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Abstract: In view of the problem that the research of potato friction damage is not sufficiently
systematic and the characteristics of potato friction damage and energy loss are not clear, this paper
investigates the initial height, potato mass, potato varieties, friction materials and temperature as
experimental factors and the epidermal damage proportion as the evaluation index, filtering for
significant factors by a factorial test. On this basis, the proportion of epidermal damage and the
ratio of energy consumption loss were used as evaluation indicators to conduct a single factor test
for significant factors. Thereby, the influence of these factors on friction damage and energy loss
characteristics of potato were further investigated. The results show that the initial height, potato
mass and potato varieties were the significant factors affecting the proportion of epidermal damage
of potatoes. With the increase in initial height, the proportion of epidermal damage and ratio of
energy consumption loss gradually increased. With the increment in potato mass, the proportion of
epidermal damage gradually increased, and the energy consumption loss ratio gradually decreased.
The epidermal damage proportion and energy consumption loss ratio of potato varieties were ranked
as Xisen 1 > Jizhang 12 > Xisen 6 > Xuechuanhong > Netherlands 15, and Netherlands 15 > Xisen 6 >
Xisen 1 > Xuechuanhong > Jizhang 12, respectively. The energy loss ratio and epidermal damage
proportion were highly correlated at initial height and potato mass. A mathematical model for
predicting the proportion of epidermal damage using energy consumption loss ratio is proposed:
η1 = 0.8861ζ − 0.2062 (R2 = 0.8626), η2 = −0.5813ζ + 0.2394 (R2 = 0.8537).

Keywords: potato; friction damage; energy loss; experiment

1. Introduction

The mechanized potato harvesting industry has experienced rapid development since
China launched the strategy to process potatoes as a staple food in 2015 [1]. The harvest
efficiency of potatoes has greatly improved due to research and development as well
as the popularization of potato harvesting machinery [2–4]. However, the problem of
epidermal damage due to potato soil separation and transport during harvest has also
become increasingly prominent [5]. Epidermal damage directly affects the appearance and
quality of potatoes, and their economic value is also reduced [6–8]. In addition, potatoes
with a damaged epidermis are not resistant to storage as they are highly susceptible to
bacterial infection, causing softening and decay [9,10].

At present, there are many reports on potato damage in China and in other countries,
most of which are based on tests by potato drop collision and impact test rigs. Different re-
searchers have selected different test factors and evaluation indicators. Some research teams
have established the relationship among impact acceleration, drop height and damage
severity, and obtained the influence of tuber size and temperature on potato damage [11].
Other research teams also determined linear regression models for a comprehensive potato
damage index through single factor tests [12]. The research of Weigang Deng shows that
the order of importance for the factors affecting the severity of potato collision damage
is falling height, impact materials, impact times and potato mass [13]. Similarly, it was
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also found by Tianci Huang that the significant factors affecting the comprehensive index
of potato damage are impact materials and potential energy [14]. Different from others,
Shengshi Xie adopted an acceleration acquisition system and concluded that the primary
and secondary order of factors affecting the volume of potato collision damage was initial
height, potato mass, potato temperature and collision material, and the variation in the
relationship between collision acceleration and damage area under different factors was
determined [15]. In addition, some researchers obtained the critical damage value of potato
under different conditions through response surface analysis in an orthogonal experiment
of potato combinations [16]. Apart from these studies, other scholars have studied the
friction characteristics of some agricultural materials. Most of these studies focus on the
determination of the static friction coefficient and dynamic friction coefficient of materials,
including the determination of the friction coefficient of apples with plexiglass and kraft
paper, respectively [17]. Some studies have also been carried out on potato skins and
different varieties, and the friction coefficient of potatoes has also been acquired [18–20].

Through the analysis of existing studies, it can be seen that the relevant studies focus
on the damage caused by potato collision. The research on friction paid close attention
to the measurement of the friction coefficient between potato and different materials, and
systematic research on the characteristics of potato friction damage was rarely reported.
Meanwhile, the effects of different experimental factors on friction damage and related
characteristic parameters of potatoes have not been reported.

