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Abstract: The physical properties of maize seeds are closely related to food processing and production.
To study and evaluate the characteristics of maize seeds, typical maize seeds in a cold region of
North China were used as test varieties. A variety of agricultural material test benches were built
to measure the maize seeds’ physical parameters, such as thousand-grain weight, moisture content,
triaxial arithmetic mean particle size, coefficient of static friction, coefficient of rolling friction, angle
of natural repose, coefficient of restitution, and stiffness coefficient. Principal component and cluster
comprehensive analyses were used to simplify the characteristic parameter index used to judge the
comprehensive score of maize seeds. The results showed that there were significant differences in the
main physical characteristics parameters of the typical maize varieties in this cold area, and there
were different degrees of correlation among the physical characteristics. Principal component analysis
was used to extract the first three principal component factors, whose cumulative contribution rate
was over 80%, representing most of the information of the original eight physical characteristic
parameters, and had good representativeness and objectivity. According to the test results, the
classification standard of the evaluation of the physical characteristics of 15 kinds of maize seeds
were determined, and appropriate evaluations were conducted. The 15 kinds of maize seeds were
clustered into four groups by cluster analysis, and the physical characteristics of each groups were
different. This study provides a new idea for the evaluation and analysis of the physical properties
of agricultural materials, and provides a new method for the screening and classification of food
processing raw materials.

Keywords: northern cold area; maize seeds; physical characteristics; principal component analysis;
cluster comprehensive analysis

1. Introduction

Maize is the main grain crop in China, contributing grain and feed to the economy.
Maize is also an important raw material for food processing. Effective evaluation and
screening of raw materials is important to enhance the nutrition and taste of raw food [1–3].
The processing parameters of drying, cooking, and baking maize with different physical
properties also differ, and the evaluation of physical properties of maize seeds is also crucial
for guiding food processing [4–6].

Maize can be made into many kinds of food and additives after deep or primary
processing. Deep processing can extract crude amino acid and starch from corn seeds to
form liquor or yeast [7]. The primary processed products are widely used in daily life, and
can be made into corn flour or corn paste for flushing [8]. The comminution degree of
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maize in primary processing is closely related to its physical properties. The main factors
influencing the comminution degree are the moisture content, particle surface area, friction
characteristics, and mechanical properties of maize grain. Kyttä et al. [9] found that the
friction coefficient is an important parameter reflecting the influence of raw materials on the
wear of the pressed film. The higher the friction coefficient of the raw materials, the lower
the service life of the pressed film. Córdova-Noboa et al. [10] found that physical properties
can affect the flow of maize grain in food processing machinery, and then affect the binding
process, with effects between different grains. The research on the physical characteristics
of maize grain has important guiding value for the development and production of related
food processing machinery and equipment.

The study of the characteristics of agricultural materials is a basic discipline formed in
conjunction with the development of agricultural engineering [11]. The physical parame-
ters of maize seed, as a typical agricultural material, mainly include basic characteristic
parameters, friction characteristic parameters, mechanical characteristic parameters, and
electrical characteristic parameters. [12]. Through study of maize seeds’ physical character-
istics, varieties with similar physical characteristics can be comprehensively evaluated and
selected for statistical analysis, which can be combined with clustering methods to extract
a reasonable range of physical parameters. Scholars have researched the determination of
the physical characteristics parameters of maize seeds [13–15]. Zhang et al. [16] proposed a
method for calibrating the interspecies contact parameters of the maize seed particle model
based on the discrete element method, which provided effective boundary conditions
for its virtual simulation. Wang et al. [17] proposed a method for measuring the rolling
friction coefficient and collision recovery coefficient of maize seeds based on the energy
conservation law and the principle of specular reflection, which provided a new method
for obtaining the mechanical parameters of granular agricultural materials. However, the
corresponding planting varieties that are suitable in different areas of China are different,
and their physical characteristics may also be significantly different. There are few reports
on the measurement of physical parameters of maize varieties suitable for planting in the
cold areas of Northern China. The literature data and experience do not fully provide the
data needed for machine development.

