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Abstract. In order to address the problem of potato damage
caused by the tubers dropping onto a separating sieve, this study
utilized a potato drop test rig to conduct a single-factor drop test
on fresh potatoes. The kinematic characteristics of the sieve rod
(acceleration peak, velocity peak, displacement peak), the varia-
tion in potato damage, and the correlation between the two were
analysed under different experimental conditions. The following
conclusions were drawn: As the dropping height increases, both the
kinematic characteristic parameters of the sieve rod and the volume
of damage increase, it was found that the two are positively cor-
related. As the potato mass increases, the kinematic characteristic
parameters of the sieve rod decrease, and the volume of damage
increases, it was found that the two are negatively correlated. When
potatoes are dropped vertically along different axial positions, the
kinematic characteristic parameters of the sieve rod follow the
order of the x-axis direction < y-axis direction < z-axis direction,
while the volume of damage follows the order of the x-axis direc-
tion > y-axis direction > z-axis direction, it was found that the two
are negatively correlated. As the sieve surface inclination increases,
both the kinematic characteristic parameters of the sieve rod and
the volume of damage first increase and then decrease, it was found
that the two are positively correlated. When the potato variety is
changed, the kinematic characteristic parameter ranking of the
sieve rod is Jizhangshu 12 > Holland 15 > Holland 14 > Svante >
Xuechuanhong, while the damage volume ranking is Holland 15
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> Svante > Jizhangshu 12 > Holland 14 > Xuechuanhong, it was
found that the two rankings are unrelated. The results of this study
provide a data basis and technical support for future research con-
cerning the mechanical damage mechanism of potatoes.
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1. INTRODUCTION

Potatoes are a highly nutritious agricultural crop which
is widely used in vegetable products. Globally, the annual
total potato production amounts to approximately 400 mil-
lion tonnes, with China, India, Russia, the United States, and
Ukraine being the most significant of the producing countries
(Luo et al., 2021b). According to the relevant statistics, China
recorded its highest potato production in 2020, reaching
18.312 million tonnes (Luo et al., 2021a). As the cultiva-
tion scale of potatoes continues to expand and labour costs
increase, the harvesting methods used are gradually shift-
ing towards mechanization. However, data reveals that the
mechanical damage to potatoes during the harvesting process
accounts for 70% of the total damage incurred throughout
the entire flow-through process (Zhang, 2008). Such dam-
age can have a significant impact on the economic value
of potatoes, resulting in substantial financial losses (Hesen,
1960; Hesen and Kroesbergen, 1960). The potato processing
industry, with an annual value of $2.5 billion, is estimated
to incur a loss of $300 million per year due to tuber damage
(Kang et al., 2013). In the United States, the annual economic
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losses caused by potato collision damage amounts to approxi-
mately $7.5 million (Peters, 1996). For countries like Austria
and Germany, research indicates that field losses during the
potato harvesting season range from 1 to 9% of the total yield
(Schneider et al., 2019), with the estimated economic losses
exceeding 40 million due to potato damage (Geyer et al.,
2009). Therefore, reducing potato damage during the harvest-
ing process is of crucial importance in improving the intrinsic
quality and economic benefits of potatoes.

Most of the research conducted by scholars to date
concerning potato damage has investigated the effects of dif-
ferent test conditions on the impact force and the degree of
damage exerted by potato collisions. For example, Huang
et al. (2022) constructed a physical model of potato tuber
impact, selecting the impact material, potato variety, potato
gravitational potential energy, and also the impact angle as
test factors. The potato damage index (DI) was used as an
evaluation index to assess the effect of each factor on potato
tuber impact damage through an orthogonal test. Xie et al.
(2020) used an acceleration acquisition system to deter-
mine the primary and secondary order of factors affecting
the volume of potato collision damage and determined the
changes in the relationship between collision acceleration
and damage area under different factors. Shen et al. (2023)
used compression tests to derive load-displacement curves
to determine the critical damage point of potatoes and inves-
tigated the changes in the mechanical properties of potatoes
after multiple compressions based on the plastic deformation
of the potatoes after a force was applied. Zhang et al. (2008)
proposed a potato damage classification method consisting
of analysing the crush damage at different rates. Stropek and
Gotacki (2022) studied the response of potatoes under impact
loading conditions and determined the characterization of
impact parameters such as maximum stress, maximum force,
impact time, maximum deformation, permanent deforma-
tion, and the recovery coefficient. Hendricks et al. (2022)
investigated the susceptibility of different potato varieties to
black spot and crushing bruises at different impact heights.
The incidence, severity, and depth of the black spot bruises,
as well as the incidence of crushing bruises, were evaluated.

Studies were also conducted concerning the forms of dam-
age to the potatoes. For example, Chiputula (2009) used drop
tests to identify three types of potato damage: external shat-
tering, internal shattering, and black spot. They demonstrated
that the rate of potato damage increased with increasing drop
height and shifted from black spot to external shattering as the
drop height increased. Gancarz (2018) proposed a method for
predicting the susceptibility of potato varieties to black spot
damage after three and seven months of storage at 4°C. This
method was based on the geometric parameters of the tuber
parenchyma structure which was measured at harvest time.

