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Abstract: The micromechanical properties of agricultural products can be used to formulate simulation models and optimize

processing parameters for harvest, packaging, and storage.
mechanical tests on different specimens at the tissue level.

In this study, a detection platform was designed for conducting
The system provided controllable and precise displacements; the
relative error was less than #1.0%. The displacement and force measurements were calibrated.

Micromechanical tests of

apple parenchyma tissues were conducted to evaluate the performance of the proposed platform. The stress-strain curves of
the specimens and the micrographs of the microstructures can be obtained simultaneously during the tests. The proposed
platform has the capability to test mechanical properties and obtain micro behaviors of agricultural products at the tissue level,
which helps in studying the failure mechanism of agricultural products under external loading.
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1 Introduction

The mechanical properties of agricultural products are crucial
factors for determining their susceptibility to mechanical damage or
optimizing the processing parameters during harvest, packaging,
storage, and transportation. The macroproperties of agricultural
products obtained by universal testing machines are commonly
used to establish simulation models for analyzing and predicting
their mechanical behaviors!®®. These models assume the objects
as continuous and homogeneous materials; this makes it difficult to
reflect the deformation and failure processes of the microstructures,
and to further analyze the conditions in which small injuries occur.
Owing to the lack of micromechanical properties, some studies
have calibrated their models by adjusting the set values of the
micromechanical properties until the macro-parameters match the
actual experimental  resultst. However, these input
micromechanical parameters may not match the actual properties of
the specimens. In other studies, simulation models based on
micromechanical properties have helped in analyzing the local
failures of objects”®.  Some studies have obtained micrographs of
microstructures before and after the mechanical damage occurs
using electron microscopes, aiming to help explain possible failure
mechanisms and the differences in the microproperties of different
specimens®® %, However, the observation and detection were not
simultaneous, as such the results lacked reliable verification.
Thus, it is necessary to detect the micromechanical properties of
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agricultural products and obtain the deformation of their
microstructure simultaneously, to provide the basis for illustrating
the mechanical behavior of agricultural products under external
loading.

Several methods have been used to determine the
micromechanical properties of plants at the tissue level or cell level,
including nano-indentation™ ™!, and peak-force quantitative
nano-mechanical property mapping based on atomic force
microscopesi®*®®).  These methods provide reliable quantitative
results with high resolution, however, require complicated sample
preparation. In addition, as the properties are calculated from the
static surface properties using mathematical models, it is difficult to
detect the anisotropic mechanical properties or deformations at the
microstructure level during compression or tensile processes.
Thus, a detection device that can conduct micro tensile and
compression tests for a specimen, during which the deformation of
the microstructure can be identified, is highly desirable.

Some studies have conducted mechanical tests for plant
specimens at the cell level or subcellular level and examined their
deformations by micromanipulation under microscopes®®*?,
Micro-electro-mechanical-system devices have also been used to
test specimens on a small scalef®?3, However, these systems
require complicated and precise operations. Additionally, cells
show different mechanical properties when isolated, rather than in
tissue®®.  For agricultural use, the deformation and failure
processes of specimens at the tissue level are needed. Some
studies have combined a micro tensile system with a microscope to
detect the micromechanical properties and failure mechanisms, e.g.,
those of fiber-thermoplastic polymer samples®?! and primary onion
epidermal cells’®®).  These systems were mainly designed for
fibers or thin film samples, and were not available for cuboid
specimens and compression tests.  Bidhendi et al.?*?”! introduced
a simple scalable device for micromechanical tests comprising a
linear motorized stage and a stereomicroscope, which could obtain
the behaviors of the microstructure during the tests. However, the
specimen was fixed on two microscope glass slides; thus, this
approach was difficult to apply to cuboid or cylindrical specimens.
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Moreover, the deformation of the force sensor needed to be
eliminated from the displacement measurements. ~ Alamar et al.[?®!
studied the effects of storage conditions and cultivars on the
micromechanical behaviors of apple tissues. However, only the
initial image and that at 80% of the maximal stress were obtained
and analyzed. In addition, the sensors of the system could not be
easily replaced to measure a wide range of displacements and
forces. Liu et al.” illustrated the failure behaviors of tomato
tissues by manually stretching the specimen using dissecting
needles, whilst a proper detection system with controllable
displacement is necessary to provide reliable results.