At present, the evaluation of the parameters of agricultural materials is mainly based
on conventional appearance quality and sensory evaluations, chemical composition eval-
uation, and single-factor evaluation [18,19]. Appearance quality and sensory evaluations
are vulnerable to subjective influence, so have poor generalization and application value.
Single-factor evaluation is vulnerable to the influence of single indexes, which reduces the
overall evaluation accuracy, so it is impossible to conduct a systematic and comprehensive
quantitative evaluation. Therefore, objective, scientific, and effective methods are needed for
this type of evaluation [20]. Chemical composition evaluation methods are mainly achieved
through weight analysis or bulk density analysis to extract products from samples. Re-
lated research mainly focused on the determination of polysaccharide, ash, crude fat, and
protein contents in maize, wheat, rice, and other staple crops; pineapple; apple; and other
baked fruits and vegetables [21,22]. Based on a chemical composition evaluation method,
Salvador-Reyes et al. [23] studied different varieties of maize from different areas and found
that there was no significant differences in ash, crude fat, and protein contents. Principal
component analysis reduces the loss of information from raw data, simplifies the data struc-
ture, and avoids subjective randomness. It is widely used in comprehensive evaluation
in various fields. Yang et al. [24] classified the characteristics of various potato varieties
and their processing suitability based on the principal component analysis, and provided
a reference for the division of potato processing uses. Mu et al. [25] used principal com-
ponent analysis and cluster analysis to evaluate and analyze multiple agronomic traits of
multiple peanut germplasm resources, which provided a reference for the selection of ex-
cellent peanut varieties and multi-functional applications. Lu, Dai, Luo, and Liu [26–29]
measured and evaluated the physical characteristics of rice, soil, earthworm dejecta sub-
strate, and potato, respectively. The above research mainly classified and evaluated some
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kinds of crops, but the principal component analysis and the evaluation of the physi-
cal characteristics of maize, especially the maize in cold areas of North China, have not
been reported.

Given this background, we used typical maize varieties in the cold areas of Northern
China to determine their thousand-grain weight, moisture content, triaxial arithmetic mean
particle size, coefficient of static friction, coefficient of rolling friction, angle of natural
repose, coefficient of restitution, and stiffness coefficient. Principal component analysis was
used to simplify the parameter index, and the comprehensive score of the various maize
varieties was judged in order to construct a scientific and reasonable evaluation system.
Our findings provide a new idea for the evaluation and analysis of the physical properties
of agricultural materials, and provides a new method for the screening and classification of
raw food processing materials.

2. Materials and Methods
2.1. Principal Component Analysis of Physical Maize Seed Characteristics

The basic idea for the evaluation of the physical characteristics of maize seeds using
principal component analysis mainly involved constructing a linear combination of the
characteristic physical parameters and calculating new variables that are irrelevant and
contain the information of the original variables. Through the new variables that were
determined to replace the complex original variables to analyze and solve the problem,
complex problems can be simplified [30]. The steps are were follows: (1) The indexes
needed to evaluate the physical properties of maize seeds were determined, including
thousand-seed weight, moisture content, triaxial arithmetic mean particle size, natural
angle of repose, static friction coefficient, rolling friction coefficient, impact recovery coeffi-
cient, and stiffness coefficient. (2) A bench test of material characteristics was conducted to
obtain the test data of physical parameters. (3) We conducted correlation analysis and a pre-
liminary evaluation of the characteristic physical parameters. (4) We conducted principal
component analysis of the characteristic physical parameters. (5) Through the cumulative
index contribution rate of the principal components and the bottom lithotripsy map, the
number of principal components was selected to achieve index dimensionality reduction.
(6) The test data the physical parameters were substituted into the principal component
formula to obtain a principal component score, and then the contribution rate of each
principal component was used as the weight value to produce a comprehensive score, and
then we conducted the final quantitative evaluation.

In step 2, during the bench test of material characteristics, the test data were standardized.

xi
′ =

xi − xi√
1

n−1

n
∑

i=1
(xi − xi)

2
(1)

In step 3, correlation analysis was conducted, and the correlation coefficient matrix
R of each index was solved. The Pearson product moment formula was adopted for the
correlation coefficient between indexes x and y.

rxy =

n
∑

i=1
(xi − x)(yi − y)√

n
∑

i=1
(xi − x)2 n

∑
i=1

(yi − y)2
(2)

where x and y are the mean values of indexes x and y, respectively; and xi and yi are the ith
measured values of indexes x and y, respectively.

The characteristics values of the correlation coefficient matrix R and the corresponding
normalized eigenvectors were solved. In the process of principal component analysis and
number selection in steps 4 and 5, the characteristics values were ranked as {λ1, λ1, λ1, . . .}
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from small to large, and several larger characteristics values were selected, and their
contribution rate was calculated.

µ(p) =
λ1 + λ2 + . . . + λp

m
(3)

where m is the number of principal components.

2.2. Test Materials for Aize Seeds Characteristics

We focused on the measurement and analysis of the characteristic physical parameters
of typical maize seeds in a cold area of North China and selected 15 kinds of maize varieties
as the test materials. We focused on the investigation of different maize varieties in different
temperature zones in Heilongjiang Province, China. The accumulated temperature zone is
calculated as the sum of the daily average temperature during periods with a daily average
temperature ≥10 ◦C in a year, that is, the sum of active temperature, is referred to as accu-
mulated temperature. It is an index used to study the relationship between temperature and
the growth and development speed of biological organisms from two aspects: intensity and
action time [31]. The first accumulated temperature zone (≥2700 ◦C) included Xianyu335,
Zhongdan909 and Xiangyu998. The second accumulated temperature zone (2500–2700 ◦C)
included Zhengxianda408, Jingnongke728, and Xianyu696. The third accumulated tem-
perature zone (2300–2500 ◦C) included Suiyu23, Fuer116, and Dongnong259. The forth
accumulated temperature zone (2100–2300 ◦C) included Dongnong254, Demeiya3, and
Longfuyu9; and the fifth and sixth accumulated temperature zones (≤2100 ◦C) included
Demeiya1, Xinkeyu1, and Keyu16. The above varieties were provided by the Northeast
Agricultural University, Heilongjiang Academy of Agricultural Sciences and Beidahuang
Seed Industry Group Co., Ltd. Through manual grading and cleaning treatment, the shape
of the tested maize seeds was uniform, full, and free of damage. The distribution of each
temperate zone and variety number are shown in Table 1.

