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Abstract: Horizontal collisions between fruit and rigid walls are a common occurrence in postharvest
packaging and transportation. To address this issue, a novel high-precision instrumented impactor
was developed, comprising a high-speed imaging system, an ejection device, and a force sensor.
Results showed that the impactor was able to effectively simulate the horizontal collision process
between various small spherical fruits (such as cherry tomatoes, plums, sweet cherries, and winter
jujubes) and packaging materials at three velocities: slow, medium, and high. Output parameters
included the impact force and impact time of the fruit acting on each packaging material, as well as
the displacement, displacement rate, impact energy, rebound energy, and absorption energy of the
fruit. During the horizontal collision simulation, it was observed that the winter jujube exhibited the
largest impact force and the shortest impact time among the four types of fruit tested. Conversely, the
sweet cherry demonstrated the lowest proportion of damage area when colliding with the EPE board
compared to the rigid board and foam board. This study presents a powerful tool for investigating the

horizontal collision behaviour between fruit and rigid plates.
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Nomenclature

Ad
Ami
Amo
By
Eo
EL
Ei
E>
F
Frax
g
mp
me
ms
Mg

madz

St

Sq

percentage of damaged area

mass loss rate after 1 d

mass loss rate after 2 d

susceptibility to bruising in fruit, mm?/J
energy absorption, J

energy loss from inelastic collision, J
impact energy of the fruit, J

rebound energy of the fruit, J

impact force, N

maximum impact force, N

gravitational acceleration, m/s?

quality of steel balls, kg

mass of the fruit before impact, kg
quality of rigid pads, kg

mass loss of the fruit on the first day, kg

mass loss of the fruit on the second day, kg
the distance of the fruit slides before leaving

the ejection port, m

area of the region where damage occurs and

turns brown, mm?

So

5|

tc

U

Vb

123

Vo
Vi
X0
X1
AVA

At

total cross-sectional area of the fruit's
pedicel, mm?

impact time for different collision types,
ms

compression time, ms

friction coefficient between fruit and
ejection port

speed of the steel ball, m/s

theoretical horizontal launch velocity

of the fruit, m/s

average initial velocity of the fruit, m/s
average rebound velocity of the fruit, m/s
displacement of the fruit in time A#y, m
displacement of the fruit in time At;, m
time taken for fruit motion in 10 frames
after the start frame, s

time taken for fruit to rebound in motion
for 5 frames after leaving the rigid plate, s
relative error
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1 Introduction

Mechanical damage to fruit mainly includes four types: impact damage, compression damage,
abrasion damage, and puncture damage (Li and Thomas., 2014; Paulsen et al.,2021). Among them,
impact damage is the most severe type in postharvest fruit processing (Van Zeebroeck et al., 2007;
Ahmadi et al.,2012; Zhou et al.,2016). During transportation, sudden acceleration or braking can
result in horizontal collisions among fresh fruit, causing the rupture or separation of internal cells and
leading to impact damage (Ortiz and Torregrosa., 2014; Wang et al., 2020; Preuk et al., 2019). The
macroscopic signs of impact damage typically manifest as surface bruises or cracks (Polat et al., 2007).
These injuries create favorable conditions for rapid microbial growth and reproduction within the
damaged area, accelerating fruit quality deterioration and hastening decay. Ultimately, this renders
the fruit commercially valueless (Tian, SP., et al.,2001; Cevher and Oztekin.,2022; Chen et al.,2023) .
Consequently, studying the horizontal collision damage behavior of fruit during transporting holds
significant scientific value.

Currently, research on impact loads often employs methods such as free-fall and pendulum tests.
These methods involve either attaching a fruit to the pendulum or using a pendulum equipped with a
specific-shaped impactor to strike stationary fruit. Hussein et al. (2019) investigated the sensitivity of
vertical impact damage in three different pomegranate varieties from various heights using the free-
fall method. Sun et al. (2021) conducted free-fall tests of tomatoes from different heights onto
cylindrical cardboard surfaces to study the sensitivity of vertical impact damage in tomatoes,
considering variables such as fruit size, falling height, and detection time points. Xu et al. (2015)
employed blueberry impact recording device to record vertical impact damage incurred by blueberries

of four different varieties dropped from varying heights. Measurement data revealed that the degree
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of damage was related to falling height (impact velocity) and cushioning material. Oztekin and
Gungor. (2020) simulated vertical impacts of peaches against the surfaces of commercial packaging
devices using free-fall tests. The results indicated that polyurethane foam material was more suitable
as a fruit collision cushioning material than foam rubber. Van Zeebroeck et al. (2007) conducted
tomato impact tests using a pendulum test apparatus. The test specimens were affixed to anvils using
elastic bands during the experiment, leading to the development of linear and nonlinear regression
damage prediction models for the "tradro" variety. Wang et al. (2018) conducted impact tests on
lychee fruit of two varieties using a pendulum testing apparatus. The authors found that both the
frequency and velocity of impacts affect the degree of mechanical damage to the fruit. Stropek. and
Golacki. (2019) introduced a novel method for securing fruit to a pendulum, specifically fastening
pears with screws onto a pendulum composed of fishing lines. The research revealed that the
progression speed of bruising depended on the fruit's hardness. Fu et al. (2020) designed a specialzed
pendulum-type device to quantitatively assess the severity of fruit bruising caused by apple-to-apple

impacts at different zones on the apple surface.

