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ABSTRACT

Lack of sufficient knowledge about the physical and mechanical properties of onion can result in higher waste
during harvesting and post-harvesting. The objective of this work was to determine some physical and
mechanical properties of onion cultivated in China. These properties include linear dimensions, mass, shape
index, pull-out force, compression and shear forces. The mean longitudinal diameter of bulb (BLD), transverse
diameter of bulb (BTD), bulb weight (BW), pull-out force of bulb (BPF), depth of the bulb buried in the soil
(BSD), bulb shape index (BSI), diameter of cauloid (CD), circumferential distribution of root systems (RCD),
longitudinal length of root systems (RLL) and weight of root systems (RW) were 78.1£9.6 mm, 89.6£10.1 mm,
333.0+£101.7 g, 43.9£21.6 N, 35.748.7 mm, 1.2+0.1, 15.3+3.7 mm, 89.2+19.7 mm, 42.9+10.0 mm and 0.8+0.4
g. In the study of mechanical properties of onions, the maximum compression force (MCF) required for
compression deformation 10 mm of bulb was 462.2 N, and the maximum shear failure force (MSF) required
for shearing of cauloid was 113.8 N. The results of the research will be very useful in the design and
optimization of harvest and postharvest machines with reduced waste and damage.
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INTRODUCTION

Onion is one of the most economically important vegetable crops grown in China (Ren et al, 2021; Wang
et al, 2021). The scientific name of it is Allium cepa L. which belongs to the family of Liliaceae. Although it has
only been cultivated in China for more than 100 years, it is widely grown in different parts of the country (Yang
et al, 2019). China, India, United States, Iran, Egypt and Russia are the main producers of onions in the world
(Zhang et al, 2022; Bisen et al, 2013). China is the largest onion growing country in the world with the
production of 23.7 million tons in 2020 under the area of 1.1 million ha (Data from the FAOSTAT database of
the Food and Agricultural Organization (FAO) of the United Nations).

The physical and mechanical properties of agricultural products are very important. Lack of sufficient
knowledge about the physical and mechanical properties of agricultural products can result in higher waste of
them (Jahanbakhshi et al, 2018). Meanwhile, a detailed understanding of these can better design and optimize
the relevant production and processing machinery. For example, Jahanbakhshi et al., (2018), studied the
physical and mechanical properties of carrot. Kibar and Oztiirk, (2008), studied the physical and mechanical
properties of soybean under different moisture content. Wang et al. (Wang et al, 2019) tested the tensile
properties of Nagafu apple, Crisp pear, Tainong mango and long eggplant. Li et al., (2018) reported that the
mechanical properties and microstructure of potato peels. Jithender et al., (2017), studied the physical and
mechanical properties of pomegranate fruit and aril.
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Sagsoz and Alayunt, (2001), analysed the several methods for measuring the modulus of elasticity of
onion bulb. Cakir et al., (2001), tested the compression properties of onion bulbs. Essa and Gamea, (2003),
tested the physical and mechanical properties of onion bulbs. Bahnasawy et al, (2004), estimated the physical
and mechanical properties of the most popular cultivars (Giza 6, Beheri and Giza 20) of onion in Egypt. Dabhi
and Patel, (2017), estimated the physical and mechanical properties of Talaja Red onion cultivar. Karthik et al,
(2016), studied the physical, frictional and mechanical properties of the three popular onion varieties (Satara
Garva, Arka Kalyan and Bangalore rose) in India.

Numerous studies have been carried out on the physical and mechanical properties of different
agricultural products. However, there are few reports on the physical and mechanical properties of onion
cultivated in China. It is due to the lack of much knowledge about the physical and mechanical properties of
onion in China and how to reduce its waste as well as design and optimize the required harvesting and post-
harvesting machinery. This study aims to contribute to fill this research gap. The main objective of this study
is to investigate some physical and mechanical properties of bulbs, roots and cauloids of onion plants. These
properties include linear dimensions, mass, shape index, pull-out force, compression and shear forces.

MATERIALS AND METHODS
Determination of some physical properties and pull-out force of onion

The test was conducted in the vegetable planting base in Ulangab City of Inner Mongolia Autonomous
Region of China. The planting pattern of onion is bed planting. There are eight rows in a bed. The bed width
is 1300 mm and the distance is 1900 mm. The row spacing of onion on the bed is 15 mm and the plant spacing
is 17 mm. The soil type is sandy loam (artificially improved soils). The mean soil compaction and moisture
content at depths of 0 cm to 5 cm are 1093.3 kPa and 10.3% respectively. The mean soil compaction and
moisture content at depths of 5 cm to 10 cm are 1213.3 kPa and 12.8% respectively.