Table 1. Selection and number of maize varieties in a cold area of China.

No. Accumulated Temperature Zone in Cold Area Variety Name

1
First accumulated temperature zone

(≥2700 ◦C)

Xianyu335
2 Zhongdan909
3 Xiangyu998

4
Second accumulated temperature zone

(2500–2700 ◦C)

Xianzhengda408
5 Jingnongke728
6 Xianyu696

7
Third accumulated temperature zone

(2300–2500 ◦C)

Suiyu23
8 Fuer116
9 Dongnong259

10
Forth accumulated temperature zone

(2100–2300 ◦C)

Dongnong254
11 Demeiya3
12 Longfuyu9

13
Fifth and sixth accumulated temperature zones

(≤2100 ◦C)

Demeiya1
14 Xinkeyu1
15 Keyu16

2.3. Selection of Physical Characteristics of Maize Seeds and Test Instrument

The basic parameters of physical maize seeds characteristics mainly include thousand
grain weight, moisture content, density, and geometry size. The tribological parameters
include the coefficient of static friction, coefficient of rolling friction, angle of natural repose,
etc. The mechanical parameters include the coefficient of restitution, stiffness coefficient,
and the modulus of elasticity. The physical properties of maize seeds also include their
rheological, thermal, optical, electrical, and comminution properties [32]. Based on the
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comprehensive analysis of the correlation between the characteristics and the design of
mechanical components, eight physical characteristics indexes, i.e., the thousand-grain
weight, moisture content, triaxial arithmetic mean particle size, coefficient of static friction,
coefficient of rolling friction, angle of natural repose, coefficient of restitution, and stiffness
coefficient, were selected as indexes in this study.

1. Thousand-grain weight (g) is an important index used to measure the weight and
plumpness of 1000 maize seeds [33]. It is also an important factor that affects the me-
chanical characteristics of materials, mainly related to variety, shape, size, plumpness,
bulk density, and moisture content.

2. Moisture content (%) is used to assess the quantity of water in maize seeds. Wet basis
representation was applied in this study.

3. Triaxial arithmetic mean particle size (mm): Large differences exist in the geometrical
dimensions along the three axes of a seed. The axial dimension method was mainly
used to determine the shape characteristics seeds; establish the three-dimensional
coordinate system; define the length, width, and thickness; and measurement of the
maize seeds. The calculation of the triaxial arithmetic mean particle size comprehen-
sively reflects the length, width, and thickness of maize seed.

4. The coefficient of static friction reflects the friction characteristics between a maize
seed and the contact surface, and is the main parameter used to characterize the
friction and scattering characteristics. It is mainly related to the surface roughness
of the contact body and directly affects the movement trend of maize seeds [34]. A
test bench for measuring the coefficient of static friction was set up using the inclined
plane method.

5. The coefficient of rolling friction shows that, when maize seeds roll or have the
tendency to roll relative to the surface of the contact body, the rolling is hindered
by the deformation of the contact part under pressure [35]. Based on the law of
energy conservation, high-speed camera technology was used to build a test bench
for measuring the coefficient of rolling friction between the maize seeds.

6. The angle of natural repose (◦) is also an important parameter reflecting the friction
between maize seeds and the flow characteristics of maize seeds. The larger the value,
the greater the friction resistance between seeds, and the smaller the tendency toward
free dispersion [36]. Injection method was used to determine the angle of natural
repose of maize seeds.

7. The coefficient of restitution reflects the ability of maize seeds to return to their original
shape after collision and deformation. The larger the value, the stronger the ability
to restore shape after deformation and the higher the elasticity of maize seeds after
collision [37]. A test bench was built to measure the coefficient of restitution.

8. Stiffness coefficient (N/mm): Under the action of external force, the basic parameters
of elastic deformation behavior of maize seeds reflect their resistance to elastic defor-
mation, which also characterizes the mechanical damage limit of maize seeds [38].
The stiffness coefficients of maize seeds in horizontal, lateral, and vertical laying were
measured by an electronic texture analyzer.