Based on the above analysis, this paper uses a single pendulum friction test rig to
select the significant factors affecting potato friction damage through a factorial test. It
then explores the effect of significant factors on potato friction damage and energy loss
characteristics through a single factor test. The regression equation and correlation coeffi-
cients between significant factors and evaluation indicators as well as between evaluation
indicators were obtained, taking the proportion of epidermal damage and the ratio of
energy consumption loss as evaluation indicators. Through the above experiments and
analysis, the significant factors affecting potato friction damage are systematically assessed,
and the effects of significant factors on potato friction damage, friction energy loss and other
characteristics are analyzed in order to provide a theoretical basis and technical support for
the mechanisms of potato epidermal damage and the design and optimization of potato
harvest and delivery devices.

2. Materials and Methods
2.1. Test Materials and Equipment

The potatoes used in this experiment were the varieties under mass production in the
current season in Hohhot, China. The varieties used in the factorial test were Xuechuanhong
and Xisen 1, with about 100 in each variety, and the varieties used in the single factor test
were Xisen 1, Xisen 6, Xuechuanhong, Netherlands 15 and Jizhang 12, with about 100
potatoes for each variety. Before the test, the potatoes were wiped with a wet cloth, and
those with a non-damaged epidermis were selected for the experiment.

The equipment used in this test included the self-built single pendulum friction test
device as shown in Figure 1 and the friction image acquisition system as shown in Figure 2.

The friction image acquisition system included a high-speed digital camera and a
computer. The Phantom Miro2 high-speed digital camera manufactured by Vision Research
Company of the United States was used in this experiment. Its function is to capture an
image of friction process so as to realize the study of friction energy loss. After the camera
was installed and powered on, the photo acquisition control software Phantom-675.2
matched with the high-speed camera was opened. The first option “Setup and Recording
. . . ” under the Acquisition menu was selected and the main parameters of the Phantom
high-speed camera were set. The resolution was set to 640 × 480 and the number of frames
was set to 200.
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2.2. Evaluation Indicators
2.2.1. Epidermal Damage Proportion

Epidermal damage on potatoes is inevitable during friction, and its area is traditionally
measured using an area calculation formula based on the length and width of the damage
site measured by vernier calipers [21]. According to a subsequent study, this method may
result in errors. A new method that can characterize the damage area on a potato was thus
designed as the evaluation index in this experiment [22].

The photo processing of potato damage is shown in Figure 3. Firstly, the damaged
parts of the potato after a friction test were cut and placed in a square frame with a side
length of 12 cm for photography. In order to exclude the problem of inconsistency in the
ratio of the number of pixels in the black area to the blank area caused by the height, angle
and light of the photo, the phone was fixed on a stand and the fill light was fixed above the
photo area. The angle was adjusted and the photo was taken. The structure of the photo
was kept unchanged until the test was completed. Then, the damage photos were enlarged
and cropped in equal proportions. Automatic color gradation and binarization processing
were carried out in Photoshop software to highlight the damaged parts so as to obtain
pictures which allowed easy identification of the damaged area. The threshold value for
the color scale process was 0.6, and the threshold value for the binarisation process was
0.7. Finally, the pictures were processed in Matlab software to calculate the proportion
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of the black area, which was also the proportion of the epidermal damage, that could be
expressed with the formula below:

η =
S1

S2
× 100 (1)

where, η is the proportion of epidermal damage (%), S1 is the number of pixels in the black
area, and S2 is the number of boxed pixels.
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2.2.2. Energy Loss Ratio

During the process of the potato contacting the friction materials, the energy loss
caused by friction inevitably changes the swing angle and height before and after potato
friction, and this energy loss ratio was taken as an index to evaluate the energy loss due to
friction. The energy loss of the single pendulum itself during a swing was ignored for its
mass was much smaller than that of potato [23]. Figure 4 shows the position of the potato
before and after contact with the friction material. The potato was released after lifting to
height h1 at the beginning of the experiment; it then rubbed against the friction material in
the lowest position and continued to swing forward to the highest position h2.
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From Figure 4, the energy loss before and after friction can be calculated using the
following formula:

∆E = mgh1 − mgh2 (2)

where ∆E is the energy loss before and after friction (J), m is the potato mass (kg), h1 is the
potato lift height at the start of the friction test (m), h2 is the potato swing height at end of
the friction test (m), and g is gravity acceleration (m/s2).
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According to the geometric relationship in Figure 4, further analysis shows that:

h1 = O1M − L cos θ0 (3)

where L is the distance from the pendulum center to the potato center (m), θ0 is the potato
lift swing angle at start of the friction test (◦). Then h2 is calculated as:

h2 = O1M − L cos θ1 (4)

where θ1 is the potato swing angle at the end of the friction test (◦).
Bringing (2) and (3) into (1) gives:

∆E = mgL(cos θ1 − cos θ0) (5)

In order to facilitate analyzing and comparing the energy loss of the potato during
friction, the energy loss ratio of friction is defined as the ratio of energy loss before and
after friction to the initial kinetic energy, and formula is obtained as below:

ζ =
∆E

mgh1
=

L
h1

(cos θ1 − cos θ0)× 100 (6)

where ζ is the energy loss ratio (%).
The values of L and h1 can be determined according to the test conditions, and θ0 and

θ1 are determined by the angle measurement tool provided by the high-speed camera data
processing software [23].

2.3. Test Design and Methods

A factorial experiment was conducted to identify the significant factors affecting
friction damage of potatoes among five factors: initial height, potato mass, potato varieties,
friction materials and temperature. Then, through a single factor test, the influence of
significant factors on the friction damage and energy loss characteristics of potatoes were
explored, and the regression equation and correlation coefficient between significant factors
and test indicators and between indicators were obtained.

Based the common height differences between potato soil separation devices and
potato conveying devices, five levels (300, 400, 500, 600, and 700 mm) were tested [24]. The
potato masses tested were 150 ± 5, 250 ± 5, 350 ± 5, 450 ± 5 and 550 ± 5 g according
to Quality Standard for Fresh Potato Grade (Trial) of China. The potato varieties were
selected based on those in mass production in the current season, namely, Xisen 1, Xisen 6,
Xuechuanhong, Netherlands 15 and Jizhang 12. Based on materials that may cause friction
damage on potato during harvest, 65Mn steel and potato were selected as friction materials.
A temperature of 4 ◦C is suitable for storage of potatoes; however, due to limited storage
conditions, sometimes potatoes are also stored indoors at 22 ◦C. Therefore, 4 ± 1 ◦C and
22 ± 1 ◦C were selected as the temperature levels for testing [25]. A constant temperature
and humidity box was used to maintain the required temperature in this experiment.

2.3.1. Factorial Test Method

The purpose of the factorial experiment is to identify the significant factors affecting
the friction damage in potatoes. To carry out the experiment, the highest and lowest points
of the experimental factors were selected according to the design method of the factorial
experiment. The test factors and levels are shown in Table 1.

The equipment used for the test was a single pendulum friction test rig as shown in
Figure 1. Before the test started, the potato was fixed to fixture 2 at the end of the lightweight
pendulum bar with waterproof tape, and the friction material was fixed to fixture 1 below
the test rig. The position of the supporting axis was adjusted along the horizontal direction
and the contact site between potato and friction materials was determined. In order to
induce mutual friction between the potato and the friction material, the adjusting nut was
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adjusted so that the potato and friction material fitted closely together. After determining
the position, the height required was measured using a tapeline, and the adjusting nut was
fixed. The potato was then raised to the test height and released without initial velocity
to generate epidermal friction. Finally, the falling potato was caught in time to prevent
secondary friction.

Table 1. Table of factorial test factors and levels.