To sum up, while the current literature has advanced significantly in simulating fruit impact and
damage processes through conventional free-fall and pendulum methods, there remains a gap for an
instrumented horizontal impactor capable of directly assessing horizontal impact damage on small
spherical fruit while in a free state and with a specific initial velocity. To investigate the horizontal
impact damage behavior during small spherical fruit transportation more realistically, this paper
leverages design insights from previous pendulum test devices and enhances them in the following
four aspects: (1) The use of this instrumented horizontal impactor eliminates the need for fixing the

fruit during the simulated impact process, aligning with scenarios where fruit impacts packaging
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materials in a free-moving state on transportation and commodity packaging lines. (2) The
instrumented horizontal impactor incorporates sensors on a rigid plate and is equipped with a camera
system to monitor the complete movement of the fruit in real time, enabling the distinct observation
of the entire inelastic impact process of the fruit and the differentiation of damage areas. (3) During
the impact test using this instrumented horizontal impactor, the fruit's mass and impact speed are
direct output parameters, and the impact energy can be calculated more accurately. (4) Some
pendulum test apparatuses theoretically necessitate constant adjustment of the pendulum string length
to ensure that the pendulum strikes the fruit horizontally at its lowest point, leading to a relatively
cumbersome operation. In contrast, this instrumented horizontal impactor enables the test fruit to gain
initial speed through the launching device and is relatively simple to operate. Therefore, the aim of
this study is to develop a new instrumented horizontal impactor for investigating the horizontal
collision damage behavior between small spherical fruit and packaging materials during

transportation.

2 Materials and methods

2.1 Design concept for the instrumented horizontal impactor

The problem of impact damage to fruit is the most severe challenge encountered during fruit
harvesting, packaging, and transportation, particularly in transportation scenarios characterized by
horizontal collisions between fruit and the packaging container walls, which typically result from
rapid acceleration or braking (Van Zeebroeck et al., 2008; Dintwa et al., 2008; Zhang et al., 2018).
From an engineering simulation perspective, to investigate the problem of horizontal impact on fruit,
it is essential to simulate the impact and damage process in the horizontal direction experienced by

these fruits. Based on a dynamics-related standpoint, accurately capturing the force dynamics during
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the horizontal impact and damage process of fruit necessitates imparting appropriate initial velocities
to these fruits, causing them to collide with rigid surfaces. Simultaneously, recording the impact force
and impact time on the rigid collision surface throughout the collision process is crucial. From a
kinematics perspective, to capture the motion state of fruit during horizontal impact and damage
processes, a high-speed camera system was employed to record the entire trajectory and movement
of the fruit throughout the collision process. Therefore, the design concept of this study, as illustrated
in Fig. 1, encompassed several key steps. Firstly, fresh fruit were securely affixed to a launching
device containing a spring within the launching tube, generating an impact force when the launching
rod was compressed and released. To provide different horizontal initial velocities for the ejection
device, the ejection rod was designed with three slots at various positions: left, middle, and right. By
positioning the grooves of the ejection handle within these slots, different levels of spring
compression were achieved, yielding three speed levels for the fruit: high speed, medium speed, and
slow speed, respectively. This configuration ensured that the fruit remained in a free state during
movement, replicating real-world conditions. Secondly, a power supply unit delivered energy to the
entire instrumented horizontal impactor. Finally, a force data acquisition system recorded the impact
force on the rigid surface in real time during the collision process, while a high-speed camera system
captured the entire motion state of the fruit in real time.
2.2 The development of the instrumented horizontal impactor
2.2.1 The structural design of the instrumented horizontal impactor

Based on the above ideas, this study independently developed a novel instrumented horizontal
impactor for fruit (Fig. 2). This new instrumented horizontal impactor included one power supply
system, one launching device, one force data acquisition system, one high-speed camera system, and

one framework. The high-speed camera system was installed on both sides of the top plate of the
6
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framework, and the launching device and force data acquisition device were mounted on the middle
plate. The switch-mode power supply, data acquisition card, and signal amplifier were installed in the
lower control box of the framework. The force sensor data cable was connected through the middle
plate's cable hole to the signal amplifier in the control box. The Universal Serial Bus data cable
connected the data acquisition card to the computer through the rear cable hole of the framework,
forming the entire instrumented horizontal impactor.

The integrated framework design facilitated assembly, device placement, and testing and
prevented the fruit from falling off the instrumented horizontal impactor and colliding with the ground
or other objects after impact testing. The power supply system comprised a switch-mode power
supply and a transformer. The launching device mainly consisted of one ejection port chuck (PLA),
one rigid pad (PLA), one support base, and one launcher. The force data acquisition system included
one rigid surface (PLA), one support plates, one movable platform, one ruler, one flat membrane box-
type pressure sensor (JHBM-H1, Bengbu Jinnuo Sensor Co., Ltd., China), one control box, one signal
amplifier (BSQ-2, Bengbu Jinnuo Sensor Co., Ltd., China), one data acquisition card (USB-3100 N,
Altai Technology Development Co., Ltd., China) and a computer. The monitoring and acquisition of
the transmitter's electrical signal during the impact process were performed using the accompanying
measurement and control software. According to impact theory, when two objects collide, if the
hardness of object B is greater than that of object A and object B undergoes minimal deformation, it
can be considered relatively rigid. PLA is known for its high stiffness, high modulus and brittleness
(Shi et al.,2022; Saleh et al., 2021), hence this paper used PLA as the rigid surface material. The
high-speed camera system mainly included one high-speed digital camera (DSC-RX100M4, Sony
Digital Products Co., Ltd., China), two sliding guide rails, two linear slide block bearings (SCS8),