In view of the above, this study aimed to (1) develop a
detection platform for the micromechanical properties of different
types of agricultural products at the tissue level, by which the
deformations of their microstructures could be obtained
simultaneously during the entire failure process and to (2) evaluate
the detection performance of the proposed system by conducting
micromechanical tests, using apple tissue as an example.

2 Materials and methods

2.1 Design of the experimental system
2.1.1 Requirements of the platform

The detection platform is needed to provide the displacement
in the tests and to detect the deformation and mechanical load of
the specimen with high resolution and accuracy. To fulfill the
requirements for the detection of various agricultural products, the
designed platform needed to conduct compression tests for cuboid
or cylindrical specimens (such as the parenchyma tissues of fruits),
and tensile tests for fibers or thin film samples such as peels.

The proposed system consisted of three parts: the hardware
system, image acquisition system, and software and control system.
2.1.2 Hardware system

The hardware system (as shown in Figure 1) contained a
precision motorized displacement drive module, 3D cartesian
coordinate displacement module, linear variable differential
transformer (LVDT) distance sensor, force sensor, and several
special clamping devices. The precision motorized displacement
drive module (MTS25-M-Z8, Thorlabs, USA) was programmable
and could provide up to 25 mm linear displacements with a
resolution of 29 nm, allowing controllable and micro deformation
at the cellular scale.

(1) Arrangement of the force and displacement sensors

The two sensors were attached to the drive module using a
designed support, and the force and displacement data were
obtained during the tests. The maximum ranges of the force
sensor (DYLY-102, DAYSENSOR, China) and LVDT distance
sensor (LVDT8-A-10-MM-SL, MIRAN, China) were 10 N and
10 mm, respectively, and the voltage signals from the two sensors
were converted to digital signals by a 16-bit A/D module. Force
sensors of different ranges could be substituted in the system
according to the requirements of the specimens.

(2) Clamping device

Each clamping device could be divided into a movable part
and a settled part fixed on the force sensor and 3D Cartesian
coordinate displacement module, respectively. Clamping devices
with different shapes were designed to meet the requirements of
different tests and specimens, as shown in Figure 2. The two
parts of the clamping device (Figure 2a) formed a pair of parallel
surfaces to fix cuboid or cylindrical specimens, and the specimens
were then compressed or extended (after being glued to the device).
The top planes of clamping device (Figure 2b) could be used to

extend the thin-film samples, whereas clamping device (Figure 2c)
could be used for three-point bending tests.
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Figure 1 Dynamic detection platform with microstructure visual
observation function

a. b. C.
Figure 2 Clamping devices for compression tests (a), tensile tests
(b), and three-point bending tests (c)

(3) Manual position adjustment device

The 3D Cartesian coordinate displacement module consisted of
a vertical travel stage (MVS005/M, Thorlabs, USA) and two travel
translation stages (MT1/M, Thorlabs, USA); these helped to adjust
the position of the settled part of the clamping device with a
resolution of 10 «m and helped in preloading.
2.1.3 Image acquisition system

A stereomicroscope (SteREO Discovery V8, Zeiss, Germany,
with a Max 3.5 objective lens) and a CMOS camera (Axiocam
ERc 5s, Zeiss, Germany) were used to obtain the micrographs.
The viewing window could be adjusted to obtain images of both
the target cell and the whole specimen by changing the objective
lens and zoom magnification changer of the microscope body.
The stereomicroscope was selected because it met the requirements
of dynamic detection. The specimen did not need to be
transparent and cut into thin slices, which further allowed for
observation of the deformation of the specimen during the
compression and tensile tests. In addition, the stereomicroscope
had a large working space (i.e., the distance between the objective
lens and work platform) for conducting specimen preparations and
experimental operation under microscopic observation.
2.1.4 Software and control system

The software of the control system was designed to control the
drive module and record and analyze the data from the sensors with
the help of a user interface. It was designed to have the following
functions.

« Set the parameters of the movement in the tests, including the
displacement, moving velocity, and acceleration.

* Collect data from the LVDT distance sensor, force sensor,
and camera simultaneously at a set frequency.

« Display the current strain, stress data, and microstructure
image in real-time.