Factors Coding
Coding Level

Low Level (−1) High Level (+1)

Initial height (mm) X1 300 700
Potato mass (g) X2 150 ± 5 550 ± 5
Potato varieties X3 Xuechuanhong Xisen 1

Friction materials X4 Potato 65Mn steel
Temperature (◦C) X5 4 ± 1 22 ± 1

2.3.2. Single Factor Test Method

The single factor experiment was conducted in order to further investigate the effect
of significant factors on friction damage and friction loss energy characteristics of potatoes.
The device used for the test was the friction image acquisition system shown in Figure 2. The
preparation of the experiment was the same as that for the factorial experiment, except that
the high-speed camera was used to capture an image of potato friction process. Therefore,
it was necessary to ensure safe storage of the image acquisition data after the experiment.

3. Results and Discussion
3.1. Factorial Test Results and Discussion

The factors and their levels in the factorial test are shown in Table 1. After determining
the factor level, Minitab software was used to design the trial in the form of −1 and + 1
codes. The 2V5-1 trial design was used and a total of 16 groups of trials were required.
At the same time, the proportion of epidermal damage was taken as the test index. Each
group of trials was repeated 10 times, and the average value was taken as the test result.
The design scheme and results are shown in Table 2.

Table 2. Factorial testing design scheme and results table.

Test

Factors
Epidermal Damage

Proportion
(%)

Initial Height
(mm)

X1

Potato Mass
(g)
X2

Potato
Varieties

X3

Friction
Materials

X4

Temperature
(◦C)
X5

1 1 −1 1 −1 1 13.03 ± 2.64
2 1 1 1 −1 −1 24.80 ± 2.83
3 1 1 1 1 1 22.69 ± 2.17
4 1 1 −1 1 −1 15.97 ± 1.68
5 −1 −1 1 −1 −1 4.49 ± 1.58
6 1 −1 −1 −1 −1 5.51 ± 1.05
7 1 1 −1 −1 1 14.06 ± 3.34
8 −1 1 −1 −1 −1 6.10 ± 1.42
9 1 −1 −1 1 1 8.47 ± 1.03

10 −1 −1 −1 1 −1 6.49 ± 1.27
11 −1 1 −1 1 1 5.58 ± 1.80
12 1 −1 1 1 −1 12.19 ± 1.65
13 −1 1 1 −1 1 7.85 ± 1.52
14 −1 1 1 1 −1 13.48 ± 2.83
15 −1 −1 −1 −1 1 6.32 ± 1.99
16 −1 −1 1 1 1 4.34 ± 1.53
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The analysis of variance was carried out under the condition that the data conformed
to a normal distribution. The data were first subjected to the Shapiro–Wilk test using SPSS
software, and the sample data were all found to conform to a normal distribution. Then the
variance of the test results was analyzed by Minitab software, and the results are shown in
Table 3.

Table 3. Variance analysis of factorial test results.

Source Degrees of
Freedom

Adj SS
(Adjusted Deviation

Sum of Squares)

Adj MS
(Adjusted Mean Sum

of Squared Deviations)
F Value p Value

X1
Initial height (mm) 1 0.024073 0.024073 19.17 0.001

X2
Potato mass

(g)
1 0.015429 0.015429 12.29 0.006

X3
Potato varieties 1 0.007391 0.007391 5.89 0.036

X4
Friction materials 1 0.000312 0.000312 0.25 0.629

X5
Temperature

(◦C)
1 0.000281 0.000281 0.22 0.646

Error 10 0.012556 0.001256
Total 15 0.060043

Note: p > 0.05 indicates no significant difference; 0.01 < p < 0.05 indicates significant difference; p < 0.01 indicates
very significant difference.

According to Table 3, the significant factors affecting friction damage to potatoes are
initial height, potato mass and potato varieties. Among them, the effect of initial height is
extremely significant, and the effects of potato mass and varieties are significant.