Indeed, a portion of the research conducted also explores
the application of finite element analysis in order to investi-
gate the modifications in stress and impact forces during the
descent of the potatoes. For instance, Caglayan et al. (2018)
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utilized reverse engineering methodologies, compression
tests, slow-motion camera recordings, and finite element
analysis (FEA) to examine the temporal changes in internal
stresses and deformations during the descent of potato tuber
samples. Similarly, Celik ef al. (2019) amalgamated physical
measurements, experimental test data, reverse engineering
techniques, and explicit FEA-based dynamic simulation
methods, thereby effectively illustrating the realistic pro-
gression of bruising and the distribution of mechanical stress
within potato tubers during dynamic impact events.

Other researchers have also conducted studies on the
damage characteristics of agricultural products. For instance,
Yesiloglu (2022) investigated the occurrence of contusions
in persimmon fruit wrapped in foam nets under various test
conditions using a pendulum impact test apparatus. Zhang et
al. (2022) quantified the impact damage of yellow peaches
by integrating hyperspectral techniques with mechanical
parameters. Furthermore, Shao et al. (2022) employed hyper-
spectral imaging for the classification of healthy, frostbitten,
and diseased sweet potatoes. Additionally, Yesiloglu and
Oztekin (2022) performed pendulum impact tests on three
distinct peach varieties during different harvesting periods
and developed a multiple linear regression model to predict
bruising in peaches at the time of harvest.

While there has been extensive research concerning
potato impact damage conducted both domestically and
globally, comparatively less attention has been given to
the kinematic characteristics of potato-soil separators and
their correlation with potato damage. It is noteworthy that
the instantaneous impact experienced by the potato upon
its drop onto the potato-soil separation device serves as
the primary cause of damage during the potato harvesting
process (Liu et al., 2009). Consequently, it is imperative
to thoroughly investigate the damage characteristics of
potatoes during their drop onto the separator, along with
conducting an in-depth analysis of the kinematic character-
istics exhibited by the separator itself.

There are various types of potato soil separation devices
available, such as the lift chain type (Lu ef al., 2018; Wei
et al., 2018), paddle finger wheel type (Wu et al., 2011),
paddle roller push type (Yang et al., 2016), disc grate type
(Shi et al., 2012), vibrating sieve type (Zhang et al., 2014;
Feng, 2004), and also the rod chain-swing sieve combina-
tion type (Zhao et al., 2007), among others. Among them,
the rod chain-swing sieve combination potato excavator
is extensively used in the central and western regions of
China due to its high degree of harvesting efficiency, soil
adaptability, and other advantages. This type of potato soil
separation device is characterized by evenly spaced rows
of rods forming a separation sieve as the core component.
When the potatoes drop onto the surface of the separation
sieve, the forced vibration generated during the moment
of impact can affect the motion of the separation sieve.
Therefore, when the potatoes are dropped, it is essential to
elucidate the forced vibration kinematic characteristics of
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the separation sieve in order to gain a thorough understand-
ing of the factors contributing to the damage incurred when
the potatoes were dropped.

Taking into account the aforementioned considerations,
the present study aims to investigate the impact of various
test factors, including the drop height, potato mass, potato
variety, inclination of sieve surface, and the drop in differ-
ent axial positions, on the potato drop test (Gancarz, 2018;
Hussein et al., 2020; Pathare and Al-Dairi, 2021). By ana-
lysing the impact of the mandatory vibrations caused by
potato drop collisions under different test conditions on the
kinematic characteristic parameters of the sieve rod, the
effect of the mandatory vibrations of the sieve rod on potato
damage volume under different test factors, and the correla-
tion between the kinematic characteristic parameters of the
sieve rod and the potato damage volume, the fundamental
causes of potato damage from the drop onto the separating
sieve rod is determined. It is anticipated that the findings of
this study will provide a data foundation for further investi-
gation into the mechanical damage mechanisms of potatoes.

2. MATERIALS AND METHODS
2.1. Materials

The potatoes used in the experiment were obtained from
the Dongwayao Vegetable Market in Hohhot City, China.
All of the potatoes used in this experiment were freshly
harvested within 5 days (the potato harvesting season in
the Inner Mongolia region is from early September to mid-
October). Potatoes of uniform size, regular shape, without
any internal decay, and those undamaged on the surface
were selected for the experiment. Among them, 10 potatoes
were selected for each of the following weight categories:
15045, 250+5, 35045, 45045, and 550+£5 g of Holland
15 potatoes. Additionally, 100 potatoes weighing 250£5 g
of Holland 15 potatoes were selected. Lastly, 10 potatoes
each of Xuechuanhong, Holland 14, Jizhangshu 12, and
Svante varieties, all weighing 250+£5 g, were chosen. In
total, 190 potatoes were used in the experiment.

2.2. Test equipment and methods

The experimental setup employed in the study consisted
of a potato drop test bench (Fig. 1). This test bench comprised
a stand (which included a scale), a shelf, a sieve surface, an
acceleration sensor (Model 1A102E IEPE single-axis piezo-
electric acceleration sensor, frequency response 1~10000 Hz,
range 500 g, Jiangsu Donghua Test Technology Co.), data
acquisition and analysis equipment (AVANT series, mod-
el number M1-7016, manufactured by Hangzhou Yiheng
Technology Co.), and a computer to control the entire system.

