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Abstract: To fill the research gap in the mechanical and physical properties of different varieties
of sweet potatoes at different points in the harvest period and to provide a theoretical basis for
the design of key components of the sweet potato harvester, the physical properties of Su-Shu 16,
Su-Shu 36, and Ning-Zi 4 during the harvest period were studied at three time points: 15 October,
25 October, and 4 November 2023. The moisture content of sweet potatoes was determined using
the DGF30/7-1A electric hot air-drying oven. The results showed that the moisture content of sweet
potatoes decreased with increasing growth time at three different time points during the harvest
period. The moisture content of Su-Shu 16 was, on average, 12.74% higher than that of Su-Shu 36,
while the moisture content of Ning-Zi 4 was, on average, 8.07% higher than that of Su-Shu 36. The
density of Su-Shu 36 measured by the drainage method is greater than that of Su-Shu 16 and Ning-Zi
4, but the difference is relatively small, and the density tends to decrease slowly with the increase of
growth time. Using an electronic universal testing machine, compression tests were conducted on
Su-Shu 16, Su-Shu 36, and Ning-Zi 4 at loading speeds of 5 mm/min and 10 mm/min, respectively.
The results showed that the compressive strength limit range of Su-Shu 36 was slightly higher than
that of Su-Shu 16 and significantly higher than that of Ning-Zi 4. The Poisson’s ratio, elastic modulus,
and shear modulus values of Su-Shu 16 and Su-Shu 36 were similar and much higher than those of
Ning-Zi 4. Studying sweet potatoes” growth and physical characteristics for different purposes can
provide data references for the design of digging depth, working width, and conveyor chain gap of
sweet potato harvesters, as well as data references for sweet potato simulation experiments.

Keywords: sweet potato; harvesting periods; physical properties; compression test

1. Introduction

The sweet potato belongs to the Dioscoreae family, in the genus Dioscorea, and is an
annual or perennial herbaceous plant. Originating from South America, sweet potatoes
were introduced to China during the 16th century [1,2]. Sweet potatoes are a high-quality
food crop that not only provides excellent anti-cancer health benefits but also has the
potential to be used as a new source of energy [3—6]. The Food and Agriculture Organization
(FAO) reports that in 2022, China accounted for approximately 29.76% of the total global
sweet potato planting area, with a planting area of 2.158 million hectares. Additionally,
China produced 46.8288 million tons of sweet potatoes, representing approximately 54.19%
of the total global sweet potato production. These figures indicate that China holds the
top position globally in both sweet potato planting area and production volume. Sweet
potatoes play a crucial role in China as they are the fifth most important staple food crop,
following corn, wheat, potatoes, and rice. They play a significant role in providing food,
industrial raw materials, and animal feed [7].
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Damage during the sweet potato harvesting process has always been one of the key
concerns for researchers, and reducing skin breakage and the bruising rate is crucial for
the advancement of sweet potato harvesting machinery. Researchers are continuously
investigating the issue of sweet potato damage. Wang Bing et al. have examined the
mechanism of sweet potato damage that occurs during the separation of soil and sweet
potatoes using a chain-type elevator. They have identified that sweet potato damage
primarily occurs during the conveying, soil and potato separation, and potato throwing
processes [8]. By studying the conveyor chain used in sweet potato harvesters, Ma Po et al.
conducted further research on the impact of spacing, material, and amplitude of the chain
rods on the skinning of sweet potatoes during the conveying process [9]. Zheng Gang et al.
conducted a study on the high epidermal damage rate of fresh sweet potatoes in sandy soil
during mechanical harvesting. They developed a rubber-wrapped integrated conveying
and separating device. Experimental validation demonstrated that by using appropriate
parameter combinations, the epidermal damage rate was reduced to 0.86%, and the loss
rate was only 0.69% [10]. Gao Guohua et al. conducted a study on the impact damage
mechanism of sweet potatoes and identified the critical height for such damage [11]. Bao
Guocheng et al. studied the impact characteristics and damage mechanism of sweet
potatoes falling, revealing the safe falling height and damage mechanism of sweet potatoes
under different conditions. They designed a highly adaptive potato harvesting device to
address the high rate of potato damage and low level of automation in the potato harvesting
process, greatly reducing the damage to sweet potatoes in the harvesting process [12,13].
Liu Chenglong et al. conducted physical property tests on Yan-Shu 25 and systematically
studied various physical properties of Yan-Shu 25 [14]; Shen Haiyang et al. used Su-Shu
16 as the test object to study important characteristic parameters such as axial and radial
Poisson’s ratio, elastic modulus, shear modulus, etc. of Su-Shu 16 and determined that
sweet potato belongs to isotropic materials [15]. According to previous research, the
damage to sweet potatoes during the harvesting process is mainly caused by compression
and collision during transportation, leading to skin damage or internal flesh damage.
Secondly, a vague understanding of the growth range of sweet potatoes during excavation
can lead to collisions with the excavation shovel, causing damage. To reduce the damage to
sweet potatoes during the harvesting process, it is necessary not only to conduct research
from the machine level but also to consider the physical properties of sweet potatoes as an
important influencing factor [16].

Previous studies on the physical properties of sweet potatoes during the harvest
period have only used a single variety of sweet potato as the experimental subject without
comparing the physical properties of different varieties of sweet potatoes. Moreover, the
sampling time for sweet potato samples was only once, without comparing the physical
properties of the same variety of sweet potato at different time periods. However, there are
certain differences in the physical properties of sweet potatoes for different uses, and there
are also certain differences in the physical properties of the same variety of sweet potato at
different time points, which cannot be generalized.