There are many studies on the significant factors affecting the damage characteristics of
potatoes, most of which were obtained through the potato drop impact test. Among them,
some studies showed that the significant factors affecting the impact recovery coefficient of
potatoes were the impact material, falling height, potato mass and moisture content [26].
Another study concluded that the order of factors affecting the depth of potato collision
damage was: falling height, impact material, impact times and potato mass [13]. Similarly,
the initial height, potato mass, potato temperature and collision materials were identified
as significant factors affecting the collision damage volume of potatoes [27]. Chen also
concluded that the significant factors affecting the impact compression deformation of
potatoes were collision materials, falling height and potato mass [16]. Like them, other
scholars have found that collision materials and potential energy are the significant factors
affecting the comprehensive index of potato damage [14].

This experiment, consistent with previous studies, shows that the initial height and
potato mass are significant factors, indicating that these two factors should be the focus
of attention in exploring potato damage characteristics. Different from this experiment,
potato varieties were not significant in previous studies. However, because potato varieties
are different with obviously different surface texture, there were significant differences
in epidermal damage in different varieties under the same friction conditions in this
experiment, leading to potato variety being identified as a significant factor.

3.2. Single Factor Test Results and Discussion

Five levels of three significant factors were selected as factor levels in the single factor
test, while the proportion of epidermal damage and the ratio of energy consumption loss
were selected as evaluation indicators. Each group of tests was repeated 10 times, and the
final test results were the average of 10 tests. The test scheme is shown in Table 4.
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Table 4. Single factor test scheme.

Test

Factors and Levels

Initial
Height (mm)

X1

Potato Mass
(g) X2

Potato
Varieties

X3

Friction
Material

X4

Temperature
(◦C) X5

1 300

350 ± 5 Xisen 1 Potato 22 ± 1
2 400
3 500
4 600
5 700

6

500

150 ± 5

Xisen 1 Potato 22 ± 1
7 250 ± 5
8 350 ± 5
9 450 ± 5

10 550 ± 5

11

500 350 ± 5

Xisen 6

Potato 22 ± 1
12 Netherlands 15
13 Jizhang 12
14 Xuechuanhong
15 Xisen 1

3.2.1. Effect of Initial Height on Friction Damage and Energy Loss of Potato

The relationship curves for the proportion of epidermal damage and energy consump-
tion loss ratio with initial height are shown in Figure 5. It can be seen from Figure 5 that
both the proportion of epidermal damage and the energy consumption loss ratio increase
with the initial height. The main reason is that, with the increase in initial height, the
gravitational potential energy of potato increases, which causes more kinetic energy of
the potato to convert when it reaches the lowest point, thus increasing the proportion of
epidermal damage and energy loss at the moment of friction.
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Figure 5. Relationship between initial height and evaluation indexes. Note: The standard deviation
range for the proportion of epidermal damage is 0.1–0.5, and the standard deviation range for the
energy loss ratio is 2–6.

Wu found in a drop test of fragrant pear that the damage area of fragrant pear increases
linearly with the increase in drop height [28]. Guo conducted rigid-soft body collision
damage test on fresh potatoes and concluded that the damage depth increases with fall
height [29]. Bao concluded through a drop impact damage characteristic test of sweet
potato that the damage area increased with the initial height [30]. These findings are
consistent with the results obtained in this experiment and also show that the initial
height is critical for studying the damage characteristics in potatoes. The linear regression
equations between initial height and the proportion of epidermal damage as well as the
energy consumption loss ratio are shown in Figure 5, with correlation coefficients R2 of
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0.9862 and 0.9031, respectively, indicating that initial height is highly correlated with the
two indicators.

In summary, the initial height is particularly important for optimizing the design of potato
soil separation devices and conveyor drop heights and their related parameters. Therefore, in
order to reduce the epidermal damage of potatoes, the height should be considered closely
when designing the relevant structures of potato harvesters and conveyors.