The experiment instruments in this study mainly included an electronic analytical bal-
ance (FC204, Shanghai Precision Scientific Instrument Co., Ltd., Shanghai, China. accuracy
of 0.001 g), a halogen moisture tester automatic (DHS-16, Shanghai JINGHAI Instrument
Co., Ltd., Shanghai, China. accuracy of 0.02%), an automatic microcomputer seed counter
(SLY-C, Zhejiang TOP Instrument Co., Ltd., Zhejiang, China. count speed ≥1000/min), a
Vernier caliper (Shanghai SHOUFENG Precision Instrument Co., Ltd., Shanghai, China. ac-
curacy of 0.01 mm), a digital inclinometer (SANHE, Resolution of 0.05◦, accuracy of ±0.2◦),
a high-speed camera (Vision research Co., Ltd., Wayne, New Jersey, USA), a computer
(Hewlett-Packard), an electric blast drying oven (DHG-9053A, Shanghai YIHENG Scientific
Instrument Co., Ltd. Palo Alto, CA, USA), a micromaterial crusher (FZ102, Tianjin TAISITE
Instrument Co., Ltd., Tianjin, China), a microcomputer-controlled electronic texture ana-
lyzer (TA.XT.plus, Stable Micro systems Co., Ltd., London, UK), a static-friction test bench,
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a rolling-friction test bench, a collision-recovery test bench, and a free-injection test bench.
The principles, methods, and instruments used for measuring the physical characteristics
of maize seeds are shown in Table 2.

Table 2. Principles, methods, and instruments used for measuring the physical characteristics of maize seeds.

No. Project Test Principles and Methods Instrument and Test Bench

1 Thousand-grain
weight

The maize seeds were scattered on an imaging disk and
placed on an electronic balance with an RS232
communication line. When it was stable, the weight data
were sent to the computer, and the number of seeds in the
viewing area was analyzed synchronously. Then, the
thousand-grain weight of maize seeds was obtained (GB/T
5519-2008 Cereals and pulses—Determination of the mass
of 1000 grains).
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platform surface [39].  

5 Coefficient of roll-
ing friction 

We constructed the maize seeds material roller and 
platform, reduced the energy loss caused by relative 
sliding and friction, approximately adjusted the platform 
to 45° by rolling, and collected the coordinate value and 
instantaneous speed of the maize roller center point in 
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5 Coefficient of
rolling friction

We constructed the maize seeds material roller and
platform, reduced the energy loss caused by relative sliding
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instantaneous speed of the maize roller center point in the
process of movement with a high-speed camera test [40].
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6 Angle of natural
repose

Discharge method: We placed the cylinder on the flat plate
vertically, placed maize seeds in the cylinder, and the
cylinder moved at a slow speed perpendicular to the plate.
We captured photos of the maize seeds in three-dimensional
space. MATLAB software was used to process image noise,
gray scale, and binary, and fit the envelope curve equation
(GB/T 11986-1989 Surface active agents-Powders and
granules—Measurement of the angle of repose).
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7 Coefficient of
restitution

Speed definition method: We constructed the maize seeds
material platform, adjusted it to 45◦ with the horizontal
plane; we dropped one maize seed freely to the platform at
a certain height, which collided with the platform, forming
a parabola movement after rebound, and finally falling to
the ground. We measured parameters such as the horizontal
and vertical displacements of the maize seed falling to the
ground [41].
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Table 2. Cont.

No. Project Test Principles and Methods Instrument and Test Bench

8 Stiffness coefficient

The maize seeds were placed on the platform in all
directions to ensure that the center of the maize seed was
aligned with the center of the plate indenter of the analyzer.
The pressure head was set to decrease steadily and
compress the maize seeds. The load and displacement
parameters at all times were automatically collected and
recorded, and the curve of the compression load
displacement relationship of maize seeds was drawn in real
time [42].
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During the test, the methods and instruments in Table 2 were used to determine and
analyze the physical characteristics of 15 maize varieties. Excel 2013 and SPSS 22.0 software
were used to analyze the data, and principal component analysis and cluster analysis were
conducted. Through the analysis and simplification of the physical characteristics index, an
effective and scientific evaluation system was constructed, and the comprehensive scores
of each variety were obtained. The maize varieties with excellent comprehensive physical
characteristics and suitable for mechanized planting were selected.

3. Results
3.1. Results of Physical Maize Seeds Characteristics

Eight physical characteristic parameters, such as thousand-grain weight, moisture
content, triaxial arithmetic mean particle size, and coefficient of static friction, of the
15 kinds of selected maize seeds from a cold region are shown in Table 3.

According to the analysis of the test results in Table 3, the average thousand-grain
weight of each maize variety was 353.19 g, ranging from 295.92–418.9 g, with larger
variation. The average value of moisture content was 12.30%, with a range of 11.20–13.05%,
with small variation. The average triaxial arithmetic mean particle size was 8.62 mm
(7.84–9.80 mm), with large variation. The average coefficient of static friction was 0.29,
stable at 0.24–0.34, with large variation. The average coefficient of rolling friction was 0.07,
stable at 0.053–0.083, with large variation. The average natural repose angle was 23.11◦,
stable at 20.37–24.59◦, with large variation. The average coefficient of restitution was 0.40,
stable at 0.332–0.471, with large variation. The average value of stiffness coefficient was
89.85 N/mm, stable at 78.5–102.23 N/mm, with large variation.
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Table 3. Parameters of physical characteristics of typical maize seeds in cold area.