This study expands the scope of research on the physical properties of sweet potatoes,
building upon previous studies. It extends from research on a single variety to three
varieties and from sampling at a single time point to three time points. The three varieties
of sweet potatoes are fresh-eating type, starch processing type, and fresh-eating purple-
fleshed sweet potatoes. This study takes the harvest period of Su-Shu 16, Su-Shu 36,
and Ning-Zi 4 as the experimental subjects, sampling every ten days during the harvest
period. The sampling times are 15 October 2023, 25 October 2023, and 4 November 2023,
respectively. The growth condition, geometric dimensions, water content, and density of
sweet potatoes were measured. Finally, compression experiments were conducted on sweet
potatoes of the three varieties to determine the Poisson’s ratio, elastic modulus, and shear
modulus of sweet potatoes. The aim is to provide data references for the design of digging
depth, working width, and conveyor chain bar gap of sweet potato harvesters, as well as
data references for sweet potato simulation experiments.



Agriculture 2024, 14, 1641

30f16

2. Materials and Methods
2.1. Materials

The experimental subjects for this study were Su-Shu 16, Su-Shu 36, and Ning-Zi 4,
and the samples were collected from the Bai Ma Experimental Base of the Nanjing Research
Institute for Agricultural Mechanization, which is under the Ministry of Agriculture and
Rural Affairs. The planting time for sweet potatoes is in late May, and the harvest time
is in mid- to late October. The planting mode of sweet potatoes is single ridge single
row planting, with mechanical ridging. Where the ridge spacing is 900 mm, the ridge
height is 250 mm, and the plant spacing is 200 mm. The primary apparatus utilized in
the experiment is the SanSi-manufactured DWD electronic universal testing machine from
Shenzhen. DGF30/7-IA electric hot air-drying oven (temperature 0~300 °C, voltage 220 V).
Analytical balance (capacity 100 g, accuracy 0.0001 g). Graduated cylinder (capacity 100 mL,
accuracy 1 mL). Beaker (capacity 1000 mL, accuracy 1 mL). Measuring tape (capacity 5 m,
accuracy 1 mm). Steel ruler (capacity 200 mm, accuracy 1 mm). Digital caliper with high
precision (capacity 150 mm, accuracy 0. 01 mm). Art knife and cylindrical sampler, etc.

2.2. Test Method
(1) Determination of sweet potato growth conditions (growth depth, tuber width)

Use the 5-point sampling method to randomly select 10 sweet potato plants, remove
the side soil and measure the depth of sweet potato growth downward from the point
where the sweet potato stem connects to the vine using a steel ruler. Measure the range of
sweet potato tuber formation using a steel ruler with the junction of the sweet potato vine
as the center [17].

(2) Measurement of geometric dimensions of sweet potatoes

Starting from the connection point between the sweet potato chunks and the sweet
potato twigs and ending at the swollen end of the sweet potato tuber, the length between
the two points is taken as the length L of the sweet potato chunks (mm). Take the maximum
diameter of the sweet potato chunk as the diameter of the sweet potato D (mm). Measure
the length L and diameter D of the potato chunk using a vernier caliper [18], as illustrated
in Figure 1.

| L

Figure 1. Diagram of sweet potato dimensions.

The formula for calculating the length-to-diameter ratio of sweet potatoes is

L
Q= M

where Q represents the length-to-diameter ratio of sweet potatoes.
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(3) Determination of Moisture Content in Sweet Potatoes

The moisture content of sweet potatoes was determined using a DGF30/7-IA electric
hot air-drying oven, as shown in Figure 2. Ten sweet potato chunks were randomly selected
and cut into small pieces using a utility knife, as illustrated in Figure 3a. The drying box is
weighed with an electronic balance and recorded as My (g). The chopped potato pieces
are then put into the drying box, as illustrated in Figure 3a, weighed, and recorded as M;
(g)- Then the weighed sweet potato chunks are put into the DGF30/7-IA electric hot air
drying oven, and the temperature is set to 105 °C for drying. They are dried until a constant
weight is achieved. After the temperature drops to room temperature, weigh the drying
box and dried sweet potato cubes together, denoted as M, (g), as illustrated in Figure 3b.
Finally, the moisture content is determined and taken as the arithmetic mean value [19].

(a)Sample before drying (b)Dried sample

Figure 3. Comparison before and after drying of sweet potato chunks.

The formula for calculating the moisture content of sweet potatoes is

M, — My

0=(1————+
( M; — My

) x 100 2

where 6 is the moisture content of sweet potatoes, %.
(4) Determination of Sweet Potato Density

Using the drainage method, take a complete sweet potato block, weigh it, record the
mass as M (g), and place it in a beaker, as illustrated in Figure 4. Utilize the immersion
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technique to determine the mass of all sweet potato pieces. Record the weight as M (g) and
transfer them to a beaker. Using a measuring cylinder, pour a specified amount of water
into the beaker until the sweet potato block is completely submerged, and mark the water
level up to the graduation line on the beaker. Record the volume of water poured as V;
(cm?). Read the total volume of water and sweet potato chunks in the beaker and record it
as V, (cmd). Repeat to determine the density of the 10 samples [20].

Figure 4. Density measurement by drainage method.

The formula for calculating sweet potato density is

_ M
T 7

@)

where M represents the mass of the sweet potato tuber (g); V1 represents the volume of
water injected (cm®); V5 represents the total volume of water and sweet potato tuber in the
beaker (cm?); and p represents the density of the potato tuber (g/cm?).