Before conducting the test, the acceleration sensor is to
be securely fixed beneath the sieve rod on the side where the
potato impacts during the fall (as shown in Fig. 1), and then
connected to the data acquisition and analyser device for sig-
nal conversion. Subsequently, the computer software of the
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Fig. 1. Potato drop test bench: 1 — stand (with scale), 2 — shelf,
3 —sieve surface, 4 — acceleration sensor, 5 — data acquisition and
analyser, 6 — computer.

data acquisition and analyser device was used to measure the
impact acceleration of the dropping sieve rod. At the start
of the experiment, the data acquisition and analyser device,
as well as the data acquisition software, were placed in the
pending recording state. The potato was then dropped from
the shelf according to the predetermined direction and drop
height, after which the test data were recorded and saved.
Following the test, the potatoes that were damaged by the
drop were maintained at room temperature (22+1°C) for 48 h,
and their damage volume was then measured and calculated.

2.3. Test factors and levels

The factors chosen for the study encompassed drop
height, potato mass, drop direction, sieve surface inclination,
and potato variety. The range of drop heights, from 300 mm
to 700 mm, was determined based on the structural parame-
ters of the integrated rod chain-swing sieve rod combination
potato excavator (Feng, 2018). The mass range of the pota-
toes, from 150 to 550 g, was established in accordance with
the grades and specifications of potatoes in China as outlined
by the Ministry of Agriculture of the PRC in 2006. Due to
the vertical descent of the potato, different axial positions of
the drop can result in varying degrees of damage. Therefore,
different axial positions in the vertical drop are chosen as test
factors, namely, dropping lengthwise, dropping widthwise,
and dropping according to their thickness. The drop in dif-
ferent axial positions was defined by the x-axis, y-axis, and
z-axis in Fig. 2, which corresponded to the length, width,
and thickness directions of the potato dimensions, respec-
tively. In terms of dimensions, the length was greater than
the width, which was greater than the thickness.

Fig. 2. The dropping direction of the potato.



380

Table 1. Table of test factor levels

Factor

Level Drop Potato Drop Inclil%ation Potato
height - mass direction of sieve varieties
(mm) (2) surface (°)

1 300  150+£5  x-axis 0.5 Holland 15

2 400  250+£5  y-axis 7.7  Svante

3 500  350+£5  z-axis 14.4  Jizhangshu 12

4 600  450+5 21.1  Holland 14

5 700 55045 Xuechuanhong

The inclination angle of the separation sieve ranged from
0.5 to 21.1°, it was determined using the structural param-
eters of the integrated rod chain-swing sieve combination
potato excavator (Xie et al., 2020). In order to account for
variations in mechanical damage resistance among different
potato varieties, the following varieties were selected for
the trial: Holland 15, Svante, Jizhangshu 12, Holland 14,
and Xuechuanhong. Table 1 displays the test factors and
corresponding levels.

2.4. Test indicators

The kinematic characteristic parameters of the sieve rod
are primarily defined by three indicators: impact accelera-
tion peak, impact velocity peak, and impact displacement
peak. The peak acceleration of the sieve rod at the moment
when the potato drops onto it is obtained by analysing the
collected acceleration data of the sieve rod using data analy-
sis software. By utilizing the MATLAB software in order to
integrate the acceleration data of the sieve rod twice, a curve
depicting the change in the sieve rod's velocity over time
may be obtained, from this the velocity peak of the sieve rod
may be extracted. Similarly, the variation curve of the sieve
rod's displacement with respect to time may be obtained,
and the displacement peak of the sieve rod may be ascer-
tained (Pfau ef al., 2005; Alatise and Hancke, 2017).

After being maintained at room temperature for 48 h,
the damaged potatoes were taken out, and several thin slices
were cut parallel to the damaged surface until the undam-
aged areas were reached (Baritelle et al., 2000). The length
and width of the damaged position on the largest slice of the
damaged area were then measured using vernier callipers.
Next, the thickness of all of the damaged slices was meas-
ured to obtain the potato damage depth. Finally, the potato
damage volume was calculated using the following equa-
tion (Stropek and Gotacki, 2013; Zhang, 2008):

1
V = —mabh . €8
6
The formula for calculating the damage volume of the
potatoes involves the following parameters: a — represents
the damage area of the largest thin section in the x-axis
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direction, measured in mm; b — represents the damage area
of the largest thin section in the y-axis direction, also meas-
ured in mm; and /2 — denotes the depth of the damage (mm).

2.5. Experimental results statistical analysis

The parameters of the kinematic characteristics of the
sieve rods were fitted separately using Origin 2018 soft-
ware, and the significance was calculated using SPSS 26.0
software. Pearson's correlation analysis between the dam-
age volume and the parameters of the sieve rod kinematic
characteristics for potatoes under different test factors was
carried out using SPSS 26.0 data analysis software. The
Minitab 17.0 software was utilized in order to develop
a fitted regression model for the parameters of the potato
damage volume and sieve rod kinematic characteristics
under the inclination of the sieve surface factor, thereby
obtaining the regression equation.

3. RESULTS AND DISCUSSION

3.1. Influence of factors on the kinematic characteristics of the
sieve rod

3.1.1. Effect of the potato drop height on the kinematic
characteristics of the sieve rod

In order to investigate the impact of the potato drop height
on the kinematic characteristics of the sieve rod, 50 potatoes
of the Holland 15 variety with a weight of 250+5 g were divid-
ed into five groups. The potatoes were dropped from heights
of 300, 400, 500, 600, and 700 mm, respectively, along the
y-axis direction facing the sieve surface with an inclination
angle of 0.5°. Each group underwent ten repetitions of the
experiment, and measurements were taken to determine the
impact acceleration peak, velocity peak, and displacement
peak of the sieve rod. The impact acceleration peak, velocity
peak, and displacement peak of the sieve rod were fitted using
Origin 2018 software, and their significance was calculated
using SPSS software to obtain the fitted curve (Fig. 3).