The onion was planted in the middle of May. The variety is Red Hydrangea. It is a long-day variety
with bright purplish red skin which has a growth period of about 170 days and plant height of 60 cm to 70cm.
This variety of onion is widely cultivated in China, especially the northern part of the country. The test field and
planting pattern of onion are shown in Figure 1.

o

Fig. 1 - Test field anbd planting pattern of oh|on

The test instruments for this study are electronic digital display vernier caliper (Model: Guilin,
manufacturer: Guilin Guanglu Measuring Instrument Co., Ltd., measuring range: 0 mm to 150 mm,
measurement accuracy: 0.01 mm), electronic balance (Model: NS, manufacturer: Fuzhou HUAKE Electronic
Instruments Co., Ltd., measuring range: 0 kg to 6 kg, measurement accuracy: 0.1 g), electronic hanging scale
(Model: OCS-L, manufacturer: Hangzhou Tianchen Scale Equipment Co., Ltd., measuring range: 0.2 kg to 30
kg, measurement accuracy: 0.01 kg), steel ruler (Model: GWR, manufacturer: Ningbo Great Wall Precision
Industrial Co.,Ltd., measuring range: 0 mm to 300 mm, measurement accuracy: 1 mm).

In this experimental study, the main measurement objects of onion plants mainly include the mean
longitudinal diameter of bulb (BLD), transverse diameter of bulb (BTD), bulb weight (BW), pull-out force of bulb
(BPF), depth of the bulb buried in the soil (BSD), bulb shape index (BSI), diameter of cauloid (CD),
circumferential distribution of root systems (RCD), longitudinal length of root systems (RLL) and weight of root
systems (RW).
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As shown in Figure 2, BLD is the distance between the onion crown and the point of root attachment
to the onion. BTD is the maximum width of the onion bulb in a plane perpendicular to the BLD. BSD is the
depth at which onion bulb grow under the soil. CD is the diameter of 2 cm away from the junction of onion
crown and cauloid. RCD is the diameter of the circumferential distribution of root systems measured after onion
bulbs are pulled out. RLL is the maximum length of root systems measured after onion bulbs are pulled out.
RW is the weight of root systems measured after onion bulbs are pulled out. BW is the weight of a single onion
bulb. BPF is the force used to pull-out the bulb form the soil.
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Fig. 2 - Schematic diagram of onion plant

In addition, BSI is used to evaluate the shape of onion bulbs and it is calculated according to the
equation (1). The onion bulb is considered an oval if the BSI >1.5, on the other hand, it is considered spherical
if the BSI <1.5 (Cakir et al, 2016).

BSI = =12 )
BLD

During the experiment, 50 onion plants were randomly selected as the test object. Firstly, the BPF in
natural growth of onion plants during harvest was measured by electronic hanging scale. Then, vernier caliper,
electronic balance and steel ruler were used to measure and calculate the BLD, BTD, BW, BPF, BSD, BSI,
CD, RCD, RLL and RW. Finally, the measured data were statistically analysed by MS-Excel.

Determination of compression properties of onion bulb

As we all know, the most commonly used mechanical properties of agricultural products is
compression characteristics. Compression damage is the main reason for the loss of agricultural products.
Therefore, the compression test of onion bulb was carried out. However, because the bulb has its own shape
(composed of layers of fleshy scales), it is heterogeneous and isotropic. It cannot be made into regular sample
(a cylindrical or a square shape), but can only be compressed as a whole.

Onion bulbs were taken from the test field. The mean moisture content of bulb is 88.9%. The
compression test of bulb was carried out by electronic universal testing machine (Model: UTM6503,
manufacturer: Shenzhen SUNS Technology Stock Co., Ltd., measuring range: 0 kN to 5 kN). The indenter of
the testing machine is round, with a diameter of 100 mm and a thickness of 20 mm. The testing machine and
some onion bulbs for testing are shown in Figure 3.
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Fig. 3 - Compression test and some onion bulbs

Taking the BTD and the compression speed (CS) of the testing machine as the test factors, the
maximum compression force (MCF) of 10 mm compression deformation of bulb is the test index. The quadratic
general rotary unitized test was carried out. There are 13 groups of tests in total. According to the measured
transverse diameter of onion bulb (mostly concentrated in 70 mm-100 mm, accounting for more than 85% of
the total) and the compression test of relevant agricultural products (Aprilia et al, 2021), the test factor code
and value are designed as shown in Table 1. Through the analysis of the test results, the influence law of the
BTD and CS on the MCF is revealed. In order to facilitate the analysis of test results, the coded values of BTD

and CS are recorded as A and B respectively.