(5) Sweet Potato Compression Test Method

Sample sweet potatoes with a cylindrical sampler, as illustrated in Figure 5a. After
sampling, use a utility knife to cut the end surface of the cylindrical sweet potato block
neatly, ensuring there are no damaged spots or cracks. Make 10 cylindrical test samples
with a diameter of 10 = 1 mm and a length of 30 £ 2 mm, as illustrated in Figure 5b.

(a) Sampler (b) Sample

Figure 5. Sampler and Sample Images.
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During the experiment, first use a digital caliper to measure the diameter and length
of the sweet potato sample end face separately and then place the measured sample in the
fixture of the electronic universal testing machine, as illustrated in Figure 6a. Compress at
two different loading rates of 5 mm/min and 10 mm/min until fracture occurs. The sample
of sweet potato block that fractures at the midpoint is considered a valid compression sam-
ple, as illustrated in Figure 6b. Select the effective compressed data from the experimental
data for final analysis [21].

(a) Electronic universal testing machine (b) Valid compression sample

Figure 6. Electronic universal testing machine and valid compression sample.

The stress calculation formula for sweet potatoes is

o= — 4
- @
where ¢ represents the stress experienced by the potato tuber, N/mm?; F represents the
pressure experienced by the sweet potato tuber, N; and A is the cross-sectional area of the
sweet potato tuber in the direction of compression, mm?.

The formula for calculating the transverse strain in the compression direction of sweet

potatoes is

Ad
&1 = q 5)

where €7 represents the transverse strain of the sweet potato block; Ad represents the change
in diameter of the sweet potato block after compression, mm; and d represents the original
diameter of the sweet potato block sample, mm.

The formula for calculating the longitudinal strain in the direction of sweet potato

compression is

Al

& = T (6)

where &5 represents the longitudinal strain of the sweet potato block; Al represents the
displacement in the length direction of the sweet potato block, mm; and / represents the
length of the sweet potato block sample, mm.

o
E=— 7
- ™

where E represents the elastic modulus of sweet potato, MPa.
The calculation formula for the sweet potato Poisson’s ratio is

&
= 8
m=1g, ®)

where y represents the Poisson’s ratio of sweet potato.
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The formula for calculating the shear modulus of sweet potatoes is
E
= o ©)
2(1+p)

where G represents the shear modulus of sweet potato, MPa.

3. Results
3.1. Sweet Potato Growth Status

As indicated in Table 1, the growth depth of Su-Shu 16 ranges from 0 to 229 mm, and
the tuber width ranges from 90 to 540 mm. The growth depth of Su-Shu 36 ranges from 0
to 208 mm, and the tuber width ranges from 100 to 600 mm. The growth depth of Ning-Zi
4 ranges from 0 to 261 mm, and the tuber width ranges from 110 to 600 mm.

Table 1. Sweet Potato Growth Range Measurement Table.

Su-Shu 16 Su-Shu 36 Ning-Zi 4
Number Tuber Width Growth Tuber Width Growth Tuber Width
Depth/mm Ranges/mm Depth/mm Ranges/mm Depth/mm Ranges/mm
Growth Range 90-540 0-208 100-600 0-261 110-600

3.2. Sweet Potato Geometric Dimensions

Asindicated in Table 2, the average diameter of Su-Shu 16 is 59.59 mm, and the average
length is 142.09 mm. The average diameter of Su-Shu 36 is 56.87 mm, and the average
length is 152.17 mm. The average diameter of Ning-Zi 4 is 68.92 mm, and the average length
is 109.34 mm. The fruit shape of sweet potato can be reflected by the length-to-diameter
ratio of the cylindrical object. The larger the length-to-diameter ratio is, the more slender
the fruit shape; the smaller the length-to-diameter ratio and the shorter and thicker the
fruit shape. Experimental results show that the fruit shapes of Su-Shu 16 and Su-Shu 36 are
similar but more slender compared to Ning-Zi 4.

Table 2. Sweet Potato Geometric Size Measurement Table.

Su-Shu 16 Su-Shu 36 Ning-Zi 4
D/mm  L/mm Q D/mm  L/mm Q D/mm  L/mm Q

Average 59.59 142.09 255 56.87 15217  2.89 68.92 109.34  1.69
Max 91.95 218 493 93.55 21553  6.66 121 183 3.23
Min 30.04 86 1.38 25.24 84 1.25 39.13 59.50 0.66

