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Most available studies on the mechanical properties of apples lack the comprehensive results needed
for the construction and validation of static FEM models. Researchers typically focus on either the
flesh and epidermis or the whole fruit, often overlooking the maturity stage of the examined apples.
They usually report only firmness or the starch index as indicators of maturity. Furthermore, many
studies use store-bought apples, which is impractical for industrial applications since this fruit has
already undergone various treatments before reaching the shelf. This article aims to determine the
mechanical properties of apples necessary for constructing static FEM models that are both ade-
quate and useful for the industry. The new Polish apple variety, Chopin, was selected as the research
material. The study was conducted for three stages of apple maturity: development, ripening, and
senescence. Mechanical properties of the flesh and skin were determined as material data for FEM
models. Force-displacement curves and pressure-force functions were examined for future model
validation. Using micro-computed tomography, the bruise volumes of fruit subjected to 20%, 50%,
and 80% of the destructive force were determined. Significant differences were found between ap-
ples in the senescence stage and those in the development and ripening stages. Results of Micro-Ct
and the results of modified and real compression tests of whole fruit have allowed us to formulate
the research hypothesis regarding the influence of flesh cracking (characterized by local drops of
force), influencing the bruise visibility and detection.
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1. Introduction

Apples are composite materials consisting of vari-
ous structural elements with different mechanical

Creating new apple varieties is based on improving
biological characteristics adapted to environment
conditions, processing technologies and user require-
ments. The development of new varieties resistant to
damages during collecting, transport and storage pro-
cesses contributes to reducing losses and production
demand thereby contributing to reducing financial
and environmental costs [1-4]. Nevertheless, it is
necessary to determine the micromechanical proper-
ties of this apple in order to compare it with other va-
rieties.

: Corresponding author: monika.slupska@upwr.edu.pl

properties, but the majority of them comprise edible
parenchymal tissue (flesh) [5,6]. The mechanical
properties of flesh depend on the condition of cell
walls and the turgor pressure of cells. From a mechan-
ical standpoint, the fruit cell wall constitutes a robust
network with a fibrous structure, providing each cell
with its stable shape: a network resistant to stretching
(cellulosic), a network resistant to shearing (hemicel-
lulosic), and a network resistant to compression (pec-
tic). Pectin is also responsible for cell adhesion
strength. It is a type of polysaccharide that, in the case
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of apples, constitutes over half of the dry mass of the
cell wall, thus primarily contributing to the mechani-
cal properties of fruit. Its degradation is caused by en-
zymatic reactions naturally occurring in plants but
can also be induced by pathogenic fungi and bacteria.
Pectin enzymatic reaction affects the rheological
properties, porosity, and ionic status of the cell wall.
Pectins are also the main component of the middle
lamella which binds adjacent cells, therefore they are
considered to be the main determinant of the me-
chanical properties of the cell wall and plant tissue.
Therefore, accurate determination of the stage of fruit
ripeness and carrying out tests for different stages of
fruit ripeness are so important in all fruit strength
tests [7-12].

Unfortunately, most of the available studies on
the mechanical properties of apples do not include
all the results necessary for the construction and val-
idation of FEM models of the apples. Scientists focus
either on studying the flesh and epidermis or the
whole fruit, often neglecting the maturity stage of
the examined fruit. They frequently report only
firmness or the starch index as indicators of the ma-
turity stage. Moreover, research is very often con-
ducted on store-bought apples, which is meaningless
for practical applications in the industry, as at this
stage, we only see the consequences of the treat-
ments the fruit underwent before reaching the shelf
[13-16]. Of course, some research is aimed at pre-
senting new methodologies rather than creating
a database of the strength properties of a specific va-
riety. Among the methods for measuring the me-
chanical properties of apple fruit, various tests can
be distinguished, including uniaxial tests, multiaxial
tests, tests on non-uniform samples, in situ tests, dy-
namic tests, as well as micro- and nanomechanical
tests. Each of these methods has its advantages and
disadvantages, and the choice depends on the re-
search goal and available resources. In addition to
the test method itself, it is also important to establish
measurement parameters such as force, defor-
mation, strain, modulus of elasticity, Poisson's ratio,
absorbed energy, acoustic response, surface pres-
sures, and destructive stresses. The study of the me-
chanical properties of fruit tissues is an area of in-
tense scientific research, crucial in assessing the
quality and durability of fruit in harvesting, trans-
portation, and storage processes. It is also worth not-
ing that these methods are constantly being im-
proved. In recent years, much research has focused
on the use of modern technologies enabling both de-
structive and non-destructive analyses. These stud-
ies can also be divided into macro, micro, nano
scales, and those conducted at the atomic level
[7,17-23]. It opens the new field of fruit mechanical