The equations fitted and presented in Fig. 3 demonstrate
coefficients of determination (R*) > 0.95, indicating the
validity of both the fitted equations and curves. The fitted
curve shows that the drop height of the potato is propor-
tional to the impact acceleration peak, velocity peak and
displacement peak of the sieve rod. This finding is consist-
ent with the results by Gao et al. (2018), which reported
a positive correlation between the maximum impact force
and maximum deformation with increasing drop height
using finite element analysis. This trend may be attributed
to the greater gravitational potential energy of the potato at
higher drop heights, which results in higher kinetic ener-
gy upon impact (Hu, 2018; Geyer et al., 2009; Xie et al.,
2020). Consequently, the collision between the dropping
potato and the sieve rod leads to a more substantial impact
on the sieve rod, resulting in higher acceleration peaks,
velocity peaks, and displacement peaks.
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Impact acceleration peak of sieve rod (m s %)

Impact velocity peak of sieve rod (ms™')

Impact displacement peak of sieve rod (mm)

Drop height (mm)

Fig. 3. Variation in the kinematic characteristics of the sieve rod
with the height of the drop: a) impact racceleration peak, b) impact
velocity peak, ¢) impact displacement peak.

3.1.2. Effect of potato mass on the kinematic characteristics of
the sieve rod

In order to investigate how potato mass affects the kin-
ematic characteristics of the sieve rod, the Holland 15 variety
potato was chosen and placed at an inclination angle of 0.5°
facing the sieve surface along the y-axis direction. Potatoes
with masses of 15045, 250+5, 35045, 450+5 and 55045 g
were then dropped from a height of 400 mm, with each group
of tests being repeated 10 times to measure the impact accel-
eration peak, velocity peak and displacement peak of the sieve
rod. The impact acceleration peak, velocity peak, and dis-
placement peak of the sieve rod were fitted using Origin 2018
software, and their significance was calculated using SPSS
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Impact velocity peak of sieve rod (m s ™) Impact acceleration peak of sieve rod (m s?)

Impact displacement peak of sieve rod (mm)

Potato mass (g)

Fig. 4. Variation in the kinematic characteristics of the sieve rod
with potato mass. Explanations as in Fig. 3.

software. Based on the calculated results, the fitted equation
with the larger and more significant coefficient of determina-
tion was selected in order to obtain the fitted curve (Fig. 4).
The fitted equations presented in Fig. 4 all demonstrate
coefficients of determination (R*) above 0.79, indicating
their validity. The fitted curve shows that the impact acceler-
ation peak, velocity peak, and displacement peak of the sieve
rod are inversely proportional to the mass of the potato. Feng
(2017) proposed that the velocity of potatoes of different
masses at the moment of collision with the sieve rod remains
constant. However, the deformation of the potato at the point
of impact increases with its mass, thereby resulting in greater
energy loss during the collision. Consequently, the accelera-
tion at the moment of collision between the potato and the
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Impact velocity peak of sieve rod (ms™) Impact acceleration peak of sieve rod (m s %)

Impact displacement peak of sieve rod (mm)

Drop height (mm)

Fig. 5. Variation in the kinematic characteristics of the sieve rod
with the drop direction. Explanations as in Fig. 3.

sieve rod gradually decreases with increasing mass (Geyer et
al., 2009; Xie et al., 2020), leading to a smaller acceleration
peak, velocity peak, and displacement peak of the sieve rod.

3.1.3. Effect of the axial positions of potato drops on the
kinematic characteristics of the sieve rod

In order to explore the impact of drops in different axi-
al positions on the kinematic characteristics of the sieve,
30 potatoes of the Holland 15 variety with a weight of
25045 g were selected and divided into three groups. The
potatoes were oriented in their x-axis directions, y-axis
directions, and z-axis directions, respectively, facing a sieve
surface with a tilt angle of 0.5°. They were dropped from
a height of 400 mm, and each group underwent ten repeti-
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tions of the experiment in order to obtain measurements of
the impact acceleration peak, velocity peak, and displace-
ment peak of the sieve rod for each axial position.

From the results presented in Fig. 5, it is evident that the
kinematic characteristics of the sieve rod are influenced by
the axial positions of the potato drop. Specifically, the highest
impact acceleration peak of the sieve rod occurs for vertical
drops from the z-axis direction, followed by vertical drops
from the y-axis direction, and finally, vertical drops from the
x-axis direction. The variation in the velocity peak and dis-
placement peak of the sieve rod also follows a similar trend
to that of the impact acceleration peak of the sieve rod. This
observation may be attributed to the curvature of the potato,
which is greater in the x-axis direction than in the y-axis
direction, which is greater than that in the z-axis direction.
According to the Hertz contact stress theory, as the curva-
ture decreases, the radius of curvature gradually increases,
leading to a higher impact force on the sieve rod when the
potato drops (Popov, 2011). Consequently, the amplitude of
the sieve rod vibration increases, resulting in a higher impact
acceleration peak, velocity peak, and displacement peak.