four shaft support seats (SKS8), a fixing plate (PLA), and one spherical universal mount. The camera
7
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can move within the range of + 110 mm to + 430 mm along the x-axis on the guide rails, ensuring
that the digital camera's high-frame rate captured the tested fruit and the steel ruler's maximum range.
Additionally, once the camera was positioned at a specified position, it could be adjusted to achieve
the desired shooting angle in the right YOZ half-plane using the spherical universal mount, thereby

meeting the experimental shooting requirements.
2.2.2 The development of the pad

Given the relatively small diameter of the impact rod, direct contact between the rod and the test
fruit could result in a substantial rigid impact at the contact point of the fruit. In severe cases, it may
even penetrate the fruit, hindering smooth ejection. Therefore, the design of the pad was of utmost
importance. During the impact testing of the fruit, the internal impact force of the launching rod was
transmitted to the test fruit through the pad, causing the rigid pad to pop up together with the fruit to
be tested (Fig. 3). Impact testing was employed to examine the connection between dynamic force,
specifically impact force, and time. It was important to note that the duration of the impact process
was extremely short, typically lasting only a few milliseconds. During the launching of the fruit, the
impact of the launching rod was the main source of kinetic energy provided to the fruit to achieve the
initial velocity. The contact damage caused by this impact process was inevitable. However, it was
worth noting that the impact force of the launching rod only affected the left end of the test fruit.
Since the primary focus of this instrumented horizontal impactor was to investigate the relationship
between impact force and time when the right end of the test fruit came into contact with the rigid
plate, any mechanical damage caused by the launching rod to the test fruit did not influence the results

of this experiment.
2.2.3 The development of the ejection port chuck

The chuck positioned at the ejection port served the crucial function of positioning and securing
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the test fruit, a critical prerequisite for the successful execution of horizontal impact tests on fruit.
The precision with which the fruit was placed and the angle at which it was positioned directly
affected the accuracy of the test data. Therefore, the chuck design played a pivotal role in this study.
V-shaped chucks tailored for securing cherry tomatoes, plums, sweet cherries, and jujubes were
specifically developed to accommodate the variations in fruit types, sizes, and shapes. The V-shaped
opening stabilized the fruit's placement, thereby ensuring precise positioning during testing.
Additionally, the V-shaped design of the launching mouth served to minimise the frictional force
exerted on the test fruit during the ejection process. This reduction in friction reduced torque and
prevented the test fruit from undergoing substantial rotational motion after ejection. The chuck was
designed with upper and lower components. The upper part was connected to the launching tube of
the launcher through a circular interference fit, while the lower part was linked to the upper part using
adjustable bolts. Its primary function was to securely position the test fruit within the groove of the
lower part. By adjusting the connecting bolts between the upper and lower parts, the vertical position
of the fruit could be modified to shift the fruit's center of mass. This adjustment ensured that the center
of mass of fruit of varying sizes aligned with the central axis of the launching tube and the rigid
surface while maintaining a vertically oriented position relative to the rigid surface. Consequently,
this refinement enhanced the precision of the testing process.
2.3 Horizontal impact test
2.3.1 Impact test measurement method

In this study, we used "American Cherry No. 2" cherry tomatoes, "Red Heart Plum" plums,
"American Early" sweet cherries, and "Dali" winter jujubes as test materials. Fresh cherry tomatoes,
plums, sweet cherries, and winter jujube fruit were hand-harvested at the commercial ripening stage.

They were carefully inspected to ensure they were free from damage or insect infestations. The cherry
9
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tomato, plum, sweet cherry and winter jujube fruit with similar size and shape were selected and
immediately transported to the laboratory of Agri-Biomechanics research group, and the quantity of
each type of fruit is 54 (3 buffer materials x 3 speed levels x 6 samples). Subsequently, they were
manually cleaned with water, dried, and stood at room temperature (22 £ 1 °C, 50 ~ 55 % RH) for 24
h before being subjected to the impact test.

Prior to conducting the impact tests, each group of fruit was carefully arranged, and the initial
mass of each fruit was individually recorded. Subsequently, the collisions were executed in a specific
sequence, progressing from no cushioning to foam cushioning and expandable polyethylene (EPE)
pearl cotton cushioning. Each cushioning material was subjected to collisions across three speed
modes: slow, medium, and high. Changes in impact force overtime were recorded throughout the
collisions, after each collision, and the entire motion process. After the completion of each collision,
the test fruit were arranged according to the established testing order. Measurement indexes such as
displacement, displacement rate, impact energy, and duration of impact process were recorded. This
study used sweet cherry as the test material to evaluate the degree of impact damage and bruise
susceptibility of fruit. Sweet cherry fruits were stored at room temperature after the impact tests, and
the stored fruits were weighed daily to determine the mass loss rate (Romero and Lafuente., 2020).
After 2 d of storage, the browning of sweet cherries in cross-section was assessed, and the extent of
browning was quantified to evaluate the damage to sweet cherries under different cushioning
materials and impact velocities.