Index Statistical
Analysis

Typical Maize Seeds in Cold Region

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Thousand grain
weight,

g

Mean 342.80 339.21 402.68 357.13 313.83 370.49 348.69 418.90 360.80 366.46 370.43 340.63 331.08 295.92 338.75
SD 1.32 1.04 1.42 0.69 0.56 1.52 0.34 0.81 1.55 2.43 0.15 1.23 1.89 0.55 1.59

CV, % 0.39 0.31 0.35 0.19 0.18 0.41 0.98 0.19 0.43 0.67 0.40 0.36 0.57 0.19 0.47

Moisture
content, %

Mean 12.13 11.94 13.02 12.47 12.42 12.88 11.74 13.05 12.61 11.42 12.90 12.37 11.60 11.20 12.74
SD 0.66 0.58 0.64 0.52 0.60 0.99 0.47 1.29 0.34 0.48 0.35 1.44 0.83 0.27 0.12

CV, % 5.44 4.86 4.92 4.17 4.83 7.69 4.00 9.89 0.03 4.20 2.71 11.64 7.16 2.41 0.94

Triaxial
arithmetic

mean particle
size, mm

Mean 8.33 8.35 9.16 8.45 8.45 9.46 8.20 9.80 8.37 8.63 9.10 8.56 8.32 7.84 8.34
SD 0.31 0.52 0.32 0.21 0.23 0.51 0.09 0.34 0.42 0.23 0.32 0.06 0.47 0.20 0.23

CV/% 3.72 6.22 3.49 2.49 2.72 5.39 1.10 3.47 5.02 2.67 3.52 0.70 5.65 2.55 2.76

Coefficient of
static friction

Mean 0.27 0.30 0.29 0.34 0.24 0.25 0.32 0.29 0.30 0.28 0.29 0.26 0.28 0.25 0.33
SD 0.05 0.03 0.07 0.03 0.01 0.06 0.03 0.03 0.05 0.02 0.03 0.05 0.05 0.09 0.08

CV, % 18.52 10.00 24.14 8.82 4.17 24.00 9.38 10.34 16.67 7.14 10.34 19.23 25.00 36.00 24.24

Coefficient of
rolling friction

Mean 0.069 0.071 0.083 0.075 0.067 0.078 0.075 0.072 0.080 0.080 0.081 0.067 0.062 0.053 0.078
SD 0.02 0.02 0.03 0.02 0.01 0.03 0.02 0.01 0.01 0.01 0.02 0.01 0.01 0.02 0.03

CV, % 28.98 28.17 36.14 26.67 14.93 38.46 26.67 13.89 12.50 12.50 24.69 14.93 16.13 37.74 38.46

Angle of
natural repose,

◦

Mean 24.21 23.03 24.59 23.18 22.31 23.73 23.05 23.82 24.20 23.84 24.23 22.63 22.20 21.32 20.37
SD 0.43 1.62 1.59 2.31 1.96 2.90 1.48 1.94 2.04 0.59 1.00 0.94 1.54 1.56 1.88

CV, % 1.78 7.03 6.47 9.97 8.79 12.22 6.42 8.14 8.43 2.47 4.13 4.15 6.94 7.32 9.23

Coefficient of
restitution

Mean 0.471 0.406 0.428 0.390 0.332 0.403 0.415 0.425 0.372 0.385 0.455 0.374 0.382 0.398 0.390
SD 0.03 0.01 0.01 0.03 0.01 0.02 0.01 0.02 0.01 0.01 0.02 0.04 0.03 0.02 0.01

CV, % 6.37 2.46 2.34 7.69 3.01 4.96 2.41 4.71 2.69 2.60 4.40 10.70 7.85 5.03 2.56

Stiffness
coefficient,

N/mm

Mean 79.83 98.26 100.11 89.25 94.36 102.23 84.35 97.26 80.05 81.06 98.41 83.74 98.37 78.50 81.92
SD 0.22 0.21 0.33 0.10 0.08 0.21 0.41 0.06 0.20 0.42 0.09 0.22 0.31 0.29 0.12

CV, % 0.28 0.21 0.33 0.11 0.08 0.21 0.49 0.06 0.25 0.52 0.09 0.26 0.36 0.37 0.15

“Mean” is the mean value of each parameter; “SD” is the standard deviation; “CV” is the coefficient of variation.
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3.2. Principal Component Analysis of Physical Maize Seeds Characteristics