research: non-destructive Micro-CT imaging, com-
bined with strength tests and numerical modeling
forms the basis for reverse engineering research on
apple fruit tissues.

Therefore, the article presents the results of me-
chanical and Micro-CT tests for specific and verified
apple ripeness stages, constituting a set of complete
data for building FE models.

2. Material and methods
2.1. Research material

The Chopin variety apples, serving as the research
material, were bred and harvested by the Experi-
mental Orchards of the Warsaw University of Life
Sciences in Wilanéw. Harvest dates, established by
the producer based on predictions for collective, con-
sumption, and physiological ripening stages, fell on
October 13th, October 26th, and November 14th,
2022, respectively. The harvest date for the develop-
ment stage of ripeness was determined using the eth-
ylene-induced method, but additionally ethylene
concentration in seed chambers was also tested for
the remaining stages of maturity. The ethylene con-
tent in the seed chambers (uL/L) was assessed accord-
ing to a commonly used method [24], using a gas
chromatograph (HP 5890, Hewlett Packard, Palo
Alto, CA, USA).

To obtain representative samples for testing, ap-
ples have been selected based on diameter, height,
and weight so that these parameters fall within the
average values for the variety. Height and diameter
were measured using the DC-1 caliper (Ovibell
GmbH & Co. KG, Mulheim, Germany) with a meas-
urement accuracy of 0.01 mm, while weight was
measured using the laboratory scale WTC 600
(RADWAG, Psary, Poland) with a measurement ac-
curacy of 0.001 g. The apples were tested within
24 hours after harvest.

2.2. Determination of basic
properties of fruit

physicochemical

In order to confirm the ripening stages, and deter-
mine the well know parameters for the apple charac-
terization, a measurement of firmness (F), soluble sol-
ids content (SSC), and starch index (SI) were
conducted to calculate the Streif Index (IS) based on
these three parameters. Firmness was measured using
a manual penetrometer (Facchini FT 327, Alfonsine,
Italy) equipped with a cylindrical penetrating attach-
ment with a diameter of 11.1 mm. Prior to firmness
testing, the apple skin was removed. Soluble solids
content was determined using a manual
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refractometer (RMR 200, Hanna Instruments,
Woonsocket, Rhode Island, USA) [25]. Starch index
(SI) was determined by immersing apple slices in an
iodine solution for one minute, followed by drying
and comparison with standards [26].

The Streif index (IS) was calculated using Equation 1:

s =— (1)

T ssc-sI

Where F - firmness [kG], SSC - soluble sugar content [%], SI -
starch index [-].

Water content was determined using a gravi-
metric method. Freeze-drying was performed using
a Labconco 4.5L lyophilizer (Kansas City, MO,
USA) under the following parameters: pressure
50 Pa, collector temperature -48°C, drying time
24 hours.

Pectins were precipitated from the solution of the
tested sample using 100% acetone. Results were ob-
tained using gravimetric methods: filtration, drying,
and weighing the resulting precipitate [27].

Malic acid content was determined based on aci-
dimetric analysis - 5 ml of juice and 100 ml of distilled
water were titrated with 0.1 N NaOH to pH 8.1 (neu-
tralization of the solution) [3].