Number

3.3. Moisture Content in Sweet Potatoes

In the three tests conducted on 15 October, 25 October, and 4 November, the mass of
Su-Shu 16, Su-Shu 36, and Ning-Zi 4 no longer changed after drying at 105 °C for 20 h. As
indicated in Table 3, the moisture content of Su-Shu 16 obtained from three experiments is
approximately 74.35%, 73.89%, and 72.34%; The moisture content of Su-Shu 36 obtained
from three experiments is approximately 62.74%, 59.94%, and 59.67%. The moisture content
of Ning-Zi 4 obtained from three experiments is approximately 71%, 68.93%, and 66.62%.
As illustrated in Figure 7, comparing the water content of the three types of sweet potatoes
reveals that the water content of Su Shu 16 and Ning Zi 4, which are fresh-food type
sweet potatoes, is significantly higher than that of Su Shu 36, a starch-type sweet potato.
The average water content of Su Shu 16 is 12.74% higher than that of Su Shu 36, and the
average water content of Ning Zi 4 is 8.07% higher than that of Su Shu 36. Furthermore,
by comparing the trend of water content changes in sweet potatoes at three time points, it
can be known that the water content of sweet potatoes will decrease with the increase of
growth time during the harvest period.
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Table 3. Determination of Moisture Content Test Data.
15 October 25 October 4 November
Number Su-Shu Su-Shu Ning-Zi Su-Shu Su-Shu Ning-Zi Su-Shu Su-Shu Ning-Zi
16/% 36/% 4/% 16/% 36/% 4/% 16/% 36/% 4/%
1 76.29 62.71 71.04 72.44 60.73 70.26 70.92 58.23 65.94
2 75.04 63.66 71.25 71.74 60.93 68.42 69.81 58.47 62.85
3 76.12 62.45 71.12 77.25 58.51 68.10 73.68 61.58 62.83
4 73.32 62.90 71.24 76.21 58.64 70.41 72.14 60.07 65.45
5 74.84 63.43 70.56 71.55 58.30 69.04 72.63 60.23 67.80
6 71.94 63.64 70.34 76.31 60.38 68.61 71.73 59.83 62.06
7 73.06 62.76 73.27 75.58 58.33 67.84 73.51 58.78 68.71
8 75.03 63.09 70.48 72.65 61.05 70.16 73.03 59.51 67.44
9 73.39 60.56 70.40 72.47 61.03 66.17 73.61 60.67 68.06
10 74.45 62.20 70.34 72.73 61.46 70.34 72.30 59.37 75.10
) 74.35 62.74 71 73.89 59.94 68.93 72.34 59.67 66.62
Su-Shul6
A Su-Shu36
74T \— Ning-Zi4
72+
c\\° 70 |
E
§ 68 |
o}
66 1
S o4
92 - ¥
60 |

October 15

October 25

November 14

Figure 7. Trend of Moisture Content in Sweet Potatoes.

3.4. Sweet Potato Density

The sample densities of Su-Shu 16, Su-Shu 36, and Ning-Zi 4 on 15 October, 25 October,
and 4 November are indicated in Table 4. The densities of Su-Shu 16 at three time points
are 1.13 g/cm?, 1.10 g/cm?, and 1.04 g/cm? respectively; The densities of Su-Shu 36 at
three time points are 1.15 g/cm?, 1.14 g/cm?, and 1.11 g/cm? respectively; The densities
of Ning-Zi 4 at three time points are 1.09 g/cm?, 1.08 g/cm?, and 1.06 g/cm? respectively.
As illustrated in Figure 8, the density of Su-Shu 36 is greater than that of Su-Shu 16 and
Ning-Zi 4, but the difference is small, and the density shows a trend of slowly decreasing

with increasing growth time.

1.16‘

1.14

8]

Density/g/cm’
s

o
®

1.06

1.04

1

— Su-Shu36|

Su-Shul6

Ning-Zi4

October 15

October 25

November 14

Figure 8. Trend of Sweet Potato Density Variation.
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Table 4. Sweet Potato Density Determination Test Data.

Su-Shu 16 Su-Shu 36 Ning-Zi 4
Number
Mlg Viem® plglem3 plg/em®  Mlg  Viem® plglem3® plg/cm? Mlg  Viem® plg/em® plg/cm?
11 21610 193 112 13451 1085 1.4 39311 380  1.03
12 37223 347 107 26317 233 113 18301 161  1.14
13 30507 244 125 22015 185  1.19 10173 94  1.08
14 11862 102 116 20204 182 111 49578 475  1.04
15 14608 141  1.04 230 206 112 19321 165 117
16 22573 204 111 113 22358 195 115 115 17061 162 1.05 1.09
17 23407 194 121 2372 203 117 21046 187 113
18 17404 156 112 1703 154 111 14201 123 115
19 23555 204 115 20553 178 1.15 16887 154  1.10
1-10 14287 135  1.06 25097 234 111 28246 272 1.04
21 19163 176  1.09 17861 148 121 2646 216 1.05
220 13799 118 117 26147 237 110 16845 158  1.07
23 18767 178 105 1559 137 1.14 12802 119  1.08
24 16666 157  1.06 13611 126 1.08 8118 74 110
25 11788 107 110 17317 1515  1.14 16926 150  1.13
2.6 17606 154 114 L0 479 150 115 L4 o049 192 105 1.08
2.7 19808 184  1.08 14006 125  1.12 3938 295 112
28 18257 164 111 18311 164 1.12 20215 265 110
29 14855 135  1.10 21946 195 113 19588 184  1.06
210 17632 161 110 12137 105  1.16 181.03 168  1.08
31 31452 291 1.08 15367 132 1.16 35716 339  1.05
32 27720 266 1.04 936 91 1.06 14365 130 111
33 12042 119 101 17498 153 1.14 17248 1635  1.05
34 17753 176 1.01 7146 70 1.02 35420 325  1.09
35 18984 177 107 11808 104  1.14 121.03 121 1
36 27869 264  1.06 L04 10786 95 1.14 111 14562 142 1.03 1.06
37 23175 26  1.03 17083 155  1.10 16849 153 1.10
38 30257 295  1.03 27245 251 1.09 12589 115  1.09
39 18999 184  1.03 21968 195  1.13 17623 164  1.07
310 14214 132 1.08 12238 114 107 18742 186  1.01

Note: V represents the volume of sweet potatoes, which is obtained by subtracting V1 from V>, cm?®.