The SPSS 22.0 software was used to perform the principal component analysis of the
physical characteristics of maize seeds [43]. The process was as follows: 1. index data
normalization and standardization, 2. using SPSS software, the Correlation Matrix module,
to judge the correlation; 3. determining the number of principal components, using the Total
Variance Explained module in the SPSS to calculate the cumulative contribution rate of the
principal component variance ≥80%, and combining the Component Matrix module with
no loss of variables to determine the number of principal components m; 4. determining
principal component Zi expression, dividing the ith column vector in the Component
Matrix module of SPSS by the open root of the ith characteristic root to obtain the variable
coefficient vector of the ith principal component Zi (in the Transform-compute module),
obtaining the principal component Zi expression; 5. naming principal component Zi and
naming the corresponding variable with a large absolute value of the coefficient in the
ith column of the Component Matrix in SPSS; 6. The principal component and integrated

principal Zt =
m
∑

i=1
(λi/p)Zi, λi/p is in the % of variance of the Initial Eigenvalues in the

Total Variance Explained modules of SPSS software, VarZt = (
m
∑

i=1
λi

3)p2; 7. examination,

combining the actual results and experience of the comprehensive principal component
evaluation value to test the original data.

SPSS 22.0 software was used to obtained the correlation coefficient matrix, variance
contribution analysis table, principal component load matrix, and eigenvector of each
index parameter, as shown in Tables 4–6.

Table 4. Correlation coefficient matrix between the main physical characteristic parameters of maize seeds.

Index
Thousand-

Grain
Weight

Moisture
Content

Triaxial
Arithmetic

Mean
Particle Size

Coefficient
of Static
Friction

Coefficient
of Rolling

Friction

Angle of
Natural
Repose

Coefficient
of

Restitution

Stiffness
Coefficient

Thousand
grain

weight
1.000

Moisture
content 0.657 * 1.000

Triaxial
arithmetic

mean
particle size

0.856 ** 0.733 ** 1.000

Coefficient
of static
friction

0.284 0.164 −0.095 1.000

Coefficient
of rolling
friction

0.700 ** 0.604 * 0.500 0.473 1.000

Angle of
natural
repose

0.691 * 0.349 0.545 −0.034 0.550 1.000

Coefficient
of

restitution
0.423 0.188 0.302 0.175 0.225 0.476 1.000

Stiffness
coefficient 0.429 0.469 0.655* −0.112 0.209 0.293 0.106 1.000

Note: * and ** indicate significant differences at the 0.05 and 0.01 levels, respectively.
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Table 5. Variance contribution analysis table.

Component
Initial Characteristics Value Extract Square Sum Loading

Total Variance, % Cumulative, % Total Variance, % Cumulative, %

1 4.018 50.222 50.222 4.018 50.222 50.222
2 1.406 17.579 67.801 1.406 17.579 67.801
3 1.035 12.935 80.736 1.035 12.935 80.736
4 0.631 7.881 88.617
5 0.443 5.543 94.160
6 0.283 3.531 97.692
7 0.165 2.065 99.757
8 0.019 0.243 100.000

Table 6. Load matrix and eigenvector of each principal component.

Test Index
Principal Component Load Matrix Principal Component Eigenvector

Z1 Z2 Z3 Z1 Z2 Z3

Thousand-grain weight 0.938 0.087 0.024 0.468 0.073 0.024
Moisture content 0.798 −0.071 −0.372 0.398 −0.060 −0.366

Triaxial arithmetic mean particle size 0.883 −0.359 −0.071 0.441 −0.303 −0.070
Coefficient of static friction 0.221 0.859 −0.283 0.110 0.724 −0.278

Coefficient of rolling friction 0.766 0.423 −0.201 0.382 0.357 −0.198
Angle of natural repose 0.734 −0.020 0.472 0.366 −0.017 0.464
Coefficient of restitution 0.475 0.229 0.705 0.237 0.193 0.693

Stiffness coefficient 0.580 −0.544 −0.225 0.289 −0.459 −0.221

We concluded that there were obvious differences in the physical characteristic param-
eters of the maize varieties, and there were different degrees of correlation. We found a
significant difference in the thousand-grain weight among the different varieties of maize.
The higher the moisture content, the higher the thousand-grain weight. Triaxial arithmetic
mean particle size was positively correlated with thousand-grain weight and moisture content.
The coefficient of static friction was positively correlated with the thousand-grain weight and
moisture content and was negatively correlated with the triaxial arithmetic mean particle size.
The coefficient of rolling friction was positively correlated with the thousand-grain weight,
moisture content, triaxial arithmetic mean particle size, and coefficient of static friction. Both
the angle of natural repose and the stiffness coefficient were negatively correlated with the
coefficient of static friction. We identified different degrees of correlation between maize
seeds physical characteristics, which showed that the information reflected overlaps and
interweaves, and each single index parameter had a different effect on the physical maize
seed characteristics, so we were unable to directly and comprehensively evaluate the maize
seeds’ physical characteristics using the above indexes.

