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ABSTRACT

Reducing potato tuber injury rate is responsible for the optimal design of potato harvester, one of the most
important goals. To assess the influence of various factors on potato tubers' impact damage, the impact
mechanics model of potato tuber was constructed in terms of the deformation and deformation energy analysis
during the collision. Secondly, the orthogonal test was conducted. The impact material, potato varieties,
potential energy, impact angle were selected as factors. The comprehensive damage index (DI) was taken as
the evaluation index. The results showed that the damage degree of potato tuber was decreased with the
increasing of coefficient of restitution of impact material, potato yield strength and collision angle, but increased
with increasing potato potential energy. When the impact material is a plank, the potential energy is 1.2 J, the
type of potato is Lishu No.6, and the collision angle is 15°, the comprehensive damage index is the lowest,
0.0055. According to the result of the orthogonal test, the mathematical regression model was obtained. At the
same time, the verification tests were performed. The verification tests showed that the average error between
the predicted data of the comprehensive damage index calculated by the mathematical regression model and
the experimental data was 5.22%.
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INTRODUCTION

The potato is the fourth largest food crop globally after rice, wheat, and maize and has been awarded
"underground apple" (Shi et al., 2010). The survey outcome showed that about 70% of tuber injury is derived
from potato harvesting (Jian, 2008). The degree of mechanization in China increased year by year. Therefore,
it is of great economic significance to reduce potato damage during the harvesting process to improve the
internal quality of potatoes.

At present, the research on the mechanical damage of potato tubers mainly starts from the two aspects
of agricultural materials science and damage factors based on harvester analysis. One of the effective
strategies to study the damage of mechanized potato harvest is to conduct a collision damage experiment of
potatoes under laboratory conditions. Part of the experiments method refers to the collision damage
experiment of apples (Li et al., 2005) and pears (Shan et al., 2003; Hui, 2014). Some scholars analyzed the
factors influencing the critical damage rate based on the Hertz model (Han, 2019; Wei et al., 2020).
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There are also some scholars who analyzed dynamical systems theory (Parks et al., 1990). To study
the damage degree of potato, a device of potato model was designed (Ito et al., 1994). Peters has an
assessment of the degree of external damage of potato, based on the appearance of the epidermis (Peters,
1996). However, mechanized harvesting also damages the inner structure of potatoes; some investigators
studied internal damage changes through mathematical models (Stephen and McRae, 1998), the MRI (Thybo
et al., 2004) and computer-assisted analysis (Mayer et al., 2017).

Researchers, in turn, carry out a comprehensive and systematic classification of the Internal and
external forms of damage (Baritelle et al., 2000, Arfa, 2007; Mayer et al., 2017). From the previous research,
respiration rate, damage area, damage volume, and damage ratio have all been proposed as indicators of
injury assessment to analyze the impact of each factor on the damage degree of potato (Han, 2019; Mathew
and Hyde, 1997; Molema et al., 2000). There is, however, little isolated information regarding the
comprehensive damage index. So, the problem of potato collision damage cannot be comprehensively
evaluated. Therefore, this paper aimed to build the mechanistic model of the deformation and deformation
energy during the collision process to study the factors affecting the damage of the potato. Then we can
analyze the relationship between each factor and the comprehensive damage index, and each factor aligned
in order of increasing the comprehensive damage index.

MATERIALS AND METHODS
Deformation analysis

The collision of potato tubers involves two phases, elastic compression phase and elastic-plastic
compression phase. Tubers damage begins to occur at critical points between two phases. The collision model
of potato tuber and impact material was developed based on Herz-Mindlin contact theory, (Zhi, 2017; Han,
2019), which discussed the elastic compression phase up to the critical point during the collision. In the
discussion of contact problems, it is generally assumed that:

The potato tuber was simplified to a uniform and isotropic ellipsoid.

The material of the contact body is in an elastic state.

The contact point of the potato tuber and impact material gradually becomes elliptical.

The friction of contact surface and potato falling are not considered.

The potato tuber occurs slight strain during collision. That is: the size of the contact surface is much
smaller than the radius of curvature of the elastomers (i.e., potato tubers and impact material) surface.