To determine the density of the apple peel, core,
and flesh, the mass-to-volume ratio method was
used. The apple was carefully separated into three
components: peel, core, and flesh. Each component
was cut into small, measurable pieces. The mass of
each component was measured using an analytical
balance with an accuracy of 0.01 g. The volume was
measured using the water displacement method by
submerging each sample in a graduated cylinder and
recording the increase in water level. Finally, the
density was calculated as the ratio of mass to volume.
The process was repeated for multiple samples to en-
sure accuracy.

2.3. Determination of strength properties of apple
flesh and skin

2.3.1. Flesh

The strength properties of flesh, for the studied stages of
maturity, were determined in a compression test. For
this purpose, cuboid samples of flesh were tested. Their
height was no more than 1.5 times the base edge to avoid
the lack of a uniaxial stress state, thus meeting the as-
sumptions of Saint-Venant's principle. The samples
were loaded using an Instron 5566 strength testing ma-
chine (Instron, Norwood, Massachusetts, USA) under
quasi-static conditions at a loading speed of 1 mm-min™.
The accuracy class of the force measuring head was 0.5
according to ISO 7500-1. Figure 1b presents the average
results of the conversion of force-displacement plots to
a stress-strain plot, for all ripening stages of apples. The
Young's Modulus values were calculated as the ratio of
yield stress to strain results. Poisson's ratio values were
determined based on the ratio of transverse strain to ax-
ial strain, averaged for each sample. During the tests,
Poisson's ratio was also determined by measuring the
strain in two mutually perpendicular directions of the
sample in a compression test (Fig. 1a). For this purpose,
a ME45 optical extensometer (Messphysik, ZwickRoell
Testing Systems, Fiirstenfeld, Austria) was used and the
standard equation for determining the Poisson’s ratio
(Equation 2).

_ -1
UV=¢&"8& (2)

Where v - Poisson’s ratio [-], €1 - transverse strain [-], €2 - axial

strain [-].

This value was calculated, for each sample,
throughout the entire loading range until the yield
point was reached. Then the collected values were av-
eraged for all loading ranges of each sample. The tests
were carried out in 10 repetition
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Fig. 1. The method of apple flesh strength testing: a) determination of Poisson's ratio method, b) - determination
of Elastic Modulus method
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2.3.2. Skin

The strength properties of the epidermis were deter-
mined in a tensile test. The sample preparation method
is shown in Figure 2c. Similarly, to the compression
test of the flesh, the samples were loaded using the
strength testing machine under quasi-static conditions

at a loading speed of 1 mm-min™. The Young's Modu-
lus values were calculated based on the stress-strain
curves (Figure 2b). Figure 2a presents an example of
force-displacement plot used to calculate the above-
mentioned stress-strain relationship. The tests were
carried out in 10 repetitions.
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Fig. 2. The method of apple skin strength testing: a) Sample graph of force as a function of displacement used to calcu-
late stress-strain relationship, b) - Sample graph of stress-strain used to calculate the Young’s Modulus values, ¢) - Ten-
sile test scheme.

2.4. Determination of strength properties of apple
fruit

The load process was measured as a function of dis-
placement using a strength testing machine, under
quasi-static conditions at a loading speed of 1 mm-min°
!. In addition, the distribution of the surface pressure
exerted by the sample in the compression test was
measured with the Tekscan I-Scan VHS System
(Tekscan, Boston, Massachusetts, U.S.A). The tests
were carried out in 5 repetitions.

The process of flesh cracking characteristic of
fresh apple fruit (characterized by local drops in
force) prevented the interpretation of the elastic
properties of whole fruit. Therefore, the test data
(marked in blue) were modified by compensating for
these local drops (marked in red) as shown on Figure
3. This procedure required identifying the maximum
force before the drop and then removing the forces
leading to the sample's re-strengthening and contin-
uing the graph with the force increasing further. Con-
sequently, the displacement does not correspond to

the actual values occurring during the test. The graph
was used to visualize elastic behaviors and to demon-
strate the critical points of the apple compression pro-
cess.