« Overload protection.
2.1.5 Mechanical tests workflow with the proposed platform

In the compression test, the specimen was first held near the
settled part of the clamping device. The tip of the distance sensor
was constantly attached to the settled part during the test. The
movable part of the clamping device driven by the drive module
moved toward the specimen, and then the 3D Cartesian coordinate
displacement module was used to make fine adjustments to ensure
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that the specimen was held by the clamping device. As the force
sensor responded when the specimen contacted the movable part,
the start point of the test was set at that moment. In the tensile test,
the distance between the two parts of the clamping device was
firstlset to be equal to the length of the specimen. The two ends
of the specimen were fixed on the movable part and settled part
using glue before the test began.

The stereomicroscope was adjusted to obtain images of the
target area. The motion parameters of the drive module, which
were determined by the preliminary experiments, were set in the
designed control software. When tests began, the force sensor and
displacement sensor respectively recorded the stress and
deformation of the specimen during the tests as the movable part
moved with set parameters. The drive module stopped when it
reached maximum displacement. Then the clamping device could
be dismantled from the platform and cleared for subsequent tests.
2.2 Platform performance tests
2.2.1 Micrograph measurement

The image scale was first defined before obtaining the
microstructural deformations from the micrographs. The
micrograph calibration was conducted using an object micrometer
and was based on Zen 3.2 microscope software (Zeiss, Germany).

The object micrometer was a glass slide with a standard line of
10 mm in length (Figure 3). The standard line was divided into
100 smaller equal portions, and each portion showed a standard
line of 0.1 mm long. The object micrometer was placed under the
stereomicroscope, and the lengths of the standard lines shown in
the micrographs were measured using the software and compared
to the true values.

im

Figure 3 Object micrometer with a 10 mm-long standard line

As shown in Figure 4a, there were six different calibration
positions in the viewing window of the stereomicroscope where the
object micrometer was placed to show the standard length. For
each position, every time the object micrometer was moved slightly
different from its original position, and an image was taken to
calculate the ratio of the true distance shown by the object
micrometer to the distance measured by the software (Figure 4b);
this ratio was defined as the dimension calculation factor (fg).
Thus, the length of the object distance in a micrograph could be
calculated using Equation (1), as follows:

LO:’:I—‘:XLixfd @
where, L, was the length of the object distance, mm; L; was the
length of the image scale provided by the Zeiss software, mm; N,
was the number of the pixels of the object distance, and N; was the
number of the pixels of the image scale.
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Figure 4 Calibration positions (a) and measurement of the right
side of the viewing window (b)

2.2.2 Displacement precision and repeatability

After calibrating by the object micrometer, the
stereomicroscope was used to evaluate the precision and
repeatability of the drive module and displacement sensor. The
drive module was set to produce displacements of 1 mm, 3 mm,
and 5 mm, respectively, each one for five times. During the
movements, the distance measured by the displacement sensor and
the stereomicroscope (calibrated by fy) were compared with the set
values of the drive module. The results were used to evaluate
whether the drive module produced the required displacement, and
to calibrate the measurements of the displacement sensor.

After the drive module and displacement sensor were
calibrated, the drive module was set to produce displacements of
1 mm, 2 mm, and 3 mm, respectively, each one for five times.
The errors of the drive module and displacement sensor of the final
platform were determined.

2.2.3 Deformation measurement

The measurements of the displacement sensor consisted of the
deformation of the specimen and the force sensor; the latter needed
to be eliminated from the results. The platform was set to conduct
compression and tensile tests for the force sensor with no specimen
clamped, to obtain the force-displacement curve. The
deformation calibration factor (f,), calculated as the ratio of the
deformation of the force sensor to the force, was used to calibrate
the detected deformation of the specimens.

2.3 Micromechanical tests

The detection performance of the proposed system was
evaluated by conducting micromechanical tests, using apple (Malus
domestica Borkh.) parenchyma tissue as an example.

2.3.1 Specimen preparation

“Fuji” apples with nearly equal sizes (height: (72.4942.17) mm,
circumference of the middle height: (246.3343.27) mm and mass
(219.9246.37) g were selected to ensure that all the samples had the
same macromechanical properties. Before the tests, all apples
were stored in a refrigerator at 4<C and a relative humidity of 60%
for 48 h.