3.1.4. Effect of sieve surface inclination on the kinematic
characteristics of the sieve rod

In order to investigate the impact of different inclina-
tions of the sieve surface on the kinematic characteristics
of the sieve rod, 40 potatoes of the Holland 15 variety with
a weight of 250+£5 g were selected and divided into four
groups. The potatoes were positioned perpendicular to the
width of the sieve with inclination angles of 0.5, 7.7, 14.4,
and 21.1°, respectively. Each potato was subjected to a drop
test from a height of 400 mm above the sieve surface, and
the tests were repeated ten times to obtain the impact accel-
eration peak, velocity peak, and displacement peaks for the
sieve rods at each inclination angle of the sieve surface.
The impact acceleration peak, velocity peak, and displace-
ment peak of the sieve rod were fitted using Origin 2018
software, and the significance was calculated using SPSS
software. Based on the calculated results, the fitted equation
with a larger and more significant coefficient of determina-
tion was selected to obtain the fitted curve (Fig. 6).

From the fitted equations presented in Fig. 6, it is clear
that the coefficients of determination R” are all greater than
0.96, thereby indicating the reliability of the fitted equa-
tions and curves. The curve fitting analysis shows that the
peak impact acceleration, velocity peak, and displacement
peak of the sieve rod display a trend of initial increases
followed by a subsequent decrease as the inclination of
the sieve surface increases. The maximum values of the
impact acceleration peak, velocity peak and displacement
peak of the sieve rod are observed at an inclination of 7.7°.
Conversely, the minimum values of these parameters are
observed at an inclination of 21.1°.
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Impact acceleration peak of sieve rod (m s?)

Impact velocity peak of sieve rod (m s™')

Impact displacement peak of sieve rod (mm)

Tilt angle of sieve surface (°)

Fig. 6. Variation in the kinematic characteristics of the sieve rod
with the sieve surface inclination. Explanations as in Fig. 3.

3.1.5. Effect of potato variety on the kinematic characteristics
of the sieve rod

In order to investigate the effect of the potato varie-
ties used on the kinematic characteristics of the sieve rod,
10 potatoes of the same size were handpicked from five dif-
ferent varieties: Holland 15, Svante, Jizhangshu 12, Holland
14, and Xuechuanhong. The selected potatoes weighed
25045 g. Each potato was aligned with the sieve surface at
an inclination of 0.5°, and a drop test was performed from
a height of 400 mm. The tests were repeated ten times for
each group, and the impact acceleration peak, velocity peak,
and displacement peak of the sieve rod were recorded.
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Impact velocity peak of sieve rod (m s™) Impact acceleration peak of sieve rod (m s?)

Impact displacement peak of sieve rod (mm)

Potato varieties

Fig. 7. Variation in the kinematic characteristics of the sieve rod
with the potato varieties. Explanations as in Fig. 3.

Upon analysing Fig. 7, it is evident that the impact accel-
eration peak, velocity peak, and displacement peak of the
different potato varieties on the sieve rod exhibit a distinct
order of magnitude. Specifically, Jizhangshu 12 showed
the highest impact acceleration peak, followed by Holland
15, Holland 14, Svante, and Xuechuanhong. In order to
evaluate the hardness of the potatoes, a texture meter
was employed, and the results showed that Holland 15,
Svante, Jizhangshu 12, Holland 14, and Xuechuanhong
had hardness values of 140.94, 142.54, 146.85, 153.55, and
155.92 N, respectively (Gao, 2021). Therefore, the rank-
ing order of potato varieties by hardness is Xuechuanhong
> Holland 14 > Jizhangshu 12 > Svante > Holland 15.
Despite conducting a comparative analysis of the kinematic
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characteristics and hardness data of the sieve rods from
different potato varieties, no correlation pattern was found
between the two variables. This implies that altering the
hardness of the potatoes did not have an impact on the kin-
ematic characteristics of the sieve rods.

3.2. Effect of various factors on potato damage volume

In order to examine the effects of different test variables,
including the drop height, potato weight, potato type, sieve
angle, and drop orientation on the amount of damage sus-
tained by the dropped potatoes, the test variables and their
corresponding levels as specified in Table 1 were chosen.
Each test variable was modified independently during test-
ing, with 10 repetitions for each test group. The mean of the
10 repeated tests was computed as the final test outcome, as
shown in Table 2, which displays the resultant potato dam-
age volumes under various test conditions.

Table 2 presents results which indicate that the height
of the drop is directly proportional to the volume of potato
damage (Ito et al., 1994; Guo et al., 2016). The presented dis-
covery is consistent with the research conducted by Feng et
al. (2019), where it was proposed that the speed of impact
between the potato and sieve rod increases with each increase
in the initial height of the drop, resulting in a greater distor-
tion to the potato when it collides with the sieve rod. Drawing
on the results presented in section 3.1.1, it may be inferred
that an increase in the drop height leads to a corresponding
increase in the kinematic characteristic parameters of the

Table 2. Volume of potato damage under different test conditions.
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sieve rod. This leads to an enhancement in the impact force
on the sieve rod and, in turn, on the reaction force of the sieve
rod on the potato. Consequently, the volume of damage to the
potato also increases. This demonstrates that the volume of
damage to the potato is directly proportional to the kinematic
characteristic parameters of the sieve rod for different factors
of drop height. In order to minimize collision damage dur-
ing potato harvesting operations, it is important to effectively
control the drop height of potatoes.