According to Hertz theory, the relationship between the elastic phase loading and the amount of
compressive deformation can be obtained as follows:

3
F- g SNE (1)
Where:
F denotes the contact loading, [N]; d represents the amount of compressive deformation, [mm];
R* expresses equivalent radius of contact between potato tuber and impact material, [mm]; Since the
collision between the potato tuber and the impact material could be simplified as a collision between a sphere
and a plane, the equivalent radius equals the curvature radius of potato tuber at collision point.

E* represents the equivalent modulus of elasticity of potato tuber and impact material, [MPa], which
can be obtained as follows:
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Where:
E1 denotes the modulus of elasticity of potato tuber, [MPa];
E> denotes the modulus of elasticity of impact material, [MPa];

L represents the Poisson's ratio of potato tuber;

Lo represents the Poisson's ratio of impact material.

As the contact loading increases, the stresses within the contact body also increase. These stresses
eventually cause the material within the sphere to yield. The deformation at this initial point of yielding is known
as the critical deformation. Jackson and Green (Jackson and Green, 2005) derive this critical deformation
analytically using the von Mises yield criterion.
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The relationship between material yield strength and critical deformation can be written as follows:
2
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Where:

0 denotes the critical deformation at the initial point of yielding, [mm];

o represents the yield strength of contact material, [MPal;

C is the coefficient.

Substituting equation (3) into equation (1), the critical contact loading was calculated. The resulting
critical contact loading at initial yielding is:

*2 "3
F:RES”T?) (4)

And then, the maximum elastic energy before tubers damaged (i.e., on the verge of yielding, or plastic
deformation) can be expressed as (Green, 2005):

A=,y _(JrCo")sR*?’
W=ZE R[5 o= (5)

Deformation energy analysis
During the collision between potato tuber and impact material, according to the kinetic energy theorem,
the following relation is satisfied before the collision.

T, =mgh = %mvo2 (6)

where:
Tois the kinetic energy before the collision, [J];
m denotes the potato tuber mass, [Kg];
g represents the acceleration of gravity, [m/s?];
h expresses the drop height, [m];
Vo is the initial impact speed, [m/s].

The velocity satisfies conservation in the tangent and normal direction during the collision, respectively.
v,sind=vsing @)
V,CO0SA = ev,CoSp (8)
where:
v1 denotes the critical velocity after collision, [m/s];
@ represents the angle between the velocity vo and the normal of the contact surface, [degree];
A expresses the angle between the velocity v1 and the normal of the contact surface, [degree];

e is the coefficient of restitution between potato and impact material.
Then, the kinetic energy after the collision can be expressed as:

T, = % m V12 (9)

where:
T is the kinetic energy after the collision, [J];

During the actual collision, if heat generation of the friction between potato tuber and collision material
was not considered, all the mechanical energy lost is used to cause tubers damage.
Therefore, the amount of loss with the mechanical energy can be expressed as:

E ~T,-T, ~mgh(1-€°)cos’p (10)
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Potato tuber drop impact test platform

The drop impact test platform is shown in Fig. 1. The testing device consists of a base, inclination-
regulated unit, fixation, column, impact material, and height-adjustable stabilizing apparatus. During the
experiment, the potato tuber free-drop onto the platform, which was employed to simulate the collision of potato
and harvester. Firstly, the drop impact test platform was placed on the ground stably and away from other
object to prevent secondary damage to the potato tuber by other factors. Then, the initial height of the potato
tuber is controlled by adjusting the height of the height-adjustable stabilizing apparatus, and the angle between
the horizontal plane and impact material could be controlled by adjusting the height of the inclination-regulated
unit.

The collision angle can be adjusted precisely to 0°, 15° and 30° through the joint action of the fixing
device and the tilting device. Finally, the centers of the height-adjustable stabilizing apparatus and potato tuber
were guaranteed at the same height, and the vision is aligned such that potato tuber free-drop in the center of
the impact material. The impact materials which were selected include steel Q235, aluminum alloy and plank.
The thickness of impact material is no less than 10mm (Jian et al., 2017).

Column

Potato tuber

Height-adjustable
stabilizing

Inclination-
regulated unit

“ Fixation

1 : Impact material

Base

Fig. 1 - Potato tuber drop impact test platform
Orthogonal test scheme

The orthogonal test was conducted to analyze the influence of the various factors on potato tuber
damage. According to impact mechanics model in equation (5) and (10): the coefficient of restitution of the
impact material (€), the yield stress of the potato (o), the modulus of elasticity of potato and impact material
(Ez1 and E»), the Poisson's ratio of potato and impact material (x1 and u»), the curvature radius of potato tuber
at collision point (R*), the potential energy of the potato tuber before collision (mgh) and the collision angle ()
are all linked to potato damage. In these parameters, €, E; and x> cannot be precisely controlled in the
experiment, but they all depend on the material type, so the collision material type was selected as one of the
test factors. Similarly, potato varieties were selected as another test factor considering the uncontrollable of @,
E1, 11 and R*. In addition, the potential energy (mgh) and the collision angle (¢) were selected as the third and
fourth test factor, which can be precisely controlled during the test.