2.3.2 Compression and tensile tests

The tests were designed to obtain the micromechanical
properties and failure process of the apple parenchyma tissues and
analyze the response of the microstructure to external load. The
selected apples were randomly divided into two groups for the
compression and tensile tests, respectively. For each group, ten
apples were tested. Each specimen taken from the apples was
fixed using the clamping device (Figure 5a) and then was
compressed or elongated by the designed system. The failure
process was recorded using the stereomicroscope. To avoid
damage from mechanical clamping, the specimens were glued to
the plane of the clamping device with cyanoacrylate%®! as an
adhesive in the tensile tests. The measured micromechanical
properties of the apple parenchyma tissues included the elastic
modulus, Poisson’s ratio, and yield strength.

2.3.3 Parameters set

To minimize the effects of the cut surface and adhesive on the
measurements of the micromechanical properties, the parameters in
the test were determined based on several preliminary experiments
(data not shown). The different sets of parameters included the
length, width, and thickness of the specimen, the manner in which
the specimen was glued to the clamping device, and the
deformation rate. The results showed that the width of the
specimen, the manner in which the specimen was glued to the
clamping device, and deformation rate had no significant effect on
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the measurements of the elastic modulus of the apple parenchyma
tissue, whereas the length and thickness of the specimen
significantly affected the measurement results.  All of the
specimens in the compression and tensile tests were cut to the same
size to avoid the effects of their sizes.

Four specimens were taken from each apple at an interval of
90<at the median height (Figure 6a); the specimens were obtained
from the middle part in the thickness direction of the apple,
avoiding being close to the skin and the core (Figure 6b); the
arrows show the loading direction for compression tests, whereas
the tensile tests were in the opposite direction. A standardized
tool with two parallel single-edged blades was used to obtain
parenchyma tissue samples of uniform size and shape. The
dimensions of the specimens were 5 mm>5 mm>3 mm (shown in
Figure 6¢), and their actual sizes, which were used to calculate the
strain and stress, were measured immediately using the
stereomicroscope to avoid water losses. The specimens were
stained with 0.1% methylene blue solution for 10 s®234 to better
show the cell boundaries. In the tensile tests, both ends of the
specimen were glued to the clamping device before the tests.

Specimen

Figure 5 Micromechanical tests based on the detection platform
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Figure 6 Sampling locations and the dimensions of specimens

The maximum stress in the compression process of apple
tissue occurred when the strain was in the range of 10.2% to 28.3%
according to some previous studies??®35%!  Thus, the maximum
displacement applied to the specimens was set to 2 mm (40% of its
original length) to ensure that the maximum stress could be
obtained during the tests. The deformation rate was set to
0.6 mm/min for the tests.

2.3.4 Data analysis

(1) Micrograph processing

The images were processed by a specially designed program
based on the watershed algorithm, to obtain the responses of
different cells, and deformation and damage of the target areas.
The watershed algorithm has been widely used in recent studies to
separate touching objects, including cell imagest®-%%.

The primary noise in the micrographs obtained from the
camera comprised halation, i.e., the bright areas in the images
(Figure 7a), because the stereomicroscope used reflective light to
obtain the images. The cell boundaries were not very clear even
after staining with methylene blue; therefore, the micrographs were
first converted into the HSV color space, as the H channel (Figure

7b) could better display the boundaries while the halation turned to
the local minimum area. Then, a median filter was used to
remove this halation noise, owing to its good capability in dealing
with impulsive noise while preserving edges; after which, there was
still some remaining noise. Accordingly, the Sobel operator was
used to obtain gradient images in which the remaining noise was
the bright area, and a threshold value was used to remove the bright
areas. All of the pixels whose values were beyond the threshold
value were replaced with the average value of the whole image.
Finally, the mark-based watershed algorithm was applied to the
gradient images (Figure 7c), and the length of the cell in the
loading direction as obtained from the processing program was
used to analyze the response of the microstructure. The ratio of
deformation in the loading direction to that in the perpendicular
direction was calculated to obtain Poisson’s ratio.

a. b. c.
Figure 7 Original image (a), H channel of the image (b), and the
segmentation image (c) of apple parenchyma tissues