The test modification produced graphs suited for
elastic material (marked in orange), enabling the
compression process to be divided into three phases:
Region 1: characterized by a rapid increase in force,
indicating that the apple remains flexible; Region 2:
marked by an inflection point, where the rate of force
increase begins to slow as the material gradually loses
its elastic properties in favor of plastic behavior; Re-
gion 3: the stage where the flesh tissue along the com-
pression axis is fully compromised, leading to crack-
ing as the skin’s structural continuity fails.

The inflection point, flesh failure point and skin
failure point were determined using MatLab software,
which detected changes in the slope angle of the graph
indicating a transition from elastic to plastic behavior.
This graph was primarily created to validate the elas-
tic properties of FEM models [28]. In the following
article, the authors demonstrate the limitations of
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using only elastic properties when modeling apple
fruits and highlight the advantages of elastoplastic
models.
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Fig. 3. A method for modifying and interpreting test data

2.5. Determination of the bruise volume using mi-
cro-computed tomography

To quantify internal tissue damage caused by me-
chanical compression and support the reverse engi-
neering procedure for stress threshold estimation, se-
lected apples were scanned using X-ray micro-
computed tomography (micro-CT) immediately after
loading. Scanning was performed using a Phoenix
V|tome|x S system (Waygate Technologies, Hiirth,
Germany) with the following settings: source voltage
of 60 kV, source current of 350 pA, exposure time of
333 ms, frame averaging of 3, with every first frame
skipped, resulting in an isotropic voxel resolution of
0.1 mm. Apples were scanned in their entirety, ori-
ented vertically along the stem-calyx axis. Scans were
performed on fruit compressed to 20%, 50%, and 80%
of the average destructive force, previously deter-
mined at 730 N, resulting in respective loads of 146 N,
365N, and 585 N. The apples selected for this stage
represented typical deformation profiles observed in
the average course of the compression test, based on
force-displacement data.

Reconstruction and 3D rendering of volumetric
data were performed using VG Studio MAX software
(Volume Graphics GmbH, Heidelberg, Germany).
The extent of damage was quantified using region-of-
interest (ROI) threshold segmentation and Poros-
ity/Inclusion Analysis tools. Segmentation was con-
ducted semi-automatically, using global thresholding
refined by histogram inspection and manual adjust-
ment. To enhance accuracy, gray-level contrast and

tonal mapping were optimized to highlight tissue
zones with reduced X-ray attenuation. Voxels below
a defined intensity threshold were classified as
bruised tissue.

For each maturity stage and load level, three ap-
ples were scanned and analyzed. Damage was quanti-
fied by calculating the bruise volume (mm?®). Bruise
volumes were also normalized to the total fruit vol-
ume to account for size variability across samples.

a) b)

Fig. 4. Micro-CT cross-sections of an apple compressed
to 80% of the average failure force: a) original micro-CT
scan, b) highlighted internal bruising.

2.6. Statistical data analysis

Statistical analysis (Welch’s ANOVA and Tukey’s
post-hoc tests) was performed to explore differences
among ripening stages for geometric, physicochemi-
cal and mechanical parameters. Due to the high in-
trinsic biological variability of apple fruit and the lim-
ited but biologically justified sample size (n = 3 per
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stage for several variables, n = 10 per stage and test 3. Results
type for mechanical tests), these tests did not consist-
ently yield statistically significant results despite clear
and physiologically consistent trends visible in the
mean values and graphical data. Consequently, mean
values and standard deviations are reported as the
primary descriptors, and the mechanical interpreta-
tion of the results remains the main focus of this
study.The complete statistical output is available

from the authors upon request.

3.1. Characteristics of the material selected for test-
ing

Table 1 shows the results of testing the density, water
content and geometric parameters of the fruit.

