load —4.33 5 0.0074 *

. o Compressive Strength —7.84 8 <0.0001 *

Pulp Loading Direction Elastic Modulus ~10.01 6 <0.0001 *
Fracture Energy —0.28 8 0.79
Failure Load —0.27 8 0.79

C Compressive Strength 12.11 7 <0.0001 *

ore Elastic Modulus 3.88 8 0.0048 *

Fracture Energy 6.99 8 0.00012 *

* indicates a significant difference, while a blank space indicates no significant difference.

3.2. Mechanical Properties of Cerasus Humilis Fruit

The stress—strain curves of the compressed Cerasus humilis fruits are shown in
Figure 8. From Figure 8, it can be observed that the fruits exhibited a nonlinear stress—strain
relationship during compression, and the axial and radial curves displayed certain similar-
ities. The stress—strain curve exhibited a distinct biological yield point. When the stress
reached the rupture point, the fruits completely fractured, followed by a decrease in stress.
As the strain further increased and the indenter compressed the core, the stress rose again.
The axial compressive strength of the Cerasus humilis fruits was higher than the radial
compressive strength. This may be because, when subjected to axial compression, the peel
and core provide greater support and resistance, causing Cerasus humilis fruits to exhibit a
higher compressive strength during axial compression.

Axial compression
0.10 - Radial compression

upture stress

0.08 - L.
Bio-yield stress

0.06 -
Rupture stress

Stress (MPa)

0.04L / Bioyieldst J

0.02 -

0.00 L L - :
0.0 0.1 0.2 0.3 0.4

Strain (%)

Figure 8. Stress—strain curves for axial and radial compression of Cerasus humilis fruits.

3.3. Finite Element Simulation Results and Analysis

To verify the accuracy of the finite element model, the force-displacement curves
and damage conditions obtained from the simulation were compared and analyzed with
those from the compression tests of the Cerasus humilis fruits, as shown in Figure 9. From
Figure 9a,b, it can be observed that during the elastic stage, the experimental curves and
simulation curves were highly consistent, indicating that the established finite element
model can accurately represent the elastic characteristics of Cerasus humilis fruit. However,
in the plastic stage, some deviations appeared between the simulation and experimental
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curves: the force values obtained from the finite element simulation were slightly higher
than the experimental results. This discrepancy may be attributed to the finite element
model’s limitations in fully accounting for the fruit’s internal microstructure, such as
intercellular voids and the distribution of tissue fluids, as well as the simplification of the
material properties of the fruit’s tissues into an elastoplastic model. We performed a fitting
analysis between the simulation data and experimental data for the yielding stage of the
fruit. The fitting results showed that the correlation coefficients between the simulation
and experimental data were high (axial R? = 0.957, radial R? = 0.976). This indicates that
the established finite element model can effectively be used to analyze the mechanical
properties of Cerasus humilis fruit during the compression process. In terms of damage,
Figure 9c shows the compression test results of a Cerasus humilis fruit, where a significant
crack was observed along the central axis of the fruit during axial compression. Figure 9d
presents the finite element simulation results, which reproduced a similar crack pattern and
propagation trend. The crack positions and shapes in both cases were largely consistent,
further demonstrating that the established finite element model can, to some extent, predict
the deformation and fracture locations of these fruits, providing a reference for studying
the fracture behavior of these fruits.

60 - Experimental date Experimental date
- = - — FEM
FEM 25+ "=
50 ,
rd
20
40 | -
’
o~ 2 L
é 30 L @ y=2.99:0.07x-57.8742.27 : 15 5L 00t 02025
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Figure 9. Comparison of simulation and experimental results. (a) Axial compression force—
displacement curves; (b) radial compression force—-displacement curves; (c) actual cracking; (d) simu-
lated cracking.
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At the onset of compression, the maximum stress was mainly concentrated in the
regions where the Cerasus humilis fruit contacted the indenter and the support base. As
the displacement of the indenter increased, the fruit gradually deformed. When the surface
stress of the peel reached the critical damage value, the top and bottom of the fruit began
to exhibit damage. As the displacement of the indenter further increased, the damaged
areas gradually extended from the top and bottom toward the middle of the fruit. When
the surface stress of the peel rose to 0.08 MPa, the peel completely ruptured, and the stress
peak at the rupture location reached 0.75 MPa. After the peel ruptured, the pulp cells were
damaged, and a large amount of tissue fluid exuded from the cracks. The damage process
of the Cerasus humilis fruit is shown in Figure 10.
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Figure 10. Cracking process of Cerasus humilis fruit.