(2) Strain and stress calculation

The strains and stresses of the specimens were calculated using
the data from the displacement and force sensors. The force
sensor showed the force applied to the specimen, and the stress was
calculated by the force as combined with the cross-sectional area.
The strain was calculated as the ratio of the deformation of the
specimen to its initial length. Because the force sensor also had a
deformation that was detected by the displacement sensor, the
force-displacement curve of the force sensor was initially detected
in the platform performance tests to calculate the deformation
calibration factor (f). Thus, the strain of the specimens was
calculated as shown in Equation (2), as follows:

e =(L—Fyx f,) /L )
where, Ly was the displacement data from the displacement sensor,
mm; Lswas the length of the specimen in the loading direction, mm;
and F,was the force data from the force sensor, N.

The stress-strain  curves of the specimens and the
microstructure images were used to calculate the mechanical
properties and analyze the failure processes of tissues.

3 Results and discussion

3.1 Platform calibration and performance
3.1.1 Micrograph measurement calibration

The results of the micrograph calibration are shown in Table 1.
There are consistent deviations in all calibration positions (from
—2.87% to —2.75%, and the P-value obtained by a one-way analysis
of variance is > 0.05), indicating that there is almost no distortion
at the edge of the image. Thus, the dimension calculation factor
(fy) is the ratio of the true distance to the measured value, i.e.,
1.029.
3.1.2 Displacement precision and repeatability

The measured values from the micrograph (calibrated by fy) are
regarded as the true values, and are compared with the drive
module displacement and data from the displacement sensor.
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Table 1 Distance measurements in different positions of the
viewing area of stereomicroscope

Positions ) True Measured Sgan_dard
distance/um value/um deviation/um
Top 1000 971.32a 0.54
Left side 1000 97249 a 0.49
Right side 1000 97157 a 0.48
Bottom 1000 971.22a 0.99
Horizontal line in the central 1000 971.74 a 0.55
Vertical line in the central 1000 972.10 a 0.44
Average 1000 971.74 a 0.75

Note: Different letters indicate significant differences (p<0.05).

Table 2 Measured values of the distance of drive module
displacement from micrograph and displacement sensor (zm)

The set Stereomicroscope Displacement sensor
value of

drive  Measured Error® Standard ~ Measured Error® Standard
module value deviation value deviation

1000 972.73  +27.27 4.78

3000 2978.37  +21.63 5.14 301554  +37.17 1.59

5000 4983.34  +16.67 1.46 5031.73  +48.40 3.60
Note: ™ The error was calculated by subtracting the measured value of
stereomicroscope from the set value of the drive module. ™ The error was
calculated by subtracting the measured value of stereomicroscope from the
measured value of the displacement sensor.

1002.56  +29.83 0.23

The measured values from the micrographs and displacement
sensor are listed in Table 2. The errors of the measured
displacement of the drive module are positive and do not increase
with distance; this is possibly attributed to a mechanical coupling
error of the drive module. To calibrate the drive module, the
average value of these errors was added to the input value from the
designed software, and was subsequently sent to the drive module
as the set value in the mechanical tests.

The errors of the data from the displacement sensor are
positive, and the standard deviation of the measured value is small.
Because the displacement in the micromechanical tests is small (up
to 2 mm), the detection errors of the displacement sensor are
considered minor and acceptable for this experiment. To simplify
the calculation, the displacement sensor was calibrated by
subtracting the average value of errors at 1000 gm and 3000 xm
from the detection results.

The errors of the final calibrated platform were shown in Table
3. The relative error of the drive module is within #1.0%, and the
relative error of the measurement of the displacement sensor is
within #1.5%.

Table 3 Errors of the drive module and displacement sensor
of the final platform

Stereomicroscope Displacement sensor

The set value of

drive module Measured Relative Measured Relative
lum value/um error/os value/um error/%
1000 1001.92+10.04 +0.19 1006.4640.55 +0.45
2000 1983.3848.18 -0.84 2011.1440.83 +1.40
3000 2990.3846.18 -0.32 3015.954).96 +0.86

Note: ®T The relative error was calculated as the ratio of the difference between
the set value of the drive module and measured value of stereomicroscope to the
measured value of stereomicroscope. ™ The relative error was calculated as the
ratio of the difference between the measured value of the displacement sensor
and measured value of stereomicroscope to the measured value of
stereomicroscope.