On this basis, principal component analysis was conducted for the eight physical
parameters of the 15 maize varieties. The variance of the principal component was taken as
the characteristic’s value, indicating how much the corresponding component can describe
the original information. The larger the characteristic value of the principal component,
the more information contained by the variable [44]. The scree plot of principal component
analysis is shown in Figure 1. The characteristic value can reflect the corresponding
relationship between the characteristic value of the correlation matrix of the index and the
principal component number. Combined with the principal component load matrix and the
eigenvector, the first three characteristic values of the principal component were all greater
than one, and the cumulative contribution rate was more than 80%, which represented the
information from the raw data of the physical characteristics of maize. According to the
bottom lithotripsy map, there is an inflection point at the third principal component. After
the fourth principal component, the characteristic values are small and close to each other.
According to the cumulative contribution rate, the cumulative contribution rate of the first
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three principal components was 80.736%. Therefore, the first three principal components
were selected to comprehensively evaluate the physical characteristics of maize seeds.
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Based on a series of processing and analyses, and combined with the load matrix and
eigenvector of each principal component in Table 6, the relationships between the princi-
pal component and the corresponding variable were obtained, and the linear equations
between each principal component and the physical characteristics indexes of maize seeds
was constructed.

1. The first principal component was:

Z1 = 0.468X1 + 0.398X2 + 0.441X3 + 0.110X4 + 0.382X5 + 0.366X6 + 0.237X7 +
0.289X8

(4)

2. The second principal component was:

Z2 = 0.073X1 − 0.060X2 − 0.303X3 + 0.724X4 + 0.357X5 − 0.017X6 + 0.193X7 −
0.459X8

(5)

3. The third principal component was:

Z3 = 0.024X1 − 0.366X2 − 0.070X3 − 0.278X4 − 0.198X5 + 0.464X6 + 0.693X7 −
0.221X8

(6)

According to the analysis of variance contribution, the first principal component ac-
counted for 50.222%, which contained a large amount of information. It mainly included the
thousand grain weight, triaxial arithmetic mean particle size, moisture content, coefficient of
rolling friction, and the angle of natural repose. The second principal component accounted
17.579%, which mainly included the coefficient of static friction and stiffness coefficient. The
third principal component accounted for 12.935%, which mainly included the coefficient of
restitution. Combining the principal component coefficient and its corresponding variance
contribution rate, the comprehensive evaluation formula was established as Z = 0.502Z1 +
0.176Z2 + 0.129Z3. The comprehensive scores of the physical maize seeds characteristics in
this cold region could be obtained through the evaluation formula.

According to the comprehensive scores, the maize varieties in the cold area were
sorted, as shown in Table 7. Combining the analysis results with the performance of maize
varieties in the mechanized planting process, the evaluation standard of the eight physical
characteristics of 15 maize varieties in a cold region were determined. A comprehensive
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score ≥110 was level 1, 105–110 was level 2, 100–105 was level 3, 95–100 was level 4, and
a comprehensive score ≤95 was level 5. So, the order of maize varieties was: Fuer116 >
Xiangyu998 > Xianyu696 > Demeiya3 > Dongnong254 > Dongnong259 > Xianzhengda408 >
Suiyu23 > Xianyu335 > Zhongdan909 > Longfuyu9 > Keyu16 > Demeiya1 > Jingnongke728
> Xinkeyu1.

Table 7. Principal component scores and composite scores.

Variety
Principal Component Composite

Score
Rating Level

Z1 Z2 Z3

Fuer116 242.548 −17.899 −5.652 117.880 1
Xiangyu998 235.772 −20.208 −6.257 113.994 1
Xianyu696 221.070 −23.636 −7.871 105.802 2
Demeiya3 219.988 −21.747 −6.755 105.735 2

Dongnong254 212.159 −13.852 −2.669 103.722 3
Dongnong259 209.708 −13.790 −2.846 102.479 3
Xianzhengda408 210.261 −18.252 −5.390 101.643 3

Suiyu23 204.450 −16.504 −4.264 99.179 4
Xianyu335 201.034 −14.971 −2.965 97.902 4

Zhongdan909 204.167 −23.654 −7.660 97.341 4
Longfuyu9 200.739 −17.008 −4.784 97.161 4

Keyu16 198.572 −16.168 −5.606 96.115 4
Demeiya1 199.930 −24.282 −8.145 95.04 4

Jingnongke728 191.107 −23.827 −7.956 90.716 5
Xinkeyu1 177.037 −17.563 −4.806 85.162 5