Table 1. Fruit dimensions and water content results at three ripening stages.

Stage of Density, Average Average Height, Water content,
ripeness kg'm® Diameter, mm mm %
Development 995.16£10.96 76.95%1.16 64.56+2.17 85.57+4.20
Ripening 1037.21+18.56 78.48+1.83 63.79+3.44 84.10+1.80
Senescence 1047.22+20.24 77.88+1.71 65.51+3.58 83.42+4.30

The water content in the fruit decreased with time
with their physiological development, ranging from
83.42 to 85.57%. In addition, the average dimensions
of fruit cores were measured. The average value of the
core diameter was 32 +2.1 mm, while the average
value of the core height was 39 £3.06 mm.

3.2. Basic physicochemical properties of fruit

Table 2 presents the results of tests for firmness, SSC
content, starch index and the Streif index determined
on the basis of the above-mentioned parameters, as
well as ethylene concentration, malic acid and pectin
content at individual fruit harvest dates.

Table 2. Physicochemical characterization of the studied material for three stages of fruit ripening.

) Malic Pectin  content,
. Soluble sol- Streif  Ethylene . :
Stage of Firmness, Starch ) ] acid 2100g s.m ™" [%]
. ids . index, concentration,

ripeness N index, - 1 content,

content, % - pLCH, - L o

(1)

Development 72.6 +2.4 11.60+0.49 540.60 0.12 0.1 0.83 9.53
Ripening 67.7t1.6 14.00+0.25 740.40 0.07 12 0.78 7.20
Senescence 56.9+7.9 14.60+0.97 9+1.10 0.04 31 0.66 4.07

Based on Table 2, it can be concluded that firm-
ness decreased from 72.6 N to 56.9 N with the stage
of physiological development. The soluble solids con-
tent (SSC), as well as the starch index, increased with
fruit ripeness. For ripening and senescence maturity,
the values of SSC were similar and amounted to
14.00% and 14.06%, respectively, whereas in the case
of senile maturity, the SSC value was significantly
lower and amounted to 11.6%. The values of the Streif
index were 0.12 for the stage of development ma-
turity, 0.07 for the stage of ripening maturity and 0.04
for the stage of senescence maturity. Fruit at the se-
nescence maturity stage exhibited the lowest malic
acid content of 0.66%, whereas those at the develop-
ment maturity stage had the highest content of 0.83%.
For fruit at the ripening maturity stage, the value of
malic acid content was 0.78%. The pectin content in
fruit decreased with their maturity, reaching the

values of 9.53%, 7.2% and 4.07% for development,
ripening and maturity stage, respectively.

3.3. Strength properties of apple flesh and skin

Table 3 presents the results for mechanical properties
of apple skin and flesh which constitute the basis for
defining the material's behavior under load.

The value of skin elasticity modulus decreased
with the stage of apple ripeness from 10.78 to 5.23
MPa. Modulus od elasticity for the flesh in develop-
ment stage of ripeness was 5.04 MPa, for the ripening
stage it slightly increased to 5.12 MPa, and then sig-
nificantly decreased to a value of 3.85 MPa for the se-
nescence stage of ripeness. The lowest Poisson's ratio
value of 0.21, was achieved by the fruit at the ripening
maturity stage. Fruit at the development maturity
stage were slightly more prone to transverse
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deformations, with a Poisson's ratio of 0.25. The high-
est Poisson's ratio was observed for fruit at the senes-
cence maturity stage, with a value of 0.35.

Table 3. Results of mechanical properties of flesh and skin.