Table 1
Factors and levels of compression test
Factors

levels BTD CS
[mm] [mm/min]

-1.414 70+£0.5 10
-1 74.4 (74+0.5) 23.2 (23)

0 8510.5 55
1 95.6 (96+0.5) 86.8 (87)

1.414 100+0.5 100

Determination of shear properties of onion cauloid
The shear properties of onion cauloids which were taken from the experimental field were tested by

universal testing machine. The testing machine and some onion cauloids for testing are shown in Figure 4.
Among them, the effective working width of the cutter of testing machine is 25 mm, the height is 23 mm, the
thickness is 3 mm, and the height of the cutter tip is 10 mm. The effective length of onion cauloid samples are
80+0.5 mm. The CD, the moisture content (MC) of onion cauloid and the shear speed (SS) of the testing
machine are selected as the test factors. The maximum shear failure force (MSF) is selected as the test index.
Three-factor and three-level orthogonal test was carried out.

20+0.5mm

15+0.5mm
10+0.5mm

i
é
¥

8040.5mm

Onion cauloids of different diameters

Fig. 4 - Shear test and some onion cauloids
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The moisture content of onion cauloid on the sampling day was taken as level 1. The moisture content
after one day and two days of natural drying was regarded as level 2 and level 3. Through actual measurement,
the mean moisture content of cauloid on the day of sampling, natural drying for one day and two days is 88.9%,
74.0% and 68.5%, respectively. At the same time, according to the measurement of cauloid diameter in the
experimental field (mostly concentrated in 10 mm-20 mm, accounting for more than 75% of the total) and
relevant shear characteristic tests (Xin et al, 2020), the arrangement of each factor is shown in Table 2. An Lo
(3% orthogonal table was established, in which C, D, and E are the coding values of each factor level.

Table 2
Factors and levels of shear test
Factors

levels CD MC SS
[mm] [%6] [mm/min]
10£0.5 68.5 10
15+0.5 74.0 20
20+0.5 88.9 30

RESULTS

Determination of some physical properties and pull-out force of onion
Figure 5 shows the mean values, maximum, minimum, standard deviation (SD) and coefficient of

variation (CV) of the BLD, BTD, BW, BPF, BS
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Fig. 5 - Mean values, maximum, minimum, SD and CV of onion
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As can be seen from Figure 5, the mean of the BLD, BTD, BW, BPF, BSD, BSI, CD, RCD, RLL and
RW are 78.1+9.6 mm, 89.6+10.1 mm, 333.0+101.7 g, 43.9+21.6N, 35.7+8.7 mm, 1.2+0.1, 15.3+3.7 mm,
89.2+19.7 mm, 42.9+£10.0 mm and 0.8+0.4 g, respectively. According to the equation (1), the onion bulb is
considered an oval if the shape index > 1.5, on the other hand, it is considered spherical if the shape index
<1.5. Hence, it indicated that the onion bulb of Red Hydrangea was a spherical in shape. And the CV of the
BLD value was higher than that of BTD. This result was in agreement with those reported by Bahnasawy et al.
(Bahnasawy et al, 2004) and Dabhi et al. (Dabhi et al, 2017). During the pull-out test, it was found that the
cauloids of several onion plants were broken. The reason may be that the force required to pull-out onion bulb
exceeds the breaking force limit of cauloid. It can be seen that it was difficult to harvest onions in the natural
growth state by direct extraction, and some auxiliary excavation work was necessary (Kumawat et al, 2022;
Joshi et al, 2020).

Determination of compression properties of onion bulb

The compression test results are shown in Table 3. When the bulb compression de-formation is 10
mm, the mean value of MCF measured in 13 groups of tests is 462.2 N, the standard deviation is 45.0, and
the coefficient of variation is 9.7%. The analysis of variance of test results is shown in Table 4.

Table 3
Test scheme and results of compression test
Test No. 1 2 3 4 5 6 7 8 9 10 11 12 13
A 1 1 -1 -1 - 1.414 0 0 0 0 0 0 0
B 1 -1 1 -1 0 0 - 1.414 0 0 0 0 0
MCF [N] 502.6 | 505.4 | 510.2 | 417.0 | 412.5 | 492.6 | 494.4 | 529.7 | 455.9 | 437.2 | 437.3 | 374.5 | 439.6

Table 4
Analysis of variance of compression test
Source Sum of squares d Partial correlation F-value P-value Significance
A 4708.31 1 0.72 7.69 0.03 o
B 2461.27 1 0.60 4.02 0.09 *
A? 1035.41 1 0.44 1.69 0.24
B? 12242.11 1 0.86 20.01 0.00 ik
AB 2304.00 1 -0.59 3.77 0.09 *
Regression 22036.06 5 F2=7.20
Residual 4283.47 7
Lack of fit 341.17 3 F1=0.12
Pure Error 3942.30 4
Correlation
26319.52 12
total

Note: The critical value of significant judgment Fo.1(1,7)=3.59, Fo.0s(1,7)=5.59, Fo.01(1,7)=12.25, Fo.1(5,7)=2.88,
F0.05(5,7)=3.97, Fo.01(5,7)=7.46, F0.1(3,4)=4.19, Fo.05(3,4)=6.59, Fo.01(3,4)=16.69.