3.5. Sweet Potato Compression Test

The experiment conducted compression tests on the samples of sweet potato tu-
bers taken from Su-Shu 16, Su-Shu 36, and Ning-Zi 4 at loading rates of 5 mm/min and
10 mm/min, respectively. From the experiment, it can be seen that during the compression
process of sweet potatoes, the force experienced by the sample increases linearly with time.
When the compression strength limit of the sample is reached, it fractures, and the force
experienced undergoes a cliff-like decrease. As indicated in Figure 9, when the loading
speed is 5 mm/min, the compression strength limit of the Su-Shu 16 sample is between
33 N and 46 N. The compression strength limit of the Su-Shu 36 sample is between 39 N
and 55 N. The compression strength limit of the Ning-Zi 4 sample is between 25 N and
40 N. As indicated in Figure 10, when the loading speed is 10 mm/min, the compression
strength limit of the Su-Shu 16 sample is between 46 N and 63 N. The compression strength
limit of the Su-Shu 36 sample is between 49 N and 65 N. The compression strength limit of
the Ning-Zi 4 sample is between 33 N and 48 N. Under different loading speeds, the range
of compressive strength limits of Su-Shu 36 is slightly higher than that of Su-Shu 16 and far
exceeds that of Ning-Zi 4.
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Samplel —— Samplel
“© Sample2 —— Sample2
Sample3

50 —— Sample3,
Sampled.
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0 20 40 60 80 100 120 140 0 20 0 60 80 100 120 140 160

Time/s Timels Time/s

(a) Su-Shu 16 (b) Su-Shu 36 (c) Ning-Zi 4

Figure 9. Force-time graph of the specimen under a loading rate of 5 mm/min.

Samplel
Sample2 i
Sample3;
Sampled
Sample$;

Samplel
Sample2
Sample3. sof

Sampled
Samples; - \\

100 0 0 20 3 4 S0 6 70 80

Time/s Time/s Time/s

(a) Su-Shu 16 (b) Su-Shu 36 (c) Ning-Zi 4
Figure 10. Force-time graph of the specimen under a loading rate of 10 mm/min.

As indicated in Table 5, when the loading speed is 5 mm/min, the maximum, mini-
mum, and average values of the Poisson’s ratio for the Su-Shu 16 sample are 0.83, 0.48, and
0.64, respectively; The maximum, minimum, and average values of the elastic modulus are
4.71 MPa, 3.14 MPa, and 3.81 MPa, respectively; The maximum, minimum, and average
shear modulus are 1.35 MPa, 0.94 MPa, and 1.16 MPa, respectively; The standard deviations
of the sample’s Poisson’s ratio, elastic modulus, and shear modulus are 0.09, 0.42, and 0.14,
respectively. The experimental data is less dispersed and has a high reliability.

As indicated in Table 6, when the loading speed is 10 mm/min, the maximum, mini-
mum, and average values of the Poisson’s ratio for the Su-Shu 16 sample are 0.73, 0.46, and
0.61, respectively; The maximum, minimum, and average values of the elastic modulus are
4.92 MPa, 4.07 MPa, and 4.57 MPa, respectively; The maximum, minimum, and average
shear modulus are 1.54 MPa, 1.24 MPa, and 1.42 MPa, respectively; The standard deviations
of the sample’s Poisson’s ratio, elastic modulus, and shear modulus are 0.08, 0.37, and 0.14,
respectively. The experimental data is less dispersed and has a high reliability.

Table 5. Calculation of Elastic Modulus, Shear Modulus, and Poisson’s Ratio for Su-Shu 16 (5 mm/min).

Number 1 Al d Ad s &1 & y E G
1 31.45 4.65 9.52 0.8 0.56 0.08 0.15 0.57 3.76 1.2
2 31.59 4.32 9.52 0.99 0.64 0.1 0.14 0.76 471 1.34
3 31.25 4.96 9.52 0.94 0.61 0.1 0.16 0.62 3.87 1.19
4 31.15 5.14 9.52 0.99 0.63 0.1 0.17 0.63 3.79 1.16
5 31.42 4.85 9.52 0.89 0.63 0.09 0.15 0.61 4.1 1.28
6 31.52 441 9.52 1.1 0.5 0.12 0.14 0.83 3.56 0.98
7 30.26 4.58 9.52 0.97 0.47 0.1 0.15 0.67 3.14 0.94
8 31.09 491 9.52 0.72 0.63 0.08 0.16 0.48 4 1.35
9 31.06 5.12 9.52 0.98 0.65 0.1 0.16 0.62 3.94 1.21
10 30.54 4.76 9.52 0.94 0.5 0.1 0.16 0.63 3.23 0.99

Average 31.13 4.77 9.52 0.93 0.58 0.1 0.15 0.64 3.81 1.16

s 0.41 0.27 0 0.1 0.06 0.01 0.01 0.09 0.42 0.14
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Table 6. Calculation of Elastic Modulus, Shear Modulus, and Poisson’s Ratio for Su-Shu 16 (10 mm/min).