2.3.2 Output parameters
2.3.2.1 Extraction of impact force and impact time
A planar membrane box-type pressure sensor (model: JHBM-H) was chosen to acquire data on

impact force and impact time, including compression time and rebound time. Before testing, the
10
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pressure sensor was connected to the data acquisition card, and ART measurement and control
software was used to record the impact force and impact time data. Due to the short duration of the
impact process and taking into account the test operation time and the time for the fruit to travel from
the ejection port to the rigid plate, the data acquisition card was configured with a sampling rate of
20 KS/s and a duration of 10 seconds. This ensured that each test had ample operating time to collect
complete impact force and impact time data.
2.3.2.2 Calculation of impact velocity, rebound velocity and absorption energy

The launcher had the capacity to propel 7.5 g steel balls at three different velocity levels: slow,
medium, and high, corresponding to 5.4 m/s, 6.6 m/s, and 7.7 m/s, respectively. Based on the principle

of energy conservation, we established:

%mbvbz = %(mf +m)ve + pe(me + m)gSe + Ey D

The mass range of the test fruit was determined through experiments, with the mass of the rigid
pad m; approximately 0.004 kg, a friction coefficient ur of 0.5, a sliding distance St of approximately
20 mm, and the energy loss Er of fruit in inelastic collision was taken as 31.8 % (Celik., 2017). The
theoretical horizontal launch velocities vy for the test fruit in the slow-speed, medium-speed, and
high-speed modes was calculated using Equation (1).

The high-speed camera system was capable of capturing the real-time motion of the test fruit, as
shown in Fig. 3. To obtain the actual average initial velocity vo of the test fruit when it horizontally
collided with the rigid surface and the rebound velocity vi of the test fruit, the Adobe After Effects
software (Version: 2020, Adobe Systems Incorporated, USA) was used to process the motion videos
of the experimental fruit captured by the high-speed camera. The video frame at the ejection mouth

was recorded as the starting frame. Afo represents the time it took for the test fruit to move 10 frames

after the starting frame. During this time, the horizontal displacement of the test fruit’s motion was
11
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recorded as xo. The average horizontal velocity of the test fruit after ejection was calculated using
Equation (2). Considering the relatively short distance the fruit moved from the ejection mouth to the
rigid plate, and ignoring air resistance, this calculated velocity could be regarded as the average initial
velocity of the horizontal collision between the experimental fruit and the rigid surface. Similarly, the
video frame at which the test fruit left the rigid plate was recorded as the rebound frame. A#
represented the time it took for the test fruit to move 5 frames after the rebound frame. During this
time, the horizontal displacement of the test fruit's motion was recorded as x;. The rebound velocity
v1 of the test fruit was calculated using Equation (3). Using Equation (4), the relative error between
the actual horizontal launch velocity and the theoretical horizontal launch velocity was calculated.
Relative errors within the range of 5 % to 10 % were typically considered to indicate a small
difference between the actual and theoretical values. The absorption energy Eo of the test fruit was

calculated using Equation (5) (Xu et al.,2019).

Xo
= —_— 2
Vo At (2)

Xy
= — 3
"1 Aty 3)
e=10 =l 1009 (4)

143

E,=E, —E, =lmfv2—lm v2 (5)

2.3.2.3 Calculation of damage parameters

Often, the damaged areas of test fruit were difficult to distinguish within a short period. For
instance, in the case of sweet cherries, ripe ones exhibit a darker color, and since sweet cherry fruit
were relatively small, discerning the color of the browned area from the unbrowned area was
challenging with the naked eye. Due to the crushing of the part of the sweet cherry fruit involved in
the collision process, damage occurred to the internal cells. Over time, the color of the affected cell

area changed, and this outcome could be observed under a microscope. In this paper, the ratio of the
12
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area of the browning region in the collision part of the longitudinal section of the fruit stalk axis to
the total area of the longitudinal section of the stalk axis was used to estimate the degree of damage
to the test fruit. The area of the browning region to the total area was quantified using Digimizer
Version 5.4.4 through image analysis. The percentage of damaged area Aq was calculated by Equation
(6). The fruit bruise susceptibility B4 was calculated by the ratio of the browning region area S; to
the absorption energy E, in Equation (7), which represents the ability of the fruit to withstand external
impact (Yao et al., 2017). Additionally, the degradation in the quality of the test fruit following
collision became evident after a period of storage, possibly associated with internal damage to the
fruit. The rate of quality loss of the fruit on the first day Am1 was calculated using Equation (8), and

the rate of quality loss of the fruit on the second day Am> was calculated using Equation (9).

S,
Ag === x100% (6)
So
Sa
By =— (7)
d EO
m
A, = Fd: x 100 % (8)
m
Ay = ?d: x 100 % (9)

2.4 Statistical analysis

Multivariate analysis of variance (MANOVA) were performed using SAS software, version 9.2
(SAS Institute Inc., Cary, NC). The Fisher's least significant difference method was used for multiple
comparison tests in MANOVA. The significance level was set at 0.05. Data were expressed as means

+ standard deviation (SD).

3 Results and discussion

3.1 The performance of the new instrumented impactor
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The properties of the self-developed instrumented horizontal impactor are presented in Table 1.
The movement of the rigid plate along the X-axis direction was 25 mm, with an adjustment range
spanning from - 12.5 mm ~ + 12.5 mm and an adjustment accuracy of 0.02 mm. The distance between
the rigid plate and the ejection port measured 80 mm at its minimum position. Consequently, the
adjustable range for the distance between the rigid plate and the ejection port along the X-axis
direction extended from + 80 mm ~ + 105 mm. The distance between the high-speed camera and the
ejection port along the Z-axis direction was 250 mm, and the adjustment range of the high-speed
camera along the X-axis direction of the guide rail was + 110 mm ~ + 430 mm. This range ensured
that the new type of the instrumented horizontal impactor could capture the screen range of + 190
mm ~ + 370 mm along the X-axis direction. The switching-mode power supply provided the entire
device with a 12 V operating voltage. The force data sampling operated at an efficiency of 20 kS/s,
while the image acquisition rate was 1000 frames per second (FPS). The impactor could provide
speed levels as indicated in Table 2, including a slow-speed ejection range of 2.52 m/s ~ 3.17 m/s, a
medium-speed ejection range of 2.97 m/s ~ 3.86 m/s, and a high-speed ejection range of 3.28 m/s ~
4.38 m/s. The actual ejection speed was influenced by various factors, such as the fruit varieties and
the quality of the fruit. There existed a slight difference between the theoretical ejection velocity and
the actual ejection velocity, with an average relative error of less than 10 %. This disparity was
primarily attributed to friction and other energy losses. The high-speed camera system captured the
entire impact motion state of the fruit, as depicted in Fig. 4. This included the following stages: the
initial position of the fruit, the launching process, the start in compression phase, the compression
process; the maximum deformation position, the maximum deformation position, the recovery phase
process, the rebound process, the rebound and descent process and the final status. In comparison