3.1.3 Deformation measurement calibration
As shown in Figure 8, the relationship between the
deformation and force on the force sensor is linear, with R? = 0.99.

The average value of the deformation calibration factor (fy) is
9.45x10° m/N, and the standard deviation is 4.58<107 m/N.
Thus, the deformations of the specimens in the test can be
calculated using f,, based on Equation (2).

0.8
£
lé 0'6 -
g
£ 041 »=0.0945x+0.0042
g R*=0.99
< 02f
o

0 -

Force/N
Figure 8 Deformation-force curve of force sensor

3.2 Micromechanical properties
3.2.1 Mechanical properties of apple parenchyma

The stress-strain curve obtained from compression tests
(Figure 9a) consists of five stages: an initial stage with a small
slope (strain range 0%-4%), a steep linear stage (R* = 0.99, strain
range 4%-18%), yield stage (strain range 18%-20%), strengthening
stage (strain range 20%-25%) and failure stage (strain >25%).

04r

Yield stage Failure stage

Yield point Strengthening stage

Linear stage

Stress/MPa
(=3
(3]

Ay
Initial stage
0 5 10 15 20 25 30
Strain/%
a. Compression
0.20F -1
Sudden failure

0.15F

Linear stage

Stress/MPa
(=]
=
T

0.05F
oF == Initial stage g
0 2 4 6 8 10
Strain/%
b. Tensile

Figure 9 Stress-strain curves of apple parenchyma in the
compression and tensile processes

The elastic modulus of the specimen, i.e., the ratio of the stress
to the strain of the specimen, is calculated from the linear stage.

In the tensile tests (Figure 9b), when under a small strain, the
stress-strain curve shows the same pattern as in the compression
tests. However, the initial stage is much shorter, and the linear
stage appears quickly with increasing strain at less than 1% for
most specimens. In addition, the yield stage in the tensile process
occurs much earlier. Most of the specimens yield under 10%
strain, and there is no evident yield point in the stress-strain curve.
Thus, the point before specimen failure is taken to calculate the
yield strength. A sudden failure occurs when strain reaches
7.49%+1.06%.
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The elastic modulus obtained from the tests is shown in Figure
10, and the properties of the apple parenchyma tissues are listed in
Table 4.

50r
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S 35}
Z 39 I 25%-75%
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e} I Range within 1.5IQR
g 2s) -
g — Median line
g 2.0 =
215t
=)

1.0F

0.5F

Compression Tensile

Figure 10 Elastic modulus of apple parenchyma in compression
and tensile tests

Table 4 Micromechanical properties of apple parenchyma

tissues
Compression Tensile
Properties Average Standard Average Standard
g deviation g deviation
Elastic modulus/MPa 2.288 0.261 3.265 0.520
Poisson’s ratio 0.344 0.031 0.317 0.045
Yield strength/MPa 0.289 0.024 0.193 0.027
Strain at yield point/%! 19.45 4.04 7.49 1.06

Note: ™ The yield point in tensile tests were considered as the point just before
specimens’ failure.

The means of the elastic moduli obtained using the proposed
system were similar to those obtained from the same positions by
Reference [35] (“Bramley”, “Cox”, “Norfolk Beefing”, and “Rock
Pippin”), Reference [36](“Delicious”, “Golden Delicious”, and
“Rome Beauty apples”), Reference [40] (“Golden Delicious”),
Reference [28] (“Jonagored” and “Braeburn”), and Reference [41]
(“Golden Delicious”). The differences in the elastic modulus can
be attributed to the different varieties.

The differences in the mechanical properties from the
compression and tensile tests are also shown in Table 4. The
elastic modulus of the tissues under tensile loads is greater than that
under compression loads. However, the tissues have a larger
range of elastic deformation under a compression load, and more
easily fail under a tensile load. Some previous studies have also
shown different properties from compression and tensile tests of
tomato mesocarp tissuest*?, potato tissues!®?], and apple tissues!?®!,
A possible explanation is that the mechanisms by which tissues fail
are different in compression and tensile processes.  The
compression failure occurs mainly owing to the rupture of the cell
walls caused by the external load, which can be proven by the
deformation of the microstructure during the process (Figure 11),
whereas the tensile failure mainly occurs owing to the separation of
adjacent cells¥?.  Vanstreels et al.*? explained that when onion
epidermal tissue was under a tensile load, there was a shear force
between the matrix and microfibrils in the cell wall, owing to their
different elastic moduli. The fibers slid with respect to each other
after reaching the vyield point, which was different from the
behaviors in the compression process.