Stage of Skin | Flesh

ripeness Modulus of Elasticity, Modulus of Elasticity, Poisons Ratio,
MPa MPa -

Development 10.78+2.26 5.04+0.75 0.25+0.03

Ripening 7.18+1.29 5.12+0.86 0.21+0.07

Senescence 5.23+1.86 3.85+0.78 0.35+0.10

3.4. Strength properties of apple fruit

Figure 5 and 6 present the averaged results of com-
pression tests for three maturity stages. The original
test data of force-displacement curves are shown in
Figure 5a, while Figure 5b presents curves modified ac-
cording to the methodology outlined in Figure 3 in

chapter 2.4. Figure 6a shows the surface pressure as a
function of force, while Figure 6b presents the contact
surface as a function of force. The results presented in
both figures are included in Table 4, divided into elastic
region, plastic region and the region of a total flesh fail-
ure, for all stages of fruit ripeness (according to the
methodology described on Figure 3).
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Fig. 5 Averaged force-displacement curves of compression tests for three stages of fruit ripening: a) original test curve,
b) modified test curve
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Fig. 6. Averaged surface mapping results obtained during compression testing for three stages of fruit ripening: a) Sur-
face pressure curves as a function of loading, b) Contact surface as a function of loading

Journal of Research and Applications in Agricultural Engineering 70 (2) 2025

53



Mechanical properties of Chopin apple cultivar depending on their stage of ripening

Table 4. Results of mechanical testing of whole fruit obtained from force-displacement curves and surface pressure-

force curves.

Region 1 - Elastic region

Stage of ripeness Inflection point, Displacement, Contact Surface, Surface Pressure, MPa
N mm mm?

Development 344.72+3.45 7.31+0.29 723.41+76.67 0.49+0.039

Ripening 339.14+5.96 7.55+0.28 806.24+25.99 0.44+0.014

Senescence 262.41+2.58 4.73+0.38 630.65+49.82 0.40+0.034

Region 2 - Plastic region

Stage of ripeness Flesh failure Displacement, Contact Surface, Surface Pressure, MPa
point, N mm mm?

Development 646.15+8.47 12.98+0.34 1258.8.4+79.98 0.52+0.031

Ripening 658.76+10.14 13.16+0.57 1419.60+£116.64 0.4610.037

Senescence 576.951+67.24 12.99+1.27 1355.80+213.11 0.4110.065

Region 3 - Final failure

Stage of ripeness Skin failure point, Displacement, Contact Surface, Surface Pressure, MPa
N mm mm?

Development 751.29+8.47 19.02+0.76 1826.00+£163.24 0.41+0.038

Ripening 757.50+10.14 20.42+1.17 2005.20+123.45 0.38+0.014

Senescence 674.18+67.24 17.95+2.41 1865.20+212.65 0.36+0.045

Comparing Figures 5a and 5b, it can be seen that
after compensating for the local force drops, we see
that fruit at the stage of ripening maturity were char-
acterized by slightly greater strength in the plastic re-
gion. This also means that these drops in force were
either more frequent or had greater values.

Based on Table 4, it can be observed that as apples
progressed through the stages of development, plastic
deformations began at lower force values. Similarly,
the force causing the disruption of the flesh tissue
structure also decreased with the ripening stage.
However, when the flesh in the compression axis
ceased to transmit loads due to the disruption of its
cohesive connection with the seed nest, it was found
that fruit at the ripening stage were the last to crack,
at the highest force and displacement value.

From the surface pressure results presented in Fig-
ure 6 and Table 4, it is evident that as the fruit

matures, the contact surface increases (Fig.6b), lead-
ing to a decrease in surface pressures. Throughout the
entire compression process, it can also be observed
that they remain at a consistent level within the range
corresponding to their maturity stage (Fig. 6a).

3.5 Bruises volume

Figure 7 presents the results of apple bruise volumes
determined based on tomographic images. The graph
is divided into load ranges (20%, 50%, and 80% of
Failure Force) and maturity stages. The study showed
that regardless of the load range, the extent of bruis-
ing slightly increased during the transition from the
development stage to the ripening stage achieving the
highest values and then obtained the lowest value at
the senescence stage.
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Fig. 7. Results of fruit bruise volume, determined for three load ranges and three ripening stages.
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These results, especially for the ripening maturity,
have allowed us to formulate research hypothesis dis-
cussed in detail in the discussion section.