3.3. Cluster Analysis of Typical Maize in Cold Area

In this context, we conducted a cluster analysis of the 15 maize varieties. Accord-
ing to the comprehensive physical characteristics parameters, the cluster results can be
used to judge the intimate relationship according to the comprehensive physical char-
acteristic parameters to better understand the nature of the data [45]. First, the physical
characteristics of maize seeds were analyzed by principal component analysis, and the high-
dimensional data were transformed into low-dimensional data. The Euclidean distance
showed a good effect on the status data, so we used the Euclidean distance [46]. Using the
discrete sum of squares method, all varieties of maize were divided into four categories
at the Euclidean distance of 5.0, as shown in Figure 2. Xianyu696 and Demeiya3 were
classified into one group; Dongnong259, Dongnong254, Xianzhengda408, Zhongdan909,
Demeiya1, Longfuyu9, Keyu16, Xianyu335, and Suiyu23 were classified into another
group; Jingnongke728 and Xinkeyu1 were classified into a third group; and Xiangyu998
and Fuer116 were classified into a fourth group. Through principal component and cluster
analyses, the eight physical characteristics parameters of typical cold-area maize were
analyzed. The results showed that the eight physical parameters belong to three principal
components, representing 80.736% of the total variance in the information. The 15 maize
varieties were categorized into four groups. Due to the wide differences in the physical
characteristics and the Euclidean distance between groups, the principal component com-
plementation and selection of Euclidean distance should be considered in the evaluation of
physical characteristics.
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Figure 2. Dendrogram of cluster analysis of the maize seeds of 15 different varieties: 0–25 indicates
the range of Euclidean distance, and different Euclidean distances lead to different categories. The
red line in the figure indicates that Euclidean distance 5.0 is selected, and the number of branches
passed by the red line represents the clustering results of maize seed varieties.

3.4. Discussion

In this study, we measured the thousand-grain weight, moisture content, triaxial
arithmetic mean particle size, coefficient of static friction, coefficient of rolling friction,
angle of natural repose, coefficient of restitution, and stiffness coefficient of 15 varieties of
maize seeds. Principal component evaluation and cluster comprehensive analysis were
used to simplify the characteristic parameter index, which was then used to judge the
comprehensive score of maize seeds. The 15 varieties of maize seeds were clustered into
four groups by cluster analysis. The physical characteristics of the different groups were
different, and the physical characteristics of the same group showed strong similarity
and correlation. Therefore, during food processing, maize seeds of the same group can be
processed with the same equipment or control parameters, whereas maize seeds of different
groups showed considerable differences, so it would be necessary to adjust the control
parameters of the equipment to process maize and produce the same quality product. In
addition, if the seeds of the same group are mixed to produce the same taste and quality, it
is necessary to analyze the chemical components of different varieties of maize seeds, such
as starch, sugar, crude fat, protein, and ash contents. The thermal characteristics of different
varieties of maize seeds should also be analyzed to explore the specific heat value changes
in different varieties of maize at different temperatures to provide a theoretical basis for
the processing and production of maize baking food. Then, it will also be necessary to
explore the differences in the gelatinization characteristics of different varieties of maize
seeds to control the degree of gelatinization of maize seeds in the process of preparation
and improve the forming characteristics of maize-based food. In the future, we will
conduct determination research combining physical analysis and chemical analysis to
comprehensively, objectively, and systematically evaluate the characteristics of maize seeds,
and provide reliable data support for the screening and classification of maize seeds in
food processing and production.

With the development of China’s modern maize industry, adjusting and optimizing
the structure of maize varieties directly affect the application of maize germplasm resources,
cultivation technology, protection technology, and post-production processing and utiliza-
tion of system links, which is crucial for promoting sustainable agricultural development
and the moderate-scale management of grain [47]. In this study, the principal compo-
nent analysis method was used to combine multiple indicators into a few comprehensive
indicators. The principal components reflect most of the original variable information,
and the information contained is complementary and repeated. In future research, the
selection capacity of typical maize seed samples should be continuously increased, and the
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evaluation basis of the physical characteristics of maize seed samples suitable for planting
in northern cold areas and the scientific quality of the evaluation should be improved.

4. Conclusions

In this study, we focused on the determination of physical characteristics parameters,
principal component evaluation, and cluster analysis of typical cold-region maize varieties;
judged the comprehensive scores of maize varieties; constructed a scientific and reasonable
evaluation system; and obtained the following conclusions:

1. The main physical characteristics parameters of typical cold-region maize varieties
differ significantly, and the physical characteristics indicators show different degrees
of correlation.

2. Principal component analysis was used to select the first three principal component
factors, with a cumulative contribution rate to the total variance of 80.736%, which
represented most of the information of the original eight physical characteristics indi-
cators, with good representativeness and objectivity. The comprehensive evaluation
formula is Z = 0.502Z1 + 0.176Z2 + 0.129Z3, and the comprehensive score and grade
classification of the 15 maize varieties in a cold region were determined.

3. The maize species in a cold region were clustered into four groups by cluster analysis,
and the physical characteristics of each group were different. Our findings provide
a new idea for the evaluation and analysis of the physical properties of agricultural
materials, and provide a new method for the screening and classification of food
processing raw materials.
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