Number ) Al d Ad g &1 & u E G
1 31.45 5.06 9.52 0.93 0.72 0.1 0.16 0.61 4.48 1.39
2 31.51 5.31 9.52 0.73 0.75 0.08 0.17 0.46 4.48 1.54
3 31.54 5.08 9.52 0.82 0.73 0.09 0.16 0.53 4,51 1.47
4 30.54 5.65 9.52 0.99 0.88 0.1 0.19 0.56 4.76 1.52
5 31.21 4.79 9.52 1.07 0.73 0.11 0.15 0.73 4.76 1.37
6 31.25 4.78 9.52 0.87 0.75 0.09 0.15 0.6 492 1.54
7 30.68 4.99 9.52 0.93 0.76 0.1 0.16 0.6 4.67 1.46
8 31.19 4.62 9.52 0.98 0.66 0.1 0.15 0.69 4.45 1.31
9 31.25 5.45 9.52 1.06 0.71 0.11 0.17 0.64 4.07 1.24
10 31.18 4.87 9.52 0.97 0.71 0.1 0.16 0.65 4.57 1.38

Average 31.18 5.06 9.52 0.94 0.74 0.1 0.16 0.61 4.57 1.42
S 0.31 0.31 0 0.1 0.05 0.01 0.01 0.08 0.22 0.09

Under the loading rates of 5 mm/min and 10 mm/min, the Poisson’s ratio of Su-Shu
16 shows little variation, while the elastic modulus and shear modulus increase with the
increase in loading speed, as indicated in Figure 11.
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Figure 11. Comparison chart of the Poisson’s ratio, elastic modulus, and shear modulus of Su-Shu 16
under different loading speeds.

As indicated in Table 7, when the loading speed is 5 mm/min, the maximum, mini-
mum, and average values of the Poisson’s ratio for the Su-Shu 36 sample are 0.67, 0.52, and
0.58, respectively; The maximum, minimum, and average values of the elastic modulus
are 4.7 MPa, 3.16 MPa, and 3.76 MPa, respectively; The maximum, minimum, and average
shear modulus are 1.41 MPa, 1.04 MPa, and 1.19 MPa, respectively; The standard deviations
of the sample’s Poisson’s ratio, elastic modulus, and shear modulus are 0.04, 0.47, and 0.12,
respectively. The experimental data is less dispersed and has a high reliability.

As indicated in Table 8, when the loading speed is 10 mm/min, the maximum, mini-
mum, and average values of the Poisson’s ratio for the Su-Shu 36 sample are 0.67, 0.52, and
0.58, respectively; The maximum, minimum, and average values of the elastic modulus are
5.17 MPa, 4.26 MPa, and 4.69 MPa, respectively; The maximum, minimum, and average
shear modulus are 1.6 MPa, 1.3 MPa, and 1.46 MPa, respectively; The standard deviations
of the sample’s Poisson’s ratio, elastic modulus, and shear modulus are 0.05, 0.54, and 0.15,
respectively. The experimental data is less dispersed and has a high reliability.
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Table 7. Calculation of Elastic Modulus, Shear Modulus, and Poisson’s Ratio for Su-Shu 36 (5 mm/min).

Number ) Al d Ad g &1 & u E G
1 31.21 5.49 9.52 0.97 0.65 0.1 0.18 0.58 3.68 1.17
2 311 5.09 9.52 1.04 0.77 0.11 0.16 0.67 4.7 141
3 31.06 5.43 9.52 0.87 0.55 0.09 0.17 0.52 3.16 1.04
4 31.19 5.45 9.52 0.88 0.66 0.09 0.17 0.53 3.79 1.24
5 30.98 5.25 9.52 0.99 0.73 0.1 0.17 0.61 4.32 1.34
6 30.79 5.82 9.52 1.05 0.62 0.11 0.19 0.58 3.3 1.04
7 30.15 5.22 9.52 1.01 0.7 0.11 0.17 0.61 4.02 1.25
8 31.59 5.19 9.52 0.97 0.61 0.1 0.16 0.62 3.7 1.14
9 30.56 5.49 9.52 0.92 0.67 0.1 0.18 0.54 3.73 1.21
10 31.17 5.86 9.52 1 0.59 0.11 0.19 0.56 3.16 1.01
Average 30.98 5.43 9.52 0.97 0.66 0.1 0.18 0.58 3.76 1.19
S 0.38 0.24 0 0.06 0.06 0.01 0.01 0.04 0.47 0.12
Table 8. Calculation of Elastic Modulus, Shear Modulus, and Poisson’s Ratio for Su-Shu 36 (10 mm /min).
Number 1 Al d Ad s &1 & y E G
1 31.54 5.88 9.52 1.03 0.8 0.11 0.19 0.58 4.31 1.36
2 31.18 5.78 9.52 0.97 0.86 0.1 0.19 0.55 4.66 1.51
3 32.03 4.55 9.52 0.92 0.69 0.1 0.14 0.68 4.88 1.45
4 30.98 5.46 9.52 0.96 0.75 0.1 0.18 0.57 4.26 1.35
5 30.21 5.56 9.52 0.87 0.82 0.09 0.18 0.5 4.44 1.49
6 30.95 5.27 9.52 1.09 0.74 0.11 0.17 0.67 4.36 1.3
7 31.05 5.37 9.52 1.04 0.87 0.11 0.17 0.63 5.05 1.55
8 31.10 5.36 9.52 1 0.89 0.11 0.17 0.61 5.14 1.6
9 31.08 5.41 9.52 1.02 0.9 0.11 0.17 0.62 5.17 1.6
10 31.68 5.32 9.52 1.02 0.78 0.11 0.17 0.64 4.64 1.42
Average 31.18 5.4 9.52 0.99 0.78 0.1 0.17 0.6 4.69 1.46
S 0.47 0.34 0 0.06 0.09 0.01 0.01 0.05 0.54 0.26

Under the loading rates of 5 mm/min and 10 mm/min, the Poisson’s ratio of Su-Shu

36 shows little variation, while the elastic modulus and shear modulus increase with the
increase in loading speed, as indicated in Figure 12.
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Figure 12. Comparison chart of the Poisson’s ratio, elastic modulus, and shear modulus of Su-Shu 36

under different loading speeds.
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As indicated in Table 9, when the loading speed is 5 mm/min, the maximum, mini-
mum, and average values of the Poisson’s ratio for the Ning-Zi 4 sample are 0.73, 0.44, and
0.56, respectively; The maximum, minimum, and average values of the elastic modulus are
3.16 MPa, 2.36 MPa, and 2.79 MPa, respectively; The maximum, minimum, and average
shear modulus are 1.04 MPa, 0.72 MPa, and 0.9 MPa, respectively; The standard deviations
of the sample’s Poisson’s ratio, elastic modulus, and shear modulus are 0.1, 0.25, and 0.1,
respectively. The experimental data are less dispersed and have a high reliability.