3.2.2 Deformation of the microstructure

Compression failure is the main cause of injury to apples
during harvest and transportation. As mentioned above, the
compression failure process of the apple parenchyma tissue can be
divided into several stages. The deformations of microstructures

during the tests were obtained by the proposed system (Figure 11),
which also showed different patterns in each stage. The
compression failure behaviors of the apple parenchyma tissues
could be further illustrated based on the stress-strain curves and
deformations of the microstructures.

Specimen

PRy S 1000 ym @ n oo

a. Initial condition from the micrograph b. Initial condition of the cells at the
central part c. The cells at the central part when the strain of whole tissues
reached 8.77% d. Initial condition of the cells near the clamping device
e. The cells near the clamping device when the strain of whole tissues reached
8.77% f. No local failure g. Local failure started to occur h. Multiple local
failures occurred

Figure 11 Compression failure process of the apple parenchyma
tissue

(1) Initial stage

When the tissues were under a small strain, there was no
significant deformation of the cells in this stage. As the strain
increased, the deformation of the cells became visible.  This initial
stage was also found by Alamar et al.”®!, which was owing to the
compression of the intercellular spaces in the tissue. Jarvis et
al.™! reported that these intercellular spaces can be filled with air
for gas transportation or water, and they occupy a large fraction of
the tissues. Some studies have considered the intercellular spaces
in the microstructure model of fruits®*®*”).  Changes in the
intercellular spaces in apple tissue were observed during glucose
and sucrose osmotic dehydration*®.  The intercellular spaces
were the ones that first responded to the external load and began to
deform, which also contributed to the initial stage shown in the
stress-strain curves.

(2) Linear stage

As the stress continued to increase, the strain of the tissue
increased linearly with the stress. However, the deformations of
different parts of the tissue were not synchronous at this stage.
The cells near the clamping device began to deform first and even
failed (Figures 11d and 11e), whereas the volume of cells located in
the central part of the tissues did not change even the strain of the
whole tissues reached nearly 10% (Figures 11b and 11c). The
deformation of the parenchyma tissues was mainly provided by the
parts near the external load.

(3) Maximum stress before yield

With the micrographs of the microstructure, it can be found
that before the strengthening stage, the stress reached the maximum
value just before local failure began to occur in the tissue (Figure
11g). The volume of the broken cells in those parts decreased
rapidly with the outflow of the cell sap, whereas the other parts
remained intact. According to the report of Cardenas-Perez et
al.® there are large differences in the Young’s moduli among
different apple cells (0.86 MPa#0.81 MPa). In this study, as the
stress increased, some cells in the tissue reached their limit and
broke first, leading to a decrease in stress. Therefore, irreversible
damage to the microstructure occurred at this time and would
develop into bruising or decayed areas.
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(4) Yield stage
After entering the yield stage, with the increasing stain, other
local failures occurred in different areas of the tissue (Figure 11h).

4 Conclusions

In this study, a detection platform was designed for studying
the micromechanical properties of agricultural products. Special
clamping devices were designed to conduct compression, tensile
and three-point bending tests for specimens at the tissue level.
The system provided controllable and precise displacements; the
relative error was less than =+1.0%. The displacement
measurements were calibrated, and the deformation of the force
sensor was eliminated from the displacement measurements. The
microstructure of the specimen could be obtained using a
stereomicroscope during the tests.

The performance of the proposed platform was evaluated by
conducting micromechanical tests of apple parenchyma tissues.
The stress-strain curves, as well as the micrographs of the
microstructures of the specimens can be obtained simultaneously.
The detection results demonstrated the capability of this platform to
detect the micromechanical properties of plant tissues with high
resolution, and to provide the deformations of the microstructures
for further analysis of the failure process of plant tissues.

In summary, the proposed platform has the capability to detect
the mechanical properties of agricultural products at the tissue level,
and to simultaneously obtain the deformations of their
microstructures, which help in studying failure mechanisms of
plant tissues in the future.
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