3.2.2. Effect of Potato Mass on Friction Damage and Energy Loss of Potato

The relationship curves of epidermal damage proportion and energy consumption
loss ratio with potato mass are shown in Figure 6. As seen in the figure, the proportion of
epidermal damage increases with the increase in potato mass, while the energy consump-
tion loss ratio decreases with the increase in potato mass. The main reason is that the larger
the mass of potato, the larger the radius of the curvature of potato [31], which leads to an
increase in contact area in potato–potato friction instant, and finally leads to the increase in
epidermal damage. Meanwhile, the larger the radius of curvature, the smaller the depth of
instantaneous embedding of potato friction into the rubbed potato [32], resulting in reduced
energy loss and gradually reduced energy consumption loss ratio during potato–potato
friction. M. O. Geyer and Xie concluded in a study of potato drop impact tests that the
buffer thickness of tuber tissue increases with tuber mass, resulting in a decrease in collision
acceleration with increasing potato mass. The decrease in energy consumption loss ratio
thus may also be related to the friction acceleration of the potato [15,33].
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Figure 6. Relationship between potato mass and evaluation indexes. Note: The standard deviation
range for the proportion of epidermal damage is 0.5–1, and the standard deviation range for the
energy loss ratio is 3–7.

Thomson showed that the damage area increased with the increase in potato mass
in potato drop damage tests [11]. He determined that the greater the mass of an apple,
the greater the damage volume in an apple collision experiment [34]. This is consistent
with the results of this experiment, which also show that there is an important relationship
between potato mass and damage degree during potato harvest. Figure 6 shows the linear
regression equations between potato mass and the proportion of epidermal damage as
well as energy consumption loss ratio, with correlation coefficients R2 of 0.9811 and 0.915,
respectively, indicating that potato mass is highly correlated with both indicators.

3.2.3. Effect of Potato Varieties on Friction Damage and Energy Loss of Potato

The relationships between potato varieties and the proportion of epidermal damage as
well as energy consumption loss ratio are shown in Figure 7, where it can be seen that the
descending order of epidermal damage is: Xisen 1 > Jizhang 12 > Xisen 6 > Xuechuanhong
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> Netherlands 15. Additionally, the energy consumption loss ratios from largest to smallest
were as follows: Xisen 1 > Xuechuanhong > Xisen 6 > Netherlands 15 > Jizang 12.
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Gao conducted a drop damage test to determine the effect of potato varieties on the
size of the impact damage volume and obtained the following relationship: Xuechuanhong
> Jizhang 12 > Netherlands 15 [35]. The result was mainly due to the hardness of potato,
as the higher the hardness, the larger the damage volume. This is not consistent with
the results obtained in this experiment, due to the fact that the above research focuses on
collision tests with different varieties of potato. However, this experiment is a friction test,
which is directly related to the epidermal roughness characteristics of different varieties of
potato. As shown in Figure 8, the epidermis of potatoes was rougher in Xuechuanhong
and Xisen 6 and was smoother in Netherlands No. 15, resulting in a significant difference
in the proportion of potato epidermal damage.

Appl. Sci. 2023, 13, x FOR PEER REVIEW  11  of  15 
 

potato, as the higher the hardness, the larger the damage volume. This is not consistent 

with the results obtained in this experiment, due to the fact that the above research focuses 

on collision tests with different varieties of potato. However, this experiment is a friction 

test, which is directly related to the epidermal roughness characteristics of different vari‐

eties of potato. As shown in Figure 8, the epidermis of potatoes was rougher in Xuechuan‐

hong and Xisen 6 and was smoother in Netherlands No. 15, resulting in a significant dif‐

ference in the proportion of potato epidermal damage. 

 

Figure 7. Relationship between potato varieties and evaluation indexes. Note: The standard devia‐

tion range for the proportion of epidermal damage is 0–1, and the standard deviation range for the 

energy loss ratio is 1–6. 

     
(a) Xisen 6  (b) Xuechuanhong   (c) Netherlands 15 

Figure 8. Appearance of different varieties of potatoes. 

   

0

5

10

15

20

25

30

35

E
v
al
u
at
io
n
 i
n
d
ex
 (
%
)

Potato variety

Epidermal damage proportion Energy loss ratio

Figure 8. Appearance of different varieties of potatoes.