Steel Q235, aluminum alloy and plank were selected as impact materials. A uniformly steel ball was
used to free fall onto the materials at the same height to obtain the coefficients of restitution e between the
steel ball and the impact materials, and E> and u, were obtain by consulting materials mechanics books. For
potato varieties, three varieties (i.e., Atlantic, Longshu NO.7 and Lishu NO.6) commonly grown in China were
selected as test material, and their mechanical parameters (i.e., ¢, E1 and ;1) were measured by a universal
testing machine (Caglayan et al., 2018; Celik et al., 2019). All of the parameters mentioned above are shown
in Table 1 and Table 2.

Table 1
Mechanical parameters of different impact materials
Impact materials E2 [MPa] M2 €
Q235 steel 2.14x10° 0.27 0.55
Aluminum alloy 6.8x10* 0.321 0.59
Plank 1.35x10% 0.37 0.72
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Table 2
Mechanical parameters of different potato varieties
Potato varieties E2[MPa] y77) ¢’ [MPa]
Atlantic 1.59 0.265 0.76
Lishu NO.6 1.74 0.19 1.10
Longshu NO.7 1.84 0.189 0.99

During the test, the potato tubers of similar shape and maturity were chosen for each variety. In order
to set the potential energy to a certain value before collision, the drop height was calculated according to the
tuber mass. In the test, the range of tuber mass was 0.10-0.50 kg and the range of drop height was 0.39-2.81
m. Before the test, the original damaged part was marked to avoid confusion with test damage. The test
scheme was designed according to the Box—Behnken design method. The tests were performed with five
potato tubers per group, and the results were averaged. The test factors and levels were shown in Table 3.

Table 3
Factors and levels
Level Impact material Potato varieties Potential energy Impact angle
A B CJ] D[]
-1 Q235 steel Atlantic 1.2 0
0 Aluminum alloy Lishu NO.6 24 15
1 Plank Longshu NO.7 3.6 30

Evaluation metric

Potato tuber damage during the mechanical harvest is mainly caused by collision, extrusion and friction.
The overall extent of damage to the potato can be determined as undamaged, scuffed, peel damage or severe
damage (Arfa, 2007). According to different performance situations, the damage type can be divided into
epidermal abrasions, tissue damage, and tuber fragmentation (Jian, 2008). In this experiment, these three
types of potato damage were considered and measured separately, and finally a comprehensive damage index
(DI) was defined. The measurement methods of the three types of damage were as follows.

(1) The measurement method of epidermal abrasions. The degree of epidermal abrasions was
determined by calculating the area of the potato tuber damage part. For assessing the area of potato tuber
damage part, the area was approximated with an ellipse. As shown in Fig. 2.

S =nab (11)
where:

S denotes the max epidermal damage area, [m?];

a represents the long-axis of the ellipse, [m];

b expresses the short-axis of the ellipse, [m].

(2) The measurement method of tuber fragmentation. The crack length was measured with a vernier
caliper (0.02 mm accuracy). When multiple cracks were noted, the longest crack was measured; when the
longest crack had multiple small branches on both sides, the middle crack was selected; when the longest
crack had multiple small branches at the end, the most obvious crack was measured. As shown in Fig. 3.

Fig. 2 - Epidermal abrasions Fig. 3 - Tuber fragmentation
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(3) The measurement method of tissue damage. Firstly, potato tubers after the collision were placed on
dry ground for five days. Secondly, the potato tubers were cut into slices (1 mm in thickness) (Jian, 2008) and
then photographed the slices, and the photos were imported to Photoshop software. The original images were
converted to gray-scale images by adjusting the RGB mode.

The 3*3 pixels is used as a reference point to check the gray-scale value, and the added value of gray-
scale of damaged part can be expressed as:

K=K,-K, (12)
where:
K denotes the added value of gray-scale of damaged part;
K1 represents the gray value of the undamaged part in the potato tuber;
K2 expresses the gray value of the damaged site in the potato tuber.