with the pendulum-type device developed by Van Zeebroeck et al. (2007) , the entire inelastic impact
14
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process of the fruit could be distinctly observed, and damage area could be distinguished using the
self-developed instrumented horizontal impactor. This instrumented horizontal impactor enhanced

the convenience of simulating horizontal impact damage and predicting damage areas in fruit.

3.2 Mechanical parameters for different collision conditions

Table 3 showed the impact mechanical parameters of different fruit under different collision
conditions in high-speed mode, as measured using the self-developed instrumented horizontal
impactor. The mean values of the mechanical parameters for various cushioning materials of different
fruit were employed to assess the impact strength and degree of damage to the fruit. The results
revealed that, when assessing various impact buffer materials for the same type of fruit, the average
maximum impact force followed this descending order: rigid surface > foam board > EPE board. The
average impact time followed this descending order: EPE board > foam board > rigid surface.
Similarly, the average compression time ranked in descending order as EPE board > foam board >
rigid surface. Whereas, the average energy absorption was highest for EPE board, followed by foam
board and rigid surface. In comparison to the rigid plate surface, under the EPE pearl cotton impact
conditions, the average maximum impact force for the four fruits decreased by more than 20 %, while
the average impact time increased by more than 30 %, and the average energy absorption increased
by over 30 %. The EPE board effectively mitigated the maximum impact force during the fruit impact
process, extending both the impact time and compression time, and increasing energy absorption.
This findings align with the impact characteristics and mechanical damage protection properties of
EPE materials observed in studies on pears (Zhou et al., 2008), apples (Jarimopas et al., 2006), and

peaches (Lin et al., 2020).
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The results of variance analysis revealed significant differences in the maximum impact force,
impact time, and compression time of the four fruits between the EPE board collision type and the
rigid surface collision type. This could be attributed to the high ductility of EPE pearl cotton (Sunthar
et al., 2020), enabling it to deform upon impact without immediate rupture. This property facilitated
the dispersion of impact over time, thereby prolonging the impact process and reducing the peak value
of the maximum impact force. Furthermore, the rebound velocity, rebound energy, and energy
absorption of the four fruits under the EPE board collision type significantly differed from those under
the rigid surface collision type. This could be attributed to the unique structure and material properties
of EPE pearl cotton, consisting of numerous tiny bubbles capable of compression and deformation
upon impact (Hassani et al., 2013; Manafi et al., 2019). This deformation could absorb the impact
energy, converting it into heat and deformation energy, thereby diminishing the transmission and
impact force. Consequently, by absorbing and dispersing impact energy, appropriate packaging
materials could reduce impact force to the level that did not cause damage to the fruit. This capability
minimizes fruit damage during transportation, storage, and handling.

Specifically, under the same cushioning material, the average maximum impact force of
different fruit followed the following order: winter jujube > sweet cherry > plum > cherry tomato.
The average impact time followed the order: cherry tomato > plum > sweet cherry > winter jujube.
Lastly, the average energy absorption followed the order: cherry tomato > plum > sweet cherry >
winter jujube. The degree of impact experienced by different fruit under the same velocity mode was
associated with their biomechanical properties, including texture and density, elasticity, outer skin
and shell layers, internal structure, and water content (Hou et al., 2016; An et al., 2020). Cherry
tomatoes exhibited the smallest average maximum impact force, the longest average impact duration,

and the highest average energy absorption compared to other fruit. This could be attributed to the
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relatively thinner skin, softer internal flesh, and better elasticity and deformability of cherry tomatoes
(Sun et al., 2021). These characteristics enabled cherry tomatoes to deform more readily when
subjected to impacts, allowing them to absorb and disperse impact energy more effectively. As a
result, this mitigated the propagation and concentration of impact forces. Conversely, the structure of
winter jujube fruit is dense, and the relatively hard core of the fruit increases its overall hardness
during impact (Huang et al., 2016). The presence of the fruit core further contributed to the reduced
likelihood of deformation and dispersion of impact energy in winter jujube fruit when subjected to
impact. This ultimately results in the largest average maximum impact force, the shortest average
impact time, and the smallest average energy absorption.