3.2.4. Correlation Analysis between Test Indicators

The proportion of epidermal damage and energy consumption loss ratio obtained
from the tests were used for correlation analysis with SPSS 19.0 software, and the corre-
lation coefficient and significance test results obtained are shown in Table 5. As can be
seen in the table, there was a significant positive correlation between the proportion of
epidermal damage and the ratio of energy consumption loss under the initial height factor
(p < 0.05, r = 0.929). There was a significant negative correlation between the proportion
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of epidermal damage and the energy consumption loss ratio under potato mass factors
(p < 0.05, r = −0.924), and no significant correlation was found between the proportion
of epidermal damage and energy loss ratio under potato varieties factors. Therefore, in
the further study of potato friction damage, the degree of potato friction damage can be
accurately assessed and predicted by finding a regression model between the proportion of
epidermal damage and the ratio of energy consumption loss.

Table 5. Correlation coefficients and significant results of epidermal damage proportion and energy
consumption loss ratio.

Test Factors Indexes Epidermal Damage
Proportion Energy Loss Ratio

Initial Height (mm)

Epidermal damage
proportion

Pearson ‘s correlation 1 0.929 *
Sig. (two-tailed) 0.022

Energy loss ratio Pearson ‘s correlation 0.929 * 1
Sig. (two-tailed) 0.022

Potato Mass (g)

Epidermal damage
proportion

Pearson ‘s correlation 1 −0.924 *
Sig. (two-tailed) 0.025

Energy loss ratio Pearson ‘s correlation −0.924 * 1
Sig. (two-tailed) 0.025

Potato varieties

Epidermal damage
proportion

Pearson ‘s correlation 1 0.822
Sig. (two-tailed) 0.140

Energy loss ratio Pearson ‘s correlation 0.822 1
Sig. (two-tailed) 0.140

* Significant correlation at 0.05 level (two-tailed).

The proportion of epidermal damage is significantly related to the energy consumption
loss ratio under different initial heights and potato mass conditions from the above analysis.
Hence, to predict the proportion of potato epidermal damage under different experimental
conditions, a regression model between the proportion of epidermal damage and the ratio
of energy consumption loss was constructed. The data points and fitted lines are shown
in Figure 9, and the linear regression equation and correlation coefficient are as follows:
η1 = −0.5807ζ + 23.915 (R2 = 0.8533); η2 = 0.8868ζ − 20.644 (R2 = 0.8633).
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4. Conclusions

In this paper, three significant factors affecting the friction damage characteristics
of potato were identified by a factorial test using a single pendulum friction test bench
with initial height, potato mass, potato varieties, friction materials and temperature as test
factors and epidermal damage as the evaluation indicator. The effects of significant factors
on friction damage and energy loss characteristics of potato were further investigated
through single factor experiments using epidermal damage ratio and energy loss ratio as
evaluation indicators. The main conclusions are as follows:

(1) The significant factors affecting the friction damage characteristics of potato were
initial height, potato mass and potato varieties, among which the initial height was ex-
tremely significant, while the potato mass and varieties were significant.

The proportion of epidermal damage and energy consumption loss ratio gradually in-
crease with the initial height. With the increase in potato mass, the proportion of epidermal
damage gradually increases, and the energy consumption loss ratio gradually decreases.
The order of epidermal damage proportion for potato varieties was: Xisen 1 > Jizhang 12
> Xisen 6 > Xuechuanhong > Netherlands 15. The order for the energy consumption loss
ratio was: Netherlands 15 > Xisen 6 > Xisen 1 > Xuechuanhong > Jizhang 12. On this basis,
a mathematical model for predicting the proportion of epidermal damage area using the
energy consumption loss ratio is proposed: at different initial heights, η1 = −0.5807ζ +
23.915 (R2 = 0.8533); η2 = 0.8868ζ − 20.644 (R2 = 0.8633).
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