Table 9. Calculation of Elastic Modulus, Shear Modulus, and Poisson’s Ratio for Ning-Zi 4 (5 mm/min).

Number ) Al d Ad g &1 & u E G
1 31.05 4.82 9.52 0.96 0.45 0.1 0.16 0.65 2.93 0.89
2 31.04 5.03 9.52 0.92 0.48 0.1 0.16 0.6 297 0.93
3 30.05 5.53 9.52 1.08 0.55 0.11 0.18 0.62 297 0.92
4 31.14 441 9.52 0.99 0.36 0.1 0.14 0.73 2.51 0.72
5 31.42 4.63 9.52 0.93 04 0.1 0.15 0.66 2.72 0.82
6 30.31 4.66 9.52 0.76 0.36 0.08 0.15 0.52 2.36 0.78
7 30.84 5.14 9.52 0.7 0.48 0.07 0.17 0.44 2.88 1
8 31.75 4.83 9.52 0.63 0.38 0.07 0.15 0.44 2.49 0.87
9 31.21 5.49 9.52 0.87 0.56 0.09 0.18 0.52 3.16 1.04
10 30.99 5.14 9.52 0.73 0.49 0.08 0.17 0.46 2.93 1

Average 30.98 4.97 9.52 0.86 0.45 0.09 0.16 0.56 2.79 0.9
S 047 0.35 0 0.14 0.07 0.01 0.01 0.1 0.25 0.1

As indicated in Table 10, when the loading speed is 10 mm/min, the maximum,
minimum, and average values of the Poisson’s ratio for the Ning-Zi 4 sample are 0.67, 0.48,
and 0.58, respectively; The maximum, minimum, and average values of the elastic modulus
are 4.14 MPa, 3.01 MPa, and 3.44 MPa, respectively; The maximum, minimum, and average
shear modulus are 1.29 MPa, 0.92 MPa, and 1.09 MPa, respectively; The standard deviations
of the sample’s Poisson’s ratio, elastic modulus, and shear modulus are 0.07, 0.32, and 0.11,
respectively. The experimental data is less dispersed and has a high reliability.

Under the loading rates of 5 mm/min and 10 mm /min, the Poisson’s ratio of Ning-Zi
4 shows little variation, while the elastic modulus and shear modulus increase with the
increase of loading speed, as indicated in Figure 13.

Table 10. Calculation of Elastic Modulus, Shear Modulus, and Poisson’s Ratio for Ning-Zi 4
(10 mm/min).

Number 1 Al d Ad s &1 & y E G
1 30.89 4.79 9.52 0.9 0.58 0.09 0.16 0.61 3.77 1.17
2 30.84 5.01 9.52 0.94 0.67 0.1 0.16 0.61 4.14 1.29
3 30.69 5.09 9.52 0.77 0.59 0.08 0.17 0.49 3.58 1.2
4 31.24 4.88 9.52 0.96 0.53 0.1 0.16 0.65 3.4 1.03
5 31.56 4.66 9.52 0.83 0.5 0.09 0.15 0.59 3.37 1.06
6 31.18 4.96 9.52 0.75 0.55 0.08 0.16 0.5 3.44 1.15
7 31.15 5.19 9.52 0.76 0.53 0.08 0.17 0.48 3.19 1.08
8 31.19 4.89 9.52 0.87 0.47 0.09 0.16 0.58 3.01 0.95
9 31.21 491 9.52 1.01 0.48 0.11 0.16 0.67 3.08 0.92
10 30.85 5.02 9.52 0.99 0.56 0.1 0.16 0.64 3.46 1.06

Average 31.08 4.94 9.52 0.88 0.55 0.09 0.16 0.58 3.44 1.09

s 0.24 0.14 0 0.09 0.06 0.01 0.01 0.07 0.32 0.11
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Figure 13. Comparison chart of Poisson’s ratio, elastic modulus, and shear modulus of Ning-Zi 4
under different loading speeds.

4. Discussion

Currently, sweet potatoes are mainly classified by use into fresh food type, starch
processing type, fresh food and starch dual-purpose type, and purple sweet potatoes for
fresh food [22,23]. The Su-Shu 16 selected for this experiment is a sweet potato for fresh
consumption, Su-Shu 36 is a sweet potato for starch processing, and Ning-Zi 4 is a purple
sweet potato for fresh consumption.