Undamaged part

\ Damaged part

Fig. 4 - Slices with a thickness of Imm Fig. 5 - Gray-scale image

Before constructing comprehensive damage index (DI) by weight distribution of three types of damage,
the measured data should be processed without dimensionality as follows:

Xy =%

m(K) pn

(13)

where:
X @ represents the dimensionless data;
Xm(k represents the raw data of the k™ element derived from the evaluation metrics;
X denotes the average values of the same evaluation indices;
o is the standard deviation of the same evaluation indices.

Then the comprehensive damage index (DI) was constructed using three factors, including the
epidermal damaged area, the length of the fissure and the added value of gray-scale (Bin, 2018), which can
be calculated by:

DI =0.25- X, +0.35- X, +0.4- X, (14)
where:

DI denotes the comprehensive damage index;

Xs is the dimensionless data of epidermal damage area;

Xk-is the dimensionless data of added value of gray-scale;

Xv-is the dimensionless data of length of the fissure.

RESULTS
Orthogonal test results

The range analysis results are shown in Table 4. The order of influencing factors for the comprehensive
damage index is as follows: impact material>potential energy>potato varieties>impact angle. In addition, the
results showed that the comprehensive damage index was the lowest when the impact material was a plank,
the potential energy was 1.2J, the type of potato was Lishu NO.6, and the impact angle was 15°.
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Table 4
Experimental results and range analysis
Test No. Impact material |Potato varieties |Potential energy | Impact angle DI
A B ClJ D[]
1 0 -1 1 0 0.5140
2 0 0 0 0 0.2526
3 -1 -1 0 0 0.4917
4 0 -1 0 -1 0.4566
5 -1 0 -1 0 0.3096
6 0 0 1 -1 0.4055
7 1 0 0 1 0.3054
8 0 1 0 1 0.2296
9 0 -1 0 1 0.2972
10 1 0 1 0 0.2576
11 1 1 0 0 0.3841
12 0 0 -1 1 0.2166
13 0 1 1 0 0.4247
14 1 -1 0 0 0.3388
15 1 0 0 -1 0.1412
16 0 0 0 0 0.2526
17 1 0 -1 0 0.0055
18 -1 0 0 1 0.5014
19 0 0 1 1 0.3076
20 0 0 -1 -1 0.1590
21 -1 0 1 0 0.5608
22 0 -1 -1 0 0.2015
23 0 1 -1 0 0.1742
24 -1 1 0 0 0.6598
25 -1 0 0 -1 0.4859
26 0 1 0 -1 0.3079
Ka 0.5015 0.3833 0.1777 0.3260
Ko 0.3000 0.2872 0.3646 0.3438
K1 0.2388 0.3634 0.4117 0.3696
R 0.2627 0.0961 0.2340 0.0436
Table 5
Variance analysis of test result of the comprehensive damage index
Source of Sum of Degree of Mean F- P-
variation squares freedom square Value Value
Mode 0.4872 14 0.0348 51 0.0054
A 0.2071 1 0.2071 29.84 0.0002
B 0.0012 1 0.0012 0.1715 0.6868
C 0.1642 1 0.1642 23.66 0.0005
D 0.0008 1 0.0008 0.1160 0.7398
AB 0.0038 1 0.0038 0.5432 0.4766
AC 2.025E-07 1 2.025E-07 0.0000 0.9958
AD 0.0055 1 0.0055 0.7964 0.3913
BC 0.0010 1 0.0010 0.1385 0.7169
BD 0.0016 1 0.0016 0.2369 0.6360
CD 0.0060 1 0.0060 0.8709 0.3707
A2 0.0353 1 0.0353 5.08 0.0455
B2 0.0391 1 0.0391 5.64 0.0369
C? 0.0024 1 0.0024 0.3394 0.5719
D? 0.0006 1 0.0006 0.0821 0.7798
Residua 0.0763 11 0.0069 — —
Lack of Fit 0.0763 10 0.0076 — —
Pure Error 0.0000 1 0.0000 — —
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The variance analysis of test result was shown in Table 5 and the P-Value shows that the test factor B
(potato varieties) and D (impact angle) have no significant effect on the comprehensive damage index. On the
contrary, factor A (impact material) and C (potential energy) have significant effect on the comprehensive
damage index.