* indicates that the factors have some influence on the test index (0.05 < p< 0.1),

** indicates that the factors have a significant influence on the test index (0.01 < p< 0.05),

*** indicates that the factors have a very significant influence on the test index (p < 0.01).

From Table 4, it can be seen that F2 =7.20>Fo.0s (5, 7) = 3.97 and F1 = 0.12<Fo.1 (3, 4) = 4.19. The
regression equation and lack of fit are credible under the condition of 95% confidence level. The regression
coefficient analysis showed that the first item B, interaction item AB have some influence, first item A has a
significant influence, square item B2 has a very significant influence. From the results of analysis of variance,
it can be seen that the influence order of various factors on MCF is A > B.

Set one of the factors to the zero level for single factor effect analysis. The results are shown in Figure
6. When CS is zero, MCF increases with the increase of BTD, and the two meet the linear relationship. When
BTD is zero, MCF first decreases and then increases with the increase of CS, and the two meet the quadratic
polynomial relationship.
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Fig. 6 - Single factor effect

It can be seen from table 4 that the interaction of the two factors has a significant impact on the test
index. As shown in Figure 7, it is a three-dimensional response surface diagram of the interaction of two factors.
As can be seen from Figure 7, when the value of CS is certain, MCF increases with the increase of BTD. When
the value of BTD is certain, MCF first decreases slowly and then increases rapidly with the increase of CS.
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Fig. 7 - Interaction effect of two factors

Determination of shear properties of onion cauloid
The shear test results are shown in Table 5. The range analysis and analysis of variance of the test
results are shown in Figure 8 and Table 6.

Test scheme and results of shear test
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Fig. 8 - Range analysis of test results

Table 6
Analysis of variance

Indexes | Variance Source | Sum of Squares | Free Degree | F-Value p-Value |Significance
C 3381.25 2 88.31 0.011 o
MSE D 3458.00 2 90.32 0.011 o
E 433.15 2 11.31 0.081 *
Error 38.29 2

Note: The critical value of significant judgment Fo.01(2,2) = 99.00, Fo.05(2,2) = 19.00, Fo.1(2,2) = 9.00.
* indicates that the factors have some influence on the test index (0.05 <p <0.1),

**indicates that the factors have a significant influence on the test index (0.01 < p < 0.05),

*** indicates that the factors have a very significant influence on the test index (p < 0.01).

From the results of range analysis and analysis of variance, it can be seen that the influence order of
various factors on MSF is D>C>E. The mean value of MSF measured in 9 groups of tests is 113.8N, the
standard deviation is 27.0, and the coefficient of variation is 23.7%. The mean shear strength of onion cauloid
is 0.64 MPa. Obtaining the shear strength of onion cauloid is the key basis for the design of onion topper and
combine harvester (Yang et al, 2019; Joshi et al, 2020).

At the same time, the results showed that the higher the moisture content of onion cauloid, the smaller
the force to cut it. This result was in agreement with the reported shear characteristics of potato seedlings by
Xin et al. (Xin et al, 2020). The main reason may be that when the moisture content is high, the stem is brittle
and the force required to cut it is small.

CONCLUSIONS

This work focuses on some physical and mechanical properties of Red Hydrangea cultivar of the
onions. The physical properties of the mean BLD, BTD, BW, BPF, BSD, BSI, CD, RCD, RLL and RW were
78.1+9.6 mm, 89.6+10.1 mm, 333.0£101.7 g, 43.9421.6N, 35.7+8.7 mm, 1.2+0.1, 15.3+3.7 mm, 89.2+19.7
mm, 42.9+10.0 mm and 0.8+0.4 g. The shape of the onion bulbs may be considered spherical. The mechanical
properties were the compression properties of onion bulb and the shear properties of onion cauloid. The
maximum forces required for compression deformation 10 mm of the onion bulb was 462.2 N. The maximum
forces required for shearing of the onion cauloid was 113.8 N, and the mean shear strength of cauloid was
0.64 MPa. The influence order of various factors on MCF was transverse diameter of the bulb and compression
speed. The influence order of various factors on the MSF was moisture content, diameter of the cauloid and
shear speed.

This study makes up for the lack of research on the basic physical and mechanical properties of onion
cultivated in China, and can provide a reference for optimization design of harvesting and post-harvesting
machines. However, the current research is only carried out for one variety of onion. In the next step, our
research group will select multiple onion varieties for comparative research, and strive to form a basic database
of physical and mechanical properties of Chinese onion.
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