3.3 Damage assessment for different crash conditions

3.3.1 The effect of different collision conditions on maximum impact force.

To assess the extent of horizontal impact damage to sweet cherries under various collision
conditions, Fig. 5A illustrates a typical curve depicting the change in impact force recorded by the
pressure sensor overtime during the horizontal impact test of sweet cherry fruit. Notably, the impact
force during the horizontal impact on sweet cherry fruit initially rose and subsequently decreased
with time. The collision process of fruit could be divided into two distinct stages: the compression
and recovery stages. The stage during which the impact force increased over time was referred to as
the compression stage, while the stage where the impact force decreases over time was known as the
recovery stage (Li et al., 2017; Du et al., 2019). The complete collision process of the sweet cherry
fruit, as depicted in this curve, spanned approximately 5 ms, with the compression phase lasting about
2 ms. In Fig. 5B, a comparative chart illustrated the maximum impact force generated under various
collision types, with "speed 1", "speed 2" and "speed 3" representing slow speed, medium speed, and

high speed, respectively. As depicted in the figure, when the initial speed was set at the slow speed
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and the contact surfaces were EPE board, foam board, and rigid surface, the average maximum impact
forces during the collision of sweet cherry fruit were as follows: 25 N, 29 N, and 33 N, respectively.
Similarly, when the initial speed was at the medium level, and the contact surfaces were EPE board,
foam board, and rigid surface, the average maximum impact forces during the collision of sweet
cherry fruit were 32 N, 38 N, and 44 N, respectively. Furthermore, when the initial speed was set to
high speed and the contact surfaces were EPE board, foam board, and rigid surface, the average
maximum impact forces during the collision of sweet cherry fruit were: 35 N, 46 N, and 48 N,
respectively. The results indicated that when sweet cherries collided with the foam board surface at
three different speed modes (slow speed, medium speed, and high speed), the average maximum
impact force was reduced compared to that on the rigid plate surface. Specifically, the reduction
percentages were 8 % at slow speed, 17 % at medium speed, and 8 % at high speed. When sweet
cherries collided with the EPE board surface at three different speed modes (slow speed, medium
speed, and high speed), the average maximum impact force was reduced by 28 %, 36 %, and 32 %,
respectively. This observation suggested that the buffer material effectively diminishes the impact
force experienced by the fruit during the collision process (Zhou et al., 2016). Furthermore, it was
evident that different cushioning materials exhibited varying abilities to reduce impact force (Avalle
et al., 2001). Compared with foam board, EPE board performed better during the sweet cherry
collision buffering effect.
3.3.2 The effect of different collision conditions on mass loss rate.

Sweet cherries could undergo quality degradation after a period of storage following collisions,
which might be linked to internal damage. As a result, this study conducted separate assessments of
the mass loss of sweet cherries after being stored for 1 d and 2 d following impacts against three

different material surfaces at three distinct initial velocities. The results are depicted in Fig. SC and
18



384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

5D. According to the figures, the initial velocity and contact surface material impacted the mass loss
rate of sweet cherries after collisions. Fig. 5C illustrated the mass loss of sweet cherries after 1 d
storage following collisions. When the initial speed was set to slow speed, and the contact surfaces
included EPE board, foam board, and rigid surface, the average mass loss rates were 5 %, 5 %, and
5 %, respectively. Similarly, when the initial speed was adjusted to medium speed, and the contact
surfaces consisted of EPE board, foam board, and rigid surface, the average mass loss rates were 5 %,
6 %, and 6 %, respectively. Furthermore, when the initial speed was set to high speed, and the contact
surfaces were EPE board, foam board, and rigid surface, the average mass loss rates were 5 %, 6 %,
and 7 %, respectively. Fig. 5D showed the mass loss of sweet cherries after 2 d storage following
collisions. When the initial speed was set to slow speed, and the contact surfaces included EPE board,
foam board, and rigid surface, the average mass loss rates were 11 %, 12 %, and 13 %, respectively.
Similarly, when the initial speed was adjusted to medium speed, and the contact surfaces consisted of
EPE board, foam board, and rigid surface, the average mass loss rates were 12 %, 13 %, and 13 %,
respectively. In addition, when the initial speed was set to high speed, and the contact surfaces were
EPE board, foam board, and rigid surface, the average mass loss rates were 13 %, 14 %, and 17 %,
respectively. The results indicated that the higher the initial velocity, the greater the mass loss rate of
sweet cherries. This observation might be attributed to the formation of micro-cracks on the surface
of sweet cherries following the collision. During the storage period, water tended to seep out from
the areas of sweet cherries that were involved in the collision. The cells that became damaged due to
the impact lost their ability to exchange materials and could not prevent water loss within the cells,
leading to water seepage from within the fruit. With a higher initial speed, the fruit experienced a
more significant impact force during the collision, resulting in more severe damage.

3.3.3 The influence of different collision conditions on the degree of damage
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In Fig. 5G, a microscopic comparison between the area with and without collision damage is
depicted. Meanwhile, Fig. SE presents statistical data on the damage area observed in the longitudinal
section of sweet cherries after 2 d of storage following collisions. The figure illustrated that when the
initial speed was set to slow speed, and the contact surfaces included EPE board, foam board, and
rigid surface, the average damage areas of the sweet cherry longitudinal section were 14 mm?, 31
mm?, and 40 mm?, respectively. Similarly, when the initial speed was adjusted to medium speed, and
the contact surfaces consisted of EPE board, foam board, and rigid surface, the average damage areas
of the sweet cherry longitudinal section were 30 mm?, 47 mm?, and 69 mm?, respectively. Additionally,
when the initial speed was set to high speed, and the contact surfaces were EPE board, foam board,
and rigid surface, the average damage areas of the sweet cherry longitudinal section were 58 mm?,
103 mm?, and 130 mm?, respectively. Fig.5F shows the ratio of the damage area of the longitudinal
section to the total area of the longitudinal section when sweet cherries were stored for 2 d after
collision. When the initial speed was set to slow speed, and the contact surfaces include EPE board,
foam board, and rigid surface, the average ratios of the damage area in the longitudinal section of
sweet cherries to the total longitudinal section area were 2 %, 5 %, and 7 %, respectively. Also, when
the initial speed was set to medium speed, and the contact surfaces consisted of EPE board, foam
board, and rigid surface, the average ratios of the damage area of the longitudinal section of sweet
cherries to the total area of the longitudinal section were 5 %, 9 %, and 12 % respectively. Furthermore,
when the initial speed was at high speed, and the contact surfaces were EPE board, foam board, and
rigid surface, the average ratios of the damage area in the longitudinal section of sweet cherries to the
total longitudinal section area were 11 %, 18 %, and 23 %, respectively. The results indicated that the
initial speed and the contact surface material impact the damage sustained by sweet cherries following