Previous studies have conducted simple research on the physical properties of sweet
potatoes, but there are certain limitations and deficiencies. This study expands the research
scope based on previous studies and investigates different varieties and uses of sweet
potatoes. Su-Shu 16 and Ning-Zi 4, as fresh-eating sweet potatoes, have a certain impact
on the sales volume of sweet potatoes due to their moisture content. A high moisture
content can make sweet potatoes more prone to damage during harvest, while a low
moisture content can reduce the palatability of fresh-eating sweet potatoes. Additionally,
the density of sweet potatoes will have a certain impact on the yield. Experimental studies
have shown that the density and moisture content of sweet potatoes during harvest will
decrease as the harvest time extends, so it is necessary to choose the appropriate time to
harvest fresh-eating sweet potatoes during the harvest period. According to experimental
research, both the density and moisture content of sweet potatoes decrease as the harvest
time is extended. In a span of twenty days, the moisture content of Su-Shu 16, Su-Shu
36, and Ning-Zi 4 decreased by 2.01%, 3.07%, and 4.38% respectively. Shen Haiyang
et al. conducted experiments and obtained a moisture content of 75.31% and a density
of 1.13 g/ cm? for Su-Shu 16 [15]. The water content of sweet potatoes varies from this
experiment; considering the different meteorological conditions in different years and the
different growth times of sweet potatoes when sampling, the difference in water content
between the two is within a reasonable range. In this experiment, the water content of
sweet potatoes of three varieties was measured at three time points, and all showed a trend
of decreasing with the increase of growth time. Liu Chenglong et al. took Yan-Shu 25 as
the experimental subject, with a sampling interval of three days each time. The measured
water content of Yan-Shu 25 was 79.11%, 79.25%, and 79.14% [14]. The water content did
not show a downward trend, which may be due to the variety of characteristics of Yan-Shu
25 and the short sampling interval, among other reasons.

According to experimental research, as the loading speed of the compression test
increases, the ultimate compressive strength of sweet potatoes will improve, and the
Poisson’s ratio, elastic modulus, and shear modulus will correspondingly increase, which is
consistent with the results of previous studies. Shen Haiyang et al. measured the Poisson’s
ratio, elastic modulus, and shear modulus of Su-Shu 16 to be 0.43, 4.01 MPa, and 1.4 MPa,
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respectively. Due to differences in the diameter, length, and moisture content of the samples
taken, the experimental results varied, which is within a reasonable range.

The compressive strength limit of three varieties of sweet potatoes in the experiment is
in the order of Su-Shu 36 > Su-Shu 16 > Ning-Zi 4, the order of elastic modulus is Su-Shu
36 > Su-Shu 16 > Ning-Zi 4, and the order of shear modulus is Su-Shu 36 > Su-Shu 16 >
Ning-Zi 4. The compressive strength limit is the critical value of pressure that sweet potatoes
can withstand without causing damage to the flesh. The larger the elastic modulus and
shear modulus, the greater the force required to cause damage to sweet potatoes. From the
compression test, it can be seen that among the three varieties, Su-Shu 36 has the strongest
resistance to damage, followed by Su-Shu 16, and finally Ning-Zi 4.

Currently, the research on the physical properties of different varieties of sweet pota-
toes is essentially in a blank stage, with most studies focusing only on a specific parameter
of a single variety, which may lead to a lack of data reference when designing key com-
ponents of sweet potato harvesters. At the same time, the phenomenon of ‘one machine
for multiple uses” exists in most areas, where a single sweet potato harvester is used to
harvest sweet potatoes of different varieties and purposes. The physical properties of sweet
potatoes from different varieties vary, and their resistance to damage differs, thus requiring
adjustments to the relevant operational parameters of the key components of the sweet
potato harvester during harvesting. Studying the physical properties of sweet potatoes of
different varieties during the harvest period can provide a reference for the design of key
components of sweet potato harvesters and the setting of operational parameters, thereby
reducing damage during sweet potato harvesting.

5. Conclusions

(1) The experimental dates were 15 October 2023, 25 October 2023, and 4 November 2023.
The moisture content of Su-Shu 16 was 74.35%, 73.89%, and 72.34%, respectively; the
moisture content of Su-Shu 36 was 62.74%, 59.94%, and 59.67%, respectively; and the
moisture content of Ning-Zi 4 was 71%, 68.93%, and 66.62%, respectively. It can be
seen that the moisture content of sweet potatoes decreases with the increase of growth
time during the harvest period. At these three sampling times, the density of Su-Shu
16 was 1.13 g/cm?, 1.10 g/cm?, and 1.04 g/cm?, respectively; the density of Su-Shu 36
was 1.15 g/cm?, 1.14 g/cm3, and 1.11 g/cm?, respectively; and the density of Ning-Zi
4 was 1.09 g/cm?3, 1.08 g/cm?, and 1.06 g/cm?3, respectively.

(2) Through the compression test of sweet potatoes, it can be observed that when the
loading speed is 5 mm/min, the compressive strength limits of Su-Shu 16, Su-Shu
36, and Ning-Zi 4 are 33~46 N, 39~55 N, and 25~40 N, respectively. The Poisson’s
ratios are 0.64, 0.58, and 0.56, respectively. The elastic moduli are 3.81 MPa, 3.76 MPa,
and 2.79 MPa, respectively. The shear moduli are 1.16 MPa, 1.19 MPa, and 0.9 MPa
respectively. When the loading speed is 10 mm/min: The compressive strength limits
of Su Shu 16, Su Shu 36, and Ning Zi 4 are 46 N~63 N, 49 N~65 N, and 33 N~48 N,
respectively. The Poisson’s ratios are 0.61, 0.60, and 0.58, respectively. The elastic
moduli are 4.57 MPa, 4.69 MPa, and 3.44 MPa respectively. The shear moduli are
1.42 MPa, 1.46 MPa, and 1.09 MPa, respectively.
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