Table 2 shows that the volume of potato damage is
directly proportional to the potato mass (Thomson and
Lopresti, 2018). Xie et al. (2020) previously proposed
that a higher potato mass leads to an increased collision
pressure and a greater volume of damage. By combining
these findings with the results presented in section 3.1.2,
it was established that an increase in potato mass results
in a reduction in the kinematic characteristic parameters of
the sieve rod. As a result, the energy dissipated during the
collision between the potato and the sieve rod is used for
the plastic deformation of the potato, this in turn leads to
greater potato deformation and an increase in the amount
of damage sustained. Therefore, it may be concluded that
the volume of potato damage is inversely proportional to
the kinematic characteristic parameters of the sieve rod for
different potato mass factors.

As presented in Table 2, the volume of potato damage
varies with the different axial positions of the potato drops
and follows the order of x-axis direction > y-axis direction

Factor Level Potato damage (volume mm?®)

Drop height (mm) 300 735.9+470.3
400 847.9+508.7
500 1328.6+627.2
600 1966.6+963.2
700 3422.3+1985.6

Potato mass (g) 150 651.5+764.5
250 847.9+508.7
350 1020.2+720.7
450 1342.6+746.1
550 1469.3+862.0

Drop direction x-axis direction

1203.4+645.2

y-axis direction 847.9+508.7
z-axis direction 727.0+£562.7
Inclination of sieve surface (°) 0.5 847.9+508.7
7.7 1247.6+716.6
14.4 1143.8+714.0
21.1 602.6+505.4
Potato varieties Holland 15 847.9+£508.7
Svante 457.1+483.5
Jizhangshu 12 438.9+£355.3
Holland 14 76.5+130.8
Xuechuanhong 0

Initial condition: Potato mass — 25045 g, drop direction — y-axis direction, inclination of sieve surface — 0.5°, potato varieties — Holland 15.
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> z-axis direction. Based on the results in section 3.1.3, the
following reasons for this were inferred: An analysis of the
kinematic characteristic parameters of the sieve rod indicat-
ed that the curvature of the potato gradually reduces, and the
radius of curvature gradually increases while transitioning
from the x-axis, y-axis, and z-axis directions. According to
the Hertz contact stress theory, when the radius of curvature
increases, the deformation volume of the potato decreases,
this results in a reduction in potato damage volume (Popov,
2011). This trend is consistent with the findings of Blahovec
(2005) that areas with a greater curvature on the potato sur-
face are more prone to injury. After considering the different
axial positions of the potato drops, the study demonstrated
that the volume of potato damage tends to decrease gradually
as the kinematic characteristic parameters of the sieve rod
increase. Therefore, selecting a downward-facing thickness
during potato digging and transport could help to reduce the
damage sustained by the potatoes.

As presented in Table 2, an increase in the inclination
of the sieve surface results in an initial rise and a subse-
quent fall in the volume of potato damage. This trend may
be explained by the findings in outlined in section 3.1.4.
As the inclination of the sieve surface increases, the kin-
ematic characteristic parameters of the sieve rod initially
increase and then decrease, with the highest value occur-
ring at an inclination of 7.7° and the lowest value at 21.1°.
The maximum impact force on the sieve rod is observed
at an inclination of 7.7°, this results in the highest reac-
tion force on the potato and hence the maximum volume
of damage. The lowest amount of damage occurs at a sieve
surface inclination of 21.1°. This pattern is in line with the
outcomes obtained by Xie (2017) in his experiments con-
cerning the optimization of separation sieve parameters
(Xie et al., 2020). This indicates that the volume of dam-
age sustained by the potatoes is influenced by the kinematic
characteristic parameters of the sieve rod at different fac-
tors of sieve surface inclination. Therefore, adjusting the
inclination of the sieve surface can be used as a reference
point in the design of the inclination of the potato swing
separation sieve in order to reduce damage.

Based on the results of the hardness testing of various
potato varieties using a texture meter, it was found that the
hardness of Holland 15, Svante, Jizhangshu 12, Holland 14,
and Xuechuanhong was 140.94, 142.54, 146.85, 153.55, and
155.92 N, respectively (Gao, 2021). As indicated in Table 2,
there is an inverse relationship between potato hardness and
the volume of potato damage. This phenomenon may be
attributed to the fact that harder potatoes are less suscepti-
ble to damage due to their increased resistance. This finding
is supported by the results obtained in section 3.1.5, which
indicate that potato damage volume is influenced by potato
hardness and is independent of the kinematic characteristics
of the sieve rod under different drop scenarios.
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3.3. Correlation between the volume of potato damage and the
kinematic characteristics parameters of the sieve rod

In order to investigate the influence of the kinematic
characteristics of sieve rods on potato damage volume
under various test conditions outlined, this study used
SPSS26.0 data analysis software to establish the correla-
tions between the impact acceleration peak, velocity peak,
and displacement peak of the sieve rods, and the volume of
potato damage sustained at different drop heights, potato
masses, potato varieties, sieve surface inclinations, and the
axial positions of the potato in a vertical drop.

In order to meet the prerequisite of conducting a Pearson
correlation analysis, the normality of the sample data was
assessed. A one-sample K-S test was performed using
SPSS26.0 software with the aim of conducting non-para-
metric testing on the data, and it was duly confirmed that the
five sets of data followed a normal distribution. The results
of the Pearson correlation analysis are presented in Table 3.