4. Discussion

The apple cultivar Chopin has already attracted con-
siderable scientific interest and has been investigated
from multiple perspectives. Previous studies have fo-
cused on:

— the effect of storage conditions on the content of
molecules [2] and storability and nutritional value
(1],

— bioactive compounds, antioxidant potential and
cultivar functional properties [29,30],

— the effect of mycorrhizal fungi and PGPR on tree
nutritional status and growth [30],

— quality and nutritional value in relation to popular

apples growing in Poland [3].

This article explores different issues than those
previously addressed by researchers, thereby provid-
ing a good complement to the current state of
knowledge. Now the practical application of mechan-
ical research on fruit is even more evident, especially
since robotic fruit harvesting is becoming increas-
ingly popular, and designing devices for this purpose
requires defining the mechanical properties of the
fruit [31,32].

The research presented in this article confirmed
the need to carefully take into account the maturity
stage in mechanical research, and in particular in the
construction of MES models for the food industry.
The results of mechanical and Micro-CT tests for spe-
cific and verified stages of apple ripeness provided a
complete dataset for building and validating elastic
and elastic-plastic FE models in different article [28].
Further conclusions on the superiority of elastoplastic
models over viscoelastic ones (for tissue models cov-
ering the full range of fruit loading) require dedicated
studies focused exclusively on the adaptation of vari-
ous material types, such as elastic, elastoplastic, visco-
elastic, crushable foam, and others.

Fruit at the stage of ripening maturity was charac-
terized by the highest elastic modulus of the flesh tis-
sue, higher strength of whole fruit in plastic region
(based on modified charts showing force-displace-
ment curves), the highest value of the final apple de-
structive force, but not the highest strength in a sig-
nificant part of the whole apple compression process,
and not the highest resistance to bruising. Results of
Micro-Ct and the results of modified and real com-
pression tests of whole fruit have allowed us to

formulate the research hypothesis regarding the in-
fluence of flesh cracking (characterized by local drops
of force), influencing the bruise visibility and detec-
tion.

It's important to note that bruises visible in mi-
crotomographic images are apparent due to the leak-
age of cell sap and the tearing of flesh tissue to such
an extent that the detection of discontinuity in the
foam structure of the apple flesh is possible. There-
fore, delving into the cellular structure and under-
standing the mechanism of apple fruit behavior is so
crucial for a comprehensive description of the phe-
nomena occurring in the tissue at different stages of
loading, with particular emphasis on their ripening
stages. According to [33] process of gas diffusion,
rupture of intercellular connections, cracking of cell
walls, and migration of cell sap throughout the tissue
should be considered to fully define the behavior of
the apple flesh under load. Creating a coherent and
uniform theory of mechanics for biological materials
would lead to a system of equilibrium equations with
a complex structure with many variables. Such a sys-
tem would have to include solutions in the field of bi-
ochemistry, biomechanics, and biophysics [34].

5. Conclusion

— The study demonstrated that the mechanical be-
havior of apples is strongly influenced by ripening
stage, which must be precisely accounted for when
constructing FEM models for food industry appli-
cations.

— A complete dataset of mechanical properties and
Micro-CT-based bruise volumes was developed
for three distinct maturity stages of Chopin apples,
supporting both material model definition and
validation.

— The findings indicate that flesh cracking during
compression, visible as local force drops, may play
a key role in bruise visibility and detection, form-
ing the basis for a new research hypothesis.

— Among the maturity stages, apples in ripening ma-
turity exhibited the highest destructive force and
elastic modulus, though not the highest resistance
to bruising, indicating complex structural dynam-
ics.

— The mechanical characterization of the Chopin
cultivar, previously studied mainly in terms of bi-
ochemical properties, provides novel insights rel-
evant to the design of robotic harvesting systems
and mechanical fruit handling.
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