collisions. Notably, higher initial speeds result in larger damage areas in sweet cherries. From a
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mechanical perspective, when a fruit experienced an impact force, the individual cells within the fruit
undergo distortion and deformation, leading to the stretching of the cell walls and, ultimately, rupture
(Ferreira et al., 2008; Paulsen et al., 2019). Cell rupture generates significant reactive oxygen species
(ROS), resulting in a notable increase in cell membrane lipid peroxidation levels. This increase led to
heightened activities of phospholipase D (PLD), lipase, and lipoxygenase (LOX), ultimately
compromising the integrity of the cell membrane (Lin et al.,, 2017; Mditshwa et al., 2018).
Consequently, cells lost their ability to regulate internal components and intracellular water was lost.
At a macroscopic level, the fruit became softened, and this type of damage was called bruising (Polat
et al., 2012). Therefore, the horizontal impact test bench was used to simulate the horizontal impact
between fruit and the surface of commercial packaging lines while capturing the motion and stress
experienced by fruit during horizontal impacts. This approach, combined with experimental data,
allowed for the exploration of the effects of various horizontal impact conditions on fruit damage.
This was of great significance for predicting the rate and extent of fruit damage, reducing fruit quality
degradation, enhancing the competitiveness of fruit in domestic and international markets, and
increasing the income of fruit farmers.
4 Conclusion

This study developed a novel high-precision instrumented horizontal impactor to address the
horizontal collision behavior between fruit and rigid plates in actual transportation processes.
Horizontal impact tests were conducted, employing cherry tomatoes, plums, sweet cherries, and
winter jujubes as experimental subjects, with impact initial velocity and cushioning material type as
the experimental factors. The results confirmed that the developed novel high-precision instrumented
horizontal impactor could effectively simulate the horizontal collision process between fruit and

packaging materials. It provides output parameters including the impact force and the impact time of
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fruit acting on each packaging material, as well as the displacement, displacement rate, impact energy,
rebound energy, and absorption energy of the fruit. During horizontal collision simulation, the winter
jujube exhibited the highest impact force and the shortest impact time compared to the other three
types of fruit. When colliding with the EPE board, the sweet cherry exhibited the lowest proportion
of damage area compared to collisions with the rigid board and foam board. The results of variance
analysis indicated significant differences in the maximum impact force, impact time, and compression
time of the four fruits between the EPE board collision type and the rigid surface collision type. The
horizontal impactor introduced in this paper can be utilized in future to studies to investigate
horizontal collision damage mechanism and the damage prevention mechanism of packaging
materials during the transportation of other vulnerable fresh fruits, such as strawberry, bayberry, and
blueberry. Building upon this research, future studies can delve deeper into investigating the influence
of rigid plate positioning and various packaging materials on fruit damage. This would provide
valuable theoretical insights for the design of packaging solutions for delicate fresh fruits. Ultimately,
this study presents a robust and powerful tool for assessing the horizontal collision behavior between
fruit and packaging materials.
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623 Fig. 2 The physical structure of the new instrumented horizontal impactor.
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624

625  Fig. 3 The moving process of a fruit in the horizontal impact test video. (A) The process of fruit

626  ejection movement; (B) The process of fruit rebound movement.
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631

Fig. 4 The horizontal collision process between a sweet tomato and a rigid surface. (A) Initial position
of the fruit; (B) The launching process; (C) The start in compression phase; (D) The compression
process; (E) The maximum deformation position; (F) The recovery phase process; (G) The rebound

process; (H) The rebound and descent process; (I) Final status.
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632

633  Fig. 5 The assessment of the degree of horizontal impact damage. (A) A typical impact force-time

634  curve during horizontal collision process; (B) Effect of collision type and initial velocity on the
34
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637

638

maximum impact force; (C) Mass loss rate of sweet cherry after 1 d storage in different collision type;
(D) Mass loss rate of sweet cherry after 2 d storage in different collision type; (E) Damage area of
sweet cherry during horizontal impact test; (F) Percentage of damage area of sweet cherry during

horizontal impact test (G) Contrast of collision area with non-collision area.
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Table 1 The properties of the instrumented horizontal impactor

Properties Value Properties Value

Mass 11.4 kg Operating voltage 12v

Length x Widthx Height 520 x 340 x 500 mm Force data sample rate 20 kS/s

Rigid plate X-axis movement  + 12.5 mm Image acquisition rate 1000 FPS
Axial movement precision 0.02 mm Force sensor sensitivity 2.0+ 0.1 mv/v
Image capture range + 190 mm~+ 370 mm  Comprehensive accuracy 0.1%F-S

36



641

642

Table 2 Comparison between theoretical ejection velocity and actual ejection velocity

Fruit Velocity Mode mg, g Vi, m/s Vo, m/s €
Cherry Slow speed mode 16.31 £ 0.62 2.70 £ 0.09 2.79+0.08 3.39+£1.84
Tomato Medium speed mode 1594 +£1.24 3.32+0.11 3.21+£0.24 3.14+£3.99