Table 3 shows that the impact acceleration peak, veloc-
ity peak, and displacement peak of the sieve rod are highly
and significantly positively correlated with the volume of
potato damage at different drop heights, with significance
values lower than 0.05 and correlation coefficients greater
than 0.8. By contrast, at different potato masses, the vol-
ume of potato damage and the impact acceleration peak,
velocity peak, and displacement peak of the sieve rod were
all significant at values higher than 0.05 with correlation
coefficients ranging between —0.864 and —0.837, indicating
a negative but non-significant relationship. The correla-
tion between the volume of potato damage and the impact
acceleration peak, velocity peak, and displacement peak of
the sieve rod for different potato varieties ranges between
0.451 and 0.526 and is not significant. Similarly, at differ-
ent sieve surface inclinations, there is a highly significant
positive correlation between the volume of potato damage
and the impact acceleration peak, velocity peak, and dis-
placement peak of the sieve rod, with significance values
lower than 0.05 and correlation coefficients greater than
0.8. Finally, at different axial positions of the potato during
vertical drops, the volume of potato damage and the impact
acceleration peak, velocity peak, and displacement peak of
the sieve rod were all significant at higher values than 0.05
with correlation coefficients between —0.788 and —0.766,
thereby indicating a negative but non-significant relation-
ship. Therefore, analysing the correlation patterns between
the kinematic parameters of the sieve rod and the volume
of potato damage could help to identify the root causes of
potato damage during the separation process, with reference
to the drop height, potato mass, sieve surface inclination,
and axial positions of the potato used in the vertical drop.
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Table 3. Pearson correlation between potato damage volume and the kinematic characteristics of sieve rods

X.GAl et al.

Experimental Experimental Potato damage Impact peak of sieve rod

factor parameter (volume mm) Acceleration Velocity Displacement

Drop height Potato damage 1 0.907* 0.907* 0.883*
(volume mm™) 0.034 0.034 0.047
Impact acceleration 0.907* 1 0.994** 0.962%*
peak of sieve rod 0.034 0.001 0.009
Impact velocity peak of 0.907* 0.994* 1 0.986**
sieve rod 0.034 0.001 0.002
Impact displacement peak 0.883* 0.962%* 0.986** 1
of sieve rod 0.047 0.009 0.002

Potato mass Potato damage 1 —0.864 —0.853 —-0.837
(volume mm™) 0.059 0.066 0.077
Impact acceleration —0.864 1 0.998** 0.998**
peak of sieve rod 0.059 0.000 0.000
Impact velocity peak of —0.853 0.998** 1 0.997**
sieve rod 0.066 0.000 0.000
Impact displacement peak -0.837 0.998** 0.997** 1
of sieve rod 0.077 0.000 0.000

Potato varieties  Potato damage 1 0.451 0.521 0.526
(volume mm™) 0.446 0.368 0.363
Impact acceleration 0.451 1 0.994** 0.993**
peak of sieve rod 0.446 0.001 0.001
Impact velocity peak of 0.521 0.994** 1 0.997**
sieve rod 0.368 0.001 0.000
Impact displacement peak 0.526 0.993** 0.997** 1
of sieve rod 0.363 0.001 0.000

Sieve surface Potato damage 1 0.991** 0.994** 0.983*

inclination (volume mm ) 0.009 0.006 0.017
Impact acceleration 0.991** 1 0.998** 0.951*
peak of sieve rod 0.009 0.002 0.049
Impact velocity 0.994** 0.998** 1 0.960%*
peak of sieve rod 0.006 0.002 0.040
Impact displacement peak 0.983* 0.951* 0.960* 1
of sieve rod 0.017 0.049 0.040

Drop direction  potato damage 1 —0.788 -0.766 —0.766
(volume mm™) 0.422 0.445 0.444
Impact acceleration —0.788 1 0.999* 0.999*
peak of sieve rod 0.422 0.023 0.022
Impact velocity peak of —0.766 0.999* 1 1.000%**
sieve rod 0.445 0.023 0.001
Impact displacement peak —0.766 0.999* 1.000** 1
of sieve rod 0.444 0.022 0.001

*Indicates a significant correlation at the 0.05 level (two-tailed), **indicates a highly significant correlation at the 0.01 level (two-tailed).

Pearson correlation (r) > 0.8 is highly correlated; 0.5 <r < 0.8 —moderately correlated; 0.3 <r<0.5 —weakly correlated; r < 0.3 —not correlated.
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3.4. Regression analysis between the volume of potato damage
and the kinematic characteristics parameters of the sieve rod

It is evident that the correlation between the volume of
potato damage and the kinematic characteristics param-
eters of the sieve rod is greatest at various sieve surface
inclination angles. Consequently, Minitab software was
utilized in order to establish fitted regression models for
potato damage volume and the kinematic characteristics
parameters of the sieve rod under different factors of sieve
surface inclination. This process yielded regression equa-
tions for the potato damage volume (V) in relation to the
impact acceleration peak (a), impact velocity peak (v), and
impact displacement peak (s) of the sieve rod. Additionally,
a model summary and ANOVA tables were generated for
the potato damage volume and the kinematic characteris-
tics parameters of the sieve rod, respectively.