3.4. Fruit Internal Damage Behavior
3.4.1. Internal Damage to Fruit Due to Axial Compression

In the Abaqus post-processing module, the Activate/Deactivate View Cut function
was used to set the z-plane as the cutting plane, axially sectioning the Cerasus humilis fruit.
The distribution of von Mises equivalent stress within the fruit at different compressive
displacements is shown in Figure 11. During compression, the stress was transmitted from
the peel to the core, exhibiting an axially symmetric distribution. When the compressive
displacement was 1 mm, the maximum stress appeared at the contact points between the
peel and the indenter and base, as well as at the bottom of the core. Since the maximum
stress in the pulp region was lower than the axial yield strength of the pulp (0.05 MPa),
no damage was observed in the fruit. When the compression displacement increased to
3 mm, the maximum stress occurred in the core region, and the stress in the pulp gradually
propagated outward. In some areas, the stress exceeded the axial yield strength of the
pulp, leading to the initiation of internal damage within the fruit. As the compression
displacement reached 5 mm, the fruit entered the plastic deformation stage, and fine
cracks began to appear on the surface of the peel. With further increases in compression
displacement, these surface cracks gradually expanded toward the center. When the
compression displacement reached 9 mm, the fruit underwent complete fracture.
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Figure 11. Axial von Mises stress distribution in Cerasus humilis fruit.

3.4.2. Internal Damage to Fruit Due to Radial Compression

Similarly, the distribution of von Mises equivalent stress within the fruit under differ-
ent compressive displacements after radially sectioning the Cerasus humilis fruit is shown
in Figure 12. The internal stress in the fruit exhibited a symmetrical distribution along its
radial direction. When the compressive displacement was 1 mm, the maximum stress ap-
peared at the contact points between the peel and the indenter and base; since the maximum
stress in the pulp region was lower than the radial yield strength of the pulp (0.09 MPa),
no damage was observed in the fruit. As the compression displacement increased, the
stress in the pulp region gradually propagated toward the core. When the compression
displacement reached 5 mm, internal damage began to develop within the fruit. At 6 mm,
the fruit entered the plastic deformation stage, accompanied by the appearance of fine
cracks on the peel’s surface. With further increases in compression displacement, these
surface cracks expanded toward the center, and the stress at the core reached its maximum.
When the compression displacement reached 9 mm, the fruit underwent complete fracture.

S, Mises S, Mises
(Avg: 75%) (Avg: 75%)

Compressive Displacement 1 mm Compressive Displacement 5 mm
S, Mises S, Mises
(Avg: 75%) (Avg: 75%)

Compressive Displacement 6 mm Compressive Displacement 9 mm

Figure 12. Radial von Mises stress distribution of Cerasus humilis fruit.



Agriculture 2025, 15, 88

15 of 17

3.5. Discussion

Currently, the primary harvesting method for Cerasus humilis is comb-picking. During
the harvesting process, compression caused by the comb teeth can lead to fruit damage.
This damage can be categorized into two main types: direct surface cracking of the fruit
and internal damage that is not easily visible to the naked eye. These damages severely
affect the subsequent processing and storage of the Cerasus humilis fruit. This study
simulated the damage behavior of Cerasus humilis fruit under compressive loading. The
results showed that when the fruit entered the plastic stage, although the peel did not crack,
large-scale internal damage had already occurred. Additionally, internal damage occurred
earlier in the flesh when the fruit was subjected to axial compression, which is consistent
with the findings in the literature [32,33]. When the compression displacement reached
9 mm, the fruit completely cracked. These results provide a theoretical basis for optimizing
Cerasus humilis harvesting equipment and suggest minimizing axial compression on the
fruit during the harvesting process.

Finite element simulation has been widely applied to study the mechanical behavior
of fruits. Zou et al. [34] used the Burgers viscoelastic model to construct a simulation
model for spinach, and the results showed that this model could effectively reflect the
creep characteristics of spinach. Ma Shuai et al. [35] employed the Maxwell model to
describe the mechanical properties of grape flesh and verified the accuracy of the model. In
this study, a damage model based on elastic—plastic characteristics was used to simulate
the compression damage process of Cerasus humilis fruit. However, the model did not
account for the fruit’s microstructural features and rheological properties. Future work will
incorporate the fruit’s microstructural characteristics and rheological properties to further
refine the finite element model and improve the accuracy of damage prediction.

4. Conclusions

(1) Through mechanical testing, the mechanical parameters of various tissues of Cerasus
humilis fruits were obtained in both the axial and radial directions. The fruit of
Cerasus humilis exhibits anisotropic mechanical properties, with its axial compressive
strength being higher than radial compressive strength.

(2) The Ductile Damage model was used to simulate the axial compression and cracking
process of Cerasus humilis fruits. The simulation results showed that the force—
displacement curve aligned well with the experimental data, and the fruit-cracking
process closely matched the experimental observations. When the axial compression
displacement reached 9 mm and the surface stress of the peel reached 0.08 MPa, the
fruit underwent complete fracture. This model proved effective for simulating the
damage behavior of Cerasus humilis fruits under compressive loading.

(3) During the compression process, the internal stress distribution of Cerasus humilis
fruits was symmetrical, and the pulp tissue was more prone to damage. Under axial
compression, internal damage began to appear when the displacement exceeded
3 mm, whereas in radial compression, internal damage started to occur when the
displacement exceeded 5 mm.
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