High speed mode 15.83 £2.26 3.90 £0.23 3.81+0.12 4.14+£2.33
Slow speed mode 1599+ 1.45 2.70 £1.45 2.64+£0.12 3.13+2.97
Plum  Medium speed mode 16.29 +1.01 3.29+£0.08 3.32+0.05 1.76 £ 1.41
High speed mode 15.77 £1.07 3.71 £0.30 3.55+0.27 4.60+£3.73
Sweet Slow speed mode 10.73 +1.27 3.16+0.11 3.04£0.13 3.90+1.43
Cherry Medium speed mode 10.76 £ 0.47 3.86 £ 0.06 3.77£0.09 2.39+1.72
High speed mode 10.99 + 0.64 448 +£0.10 4.32+0.06 3.71£1.42
Winter Slow speed mode 14.19 £ 1.08 2.83+£0.09 2.66+0.12 5.94+£2.74
iujube Medium speed mode 13.88£0.89 3.51+£0.10 3.53+0.02 1.92 £1.32
High speed mode 13.17+1.39 4.10+0.12 3.82+£0.03 6.98 £2.18
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643  Table 3 The impact mechanical parameters of fruit under different collision type
Parameters  Collision type Cherry Tomato Plum Sweet Cherry  Winter Jujube
Fruit-Rigid surface 3.81+0.122 3.55+0.27% 4.32+0.06° 3.82+0.032
Vo, m/s Fruit-Foam board 3.83 +0.14% 3.72+0.15% 4.40 £ 0.06° 3.87 £ 0.36%
Fruit-EPE board 3.91+£0.07* 3.48 £0.19* 474 +£0.172 3.87+0.08
Fruit-Rigid surface 1.49 +0.13%2 1.99+0.112 2.83 +0.09* 257027
Vi, m/s Fruit-Foam board 0.99 +0.18° 1.66+0.33° 2.44+0.12° 2.04+0.11°
Fruit-EPE board 0.50 = 0.19°¢ 1.51£0.06° 2.56+0.12° 1.69 £ 0.38°
Fruit-Rigid surface 44.98 + 0.70? 45.09 + 2.34% 48.28 £ 1.112 49.68 + 0.46%
Fmax, N Fruit-Foam board 41.53+1.37° 41.54+1.02° 45.52 £ 2.44% 45.94 £ 1.65°
Fruit-EPE board 30.47 £0.57¢ 33.75£0.99¢ 34.86+2.33P 39.56 +£1.02°¢
Fruit-Rigid surface 6.60 +0.21¢ 5.48 +0.34¢ 545+0.16° 2.93+0.19°
f, ms Fruit-Foam board 7.64 + 0.68 6.31 +0.12 5.88 + 0.06 4.69 + 0.46°
Fruit-EPE board 9.16 +0.84 8.02+0.51 7.10 +0.082 594 +0.27*
Fruit-Rigid surface ~ 2.90 +0.18" 2.15+0.09° 2.13£0.15° 1.07 £ 0.05¢
f., ms Fruit-Foam board 3.26+0.19% 2.59 +0.312 2.63 +0.29 1.58 +0.220
Fruit-EPE board 3.56 £ 0.25% 2.79+0.292 3.02 £0.30° 2.17+£0.22°
Fruit-Rigid surface 110.09 £ 15.01% 94.66 + 18.26% 102.23 +4.09° 95.80 £9.06*
E1, 107] Fruit-Foam board 116.33 £19.362 106.65 + 5.66* 101.55 £ 6.10° 9592 +£9.312
Fruit-EPE board 126.97 + 8.122 101.06 + 10.702 122.09 + 8.042 105.32 £ 21.64%
Fruit-Rigid surface 16.96 + 2.88% 3143 £3.81°2 44.17 + 3.86% 43.69 £ 10.252
E», 10°]  Fruit-Foam board 8.20 + 3.68 21.92 + 8.42b 31.19+ 1.67° 26.50 + 1.83
Fruit-EPE board 2.33+1.68°¢ 18.88 + 1.86° 35.70 £ 4.10° 20.66 +9.17°
Fruit-Rigid surface  93.14 + 13.59" 6323+ 15.16>  58.06 + 3.50° 52.11 + 10.16°
Eo, 103] Fruit-Foam board 108.13 + 17.14%b 84.73 £6.61* 70.36 + 6.79° 69.42 + 9.822b
Fruit-EPE board 124.64 +7.77* 90.18 £1.69* 86.39 £5.29* 84.67 +22.27°
Fruit-Rigid surface \ \ 129.66 +25.90* \
So, mm? Fruit-Foam board \ \ 102.54 +17.52b \
Fruit-EPE board \ \ 58.16 £ 13.71¢ \
Fruit-Rigid surface \ \ 22.86+3.61* \
Aq Fruit-Foam board \ \ 18.36 +3.332 \
Fruit-EPE board \ \ 10.94 +2.33b \
B0 10° Fruit-Rigid surface \ \ 2.40 +£0.35% \
ds .
] Fruit-Foam board \ \ 1.49 £ 0.20° \
Fruit-EPE board \ \ 0.68 +0.17¢ \
Fruit-Rigid surface \ \ 7.28 £0.872 \
Ami Fruit-Foam board \ \ 6.12 + 0.60° \
Fruit-EPE board \ \ 5.44+0.33b \
Fruit-Rigid surface \ \ 16.59 +1.522 \
Am Fruit-Foam board \ \ 13.98 + 1.14° \
644 Fruit-EPE board \ \ 12.68 +0.88P \
645  Note: Different superscript letters (namely, a, b, and c¢) in the same group indicate significant
646  differences according to ANOVA.
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