V=-8445+18.52a , ©)
V=-3842+5072v | 3)
V =-4103 + 3734s (4)

Based on Table 4, it is evident that R, R? (adjusted), and
R? (prediction) all surpass 0.79. Moreover, Table 5 reveals
that the P-values are below 0.05. These findings indicate
that the regression equations more accurately capture the

Table 4. Model summary table

Model S R* RE(%)
odel summas

i (%) Adjust  Prediction
Impact acceleration 4571 9329 9743 9258
peak of sieve rod (a)
Impact velocity peak 3¢ 5109 9586 9829 9534
of sieve rod (v)
Impact displacement (o 170, ¢ o3 9494 79.21

peak of sieve rod (s)
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relationship between potato damage volume and the impact
acceleration peak, impact velocity peak, and impact dis-
placement peak of the sieve rod. Under the test conditions
of sieve surface inclination, the kinematic characteristics
parameters of the sieve rod can be employed to predict the
damage volume of potatoes, as they show a positive corre-
lation. Specifically, as the impact acceleration peak, impact
velocity peak, or impact displacement peak of the sieve rod
increases, the potato damage volume also increases.

4. CONCLUSIONS

This study utilized a potato drop test platform to con-
duct single-factor drop tests on potatoes. It investigated
the influence of the mandatory vibrations caused by potato
drop collisions under different test factors on the kinematic
characteristics parameters of the sieve rod. It also exam-
ined the effect of the mandatory vibrations of the sieve
rod on potato damage volume under different test factors.
Furthermore, the correlation between the kinematic char-
acteristics parameters of the sieve rod and potato damage
volume was analysed. The primary research conclusions
are outlined as follows:

1. The kinematic characteristic parameters of the sieve
rod exhibit a notable regularity in response to the impact of
the dropped potatoes. Increasing the drop height leads to an
increase in the peak acceleration, peak velocity, and peak
displacement of the sieve rod, while increasing the pota-
to mass results in a decrease in these peaks. Additionally,
an initial increase followed by a subsequent decrease is
observed in these peaks as the inclination of the sieve sur-
face increases. Furthermore, the impact acceleration peak,
velocity peak, and displacement peak of the sieve rod
caused by the potato drop vary depending on the axial posi-
tions of the drop, with the sequence of the three parameters
being x-axis direction < y-axis direction < z-axis direction.

Table 5. Variance analysis of potato damage volume and the kinematic characteristics parameters of the sieve rod

Adjusted sum of squared

Variance analysis Source Freedom — — - F value P value
Deviations Deviations after averaging
Impact acceleration peak Regression 1 252378 252378 114.78 0.009
of sieve rod (a) a 1 252378 252378 11478 0.009
Errors 2 4398 2199
Total 3 256776
Impact velocity peak Regression 1 253850 253850 173.52 0.006
of sieve rod (v) v 1 253850 253850 173.52 0006
Errors 2 2926 1463
Total 3 256776
Impact displacement peak Regression 1 248122 248122 57.34 0.017
of sieve rod (s) s 1 248122 248122 5734 0017
Errors 2 8654 4327
Total 3 256776
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With regard to the different potato varieties, the impact
acceleration peak, velocity peak, and displacement peak of
the sieve rod show the following order: Jizhangshu 12 >
Holland 15 > Holland 14 > Svante > Xuechuanhong.

2. The regularity of variation in potato damage volume
under different test conditions exhibits a notable pattern, as
follows: increasing the drop height and potato weight leads to
an increase in the volume of potato damage. Concerning the
inclination of the sieve surface, the volume of potato damage
initially increases and subsequently decreases, with the max-
imum damage volume occurring at an inclination of 7.7° and
the minimum damage volume occurring at an inclination of
21.1°. Furthermore, the volume of potato damage is greatest
when it is dropped vertically along the x-axis direction, fol-
lowed by the y-axis direction, and the z-axis direction yields
the least damage volume. In terms of different potato varie-
ties, the damage volume follows the order of Holland 15 >
Svante > Jizangshu 12 > Holland 14 > Xuechuanhong.

3. The correlation between potato damage volume and
the kinematic characteristics parameters of the sieve rod
under different test conditions was investigated. The results
reveal that, with varying drop heights and sieve surface
inclinations, the potato damage volume is positively cor-
related with the impact acceleration peak, velocity peak,
and displacement peak of the sieve rod. Conversely, under
different potato masses and axial positions of the potato in
the vertical drop, there is a negative correlation between
the volume of potato damage and the impact acceleration
peak, velocity peak, and displacement peak of the sieve
rod, although it is not statistically significant. In terms of
the different potato varieties tested, there is no correla-
tion observed between the potato damage volume and the
impact acceleration peak, velocity peak, and displacement
peak of the sieve rod.

4. The regression equation provides an accurate reflec-
tion of the relationship between the volume of potato
damage and the impact acceleration peak, impact velocity
peak, and impact displacement peak of the sieve rod. The
kinematic characteristics of the sieve rod can be used to
predict the volume of potato damage under the test condi-
tions of the sieve surface inclination, and there is a positive
correlation between the two.

In summary, the research findings above confirm the
importance of investigating the kinematic characteristics
of the separation sieve rod and the pattern of changes in
potato damage volume after the potato drops onto it dur-
ing the mechanical harvesting process. These results could
potentially provide a data basis for analysing the underly-
ing causes of potato damage.
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