Response surface analysis of the comprehensive damage index

Design-Expert software was used to plot the response surface of the comprehensive damage index, the
effect of various factors and the interaction between various factors on the comprehensive damage index is
shown in Fig. 6.
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Fig. 6 - Response surface of the impact material, potato species, potato potential energy
and impact angle to the comprehensive damage

According to the results of Table 1, Table 2, Table 4, and Fig. 6, the comprehensive damage index (DI),
which represents the damage degree of potato tuber in collision decreased with the increasing of coefficient
of restitution of impact material (e), potato yield strength (¢’) and collision angle (¢), but increased with the
increasing of potato potential energy (mgh). The experimental results agreed well with the damage
phenomenon explained by the mechanic impact model in equation (5) and (10).
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The bigger the coefficient of restitution of the collision material, the less energy lost during the collision
and the energy used to damage the potato was less too. Therefore, covering a layer of impact material with a
higher coefficient of restitution on the parts of potato harvester to reduce the tuber damage degree should be
a feasible method. The higher the potato yield strength, the greater the potato's ability to resist plastic
deformation, which means the longer elastic compression phase, and under the premise of no damage, the
greater the impact load could bear. These points indicated that potato varieties with high yield strength are
more suitable for mechanical harvesting. The larger the potential energy, the greater the initial impact speed,
the more mechanical energy lost after a collision, and the greater damage degree.

The larger the collision angle, the greater contact area between the potato tuber and the impact material,
which leads to greater damage. Thus, the harvester’s operating and structure parameters could be optimized
from the perspective of reducing the potential energy of potato tuber being harvested and improving the potato
tuber impact angle during harvesting.

Experimental verification

According to Table 3, the two-regression method was applied to analyze the comprehensive damage
index and a mathematical regression model was established to explain the relationship between tuber damage
degree and the four test factors.

DI =0.2526-0.1314- A-0.0100-B+0.1140-C —0.0082- D —-0.0307 - AB +0.0002- AC +0.0372- AD (15)
—0.0155- BC +0.0203- BD —0.0389-CD +0.0899- A® + 0.0947-B* —0.0232-C? +0.0114- D?
where:

A denotes the impact material; B expresses the potato varieties; C represents the potato energy; D is
the impact angle.

The error value A was obtained by performing five randomized validation trials (five potato tubers per
group, and Level factors were randomly selected) and comparing the actual measurement results (DI1) with
the regression model predicted results (DI,). The predicted results of the comprehensive damage index were
calculated by the formula (15). The results of validation trials are shown in Table 6.

Table 6
The results of validation trials
Test No. A B C W D () DIy Dl A (%)
1 -1 0 0 -1 0.5559 0.5307 45
2 0 0 0 0 0.2423 0.2526 4.9
3 -1 -1 0 0 0.5182 0.5479 5.7
4 0 0 1 -1 0.4211 0.4049 3.8
5 0 1 1 0 0.3878 0.4156 7.2

Table 6 shows that the error values A in each group are less than 10%, so the quadratic regression
model of the comprehensive damage index is hereby able to capture the test situation, the average error
between the experimental and predicted data was 5.22%. This model can be used to estimate the damage
degree of potato tuber collision.

CONCLUSIONS

(1) The physical model of potato tuber collision was constructed in terms of the deformation and
deformation energy analysis during the collision. The model showed that potato damage degree correlates
with impact material, potato varieties, potential energy, and impact angle.

(2) The range analysis suggest the order of influencing factors for the comprehensive damage index is
as follows: impact material>potential energy>potato varieties>impact angle. The results of the orthogonal
test showed that the potato varieties and the impact angle have no significant effect on the comprehensive
damage index. On the contrary, impact material and the potential energy have significant effect on the
comprehensive damage index. Furthermore, when the impact material is plank, the potential energy is 1.2 J,
the potato varieties is Lishu NO.6, and the collision angle is 15 °, the comprehensive damage index is the
lowest, 0.0055.

(3) The comprehensive damage index (DI) was decreased with the increasing of the coefficient of
restitution between impact material and steel (e), potato yield strength (") and collision angle (), but increased
with the increasing of potato potential energy (mgh).
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(4) The quadratic regression model of the comprehensive damage index is obtained by orthogonal test

results. The average error between the predicted data of the comprehensive damage index calculated by the
mathematical regression model and the experimental data was 5.22%.
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