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Abstract: Determination of the mechanical properties (rupture force, deformation, hardness, and toughness) of maize grain
could be a significant concern for designing the harvester, thresher, and handling, processing, and storage equipment. Thus,
the present research was conducted to assess the vertical and lateral rupture force, deformation, hardness, and toughness of
maize grain (Beijing Denong, Lianchuang, Suyu 20, Liyu 88 and Suyu 29) influenced by different moisture contents (11.2%,
17.5%, and 21.3%) and compressive loading speeds (5, 10, 15, 20, and 25 mm/min, respectively). Besides, the mean length,
width, thickness, geometric mean diameter, equivalent diameter, arithmetic diameter, sphericity, grain volume, surface area,
and aspect ratio of the selected varieties were measured. The results showed that the highest length, width, thickness and
sphericity, grain volume, surface area, and aspect ratio were obtained at moisture of 21.3%, whereas the lowest was at 11.2%.
Moreover, it was observed that as increasing the loading speed from 5 to 25 mm/min, the vertical and lateral rupture forces
decreased. However, as increasing moisture contents from 11.2% to 21.3%, the vertical and lateral rupture forces, hardness,
and toughness decreased noticeably. Furthermore, the maximum correlation (R°=0.9957) between rupture force and loading
speed was found for Liyu 88 at moisture of 17.5% and minimum correlation (R?=0.7002) was found for Suyu 29 at moisture of
11.2%. Moreover, the highest lateral and vertical rupture force was noticed (p<0.05) at a loading speed of 5 mm/min. Based
on the experimentally obtained results, it was concluded that the properties of maize grain evaluated were relevant to the design
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of planter, harvesters, thrashers, and processing machine.
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1 Introduction

Maize is an important economical cash crop and food material
over the globe. Particularly in China, maize plays a pivotal role in
the national economy. Data on the strength and physical
properties of agricultural products are required for designing
equipment and machine for efficient transporting, handling,
processing, and storage, and are all focused on maize quality during
harvesting, handling, transportation, separating, drying, aeration,
sizing, storing, packing, and other processing.  Accordingly,
information about strength properties is needed not only for
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agro-machine manufacturers but also for food scientists.
Moreover, as a function of loading speed and moisture, physical
and strength properties play an important role and help to design
the processing, harvesting, separating, sizing and grinding, planting
and storage equipment of maize grains. Regarding the mechanical
properties of grains, compressive strength, modulus of elasticity,
dent force, and other parameters were also considered. Hence,
engineering data is required to study grain strength force to rupture
under harvesting, handling, and drying conditions!™.

The studies by Saul et al.l? and Shelef et al.®! reported that
field shield maize could not be stored for more than a few hours
without deterioration under high moisture content, even
faster-drying rates required for damaged maize to prevent spoilage
between harvesting and drying. Reference [4] reported that
mechanically damaged maize has a lower market value and a lower
export appeal. In the same direction, Gomez et al.®} confirmed
that besides the risk of toxin formation, damaged Kkernels'
detrimental effects are on miller's products. They added that
mechanical damage also decreased seed maize viability and
resulted in lower yields. Researchers have conducted many
investigations to solve problems by studying products’ mechanical
properties. The rupture force of maize grains obtained a negative
correlation with the peak viscosity of flour. At the same time, it
was positively correlated with the amylase content of starch!®.
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Few research studies have been conducted to explore the strength
properties of grains such as apple!”, desert date nuts'®, pistachio
nuts and kernel™, apricot pit and apricot seed%*!, sea buckthorn
berries™™, potato™, caper fruit™, ricel’ and wheat seeds!*®l.

Researchers have investigated the mechanical properties of
cereal products. The grain quality is seriously affected by the load
from the threshing cylinder during the threshing and grinding
processes. The challenge to decrease the grain damage is directly
related to the threshing cylinder speed.  Most agricultural
materials are elastic in the first portion of a load-deformation curve
but have viscoelastic properties with increased loading. Thus, the
properties are time-dependent and the effect of loading rate
becomes more noticeablel” as time extends. Singh et al.l'®l
determined the force required to initiate rapture for cumin seed.
The loading speed is directly proportional to the cylinder speed
which is ultimately a decisive factor to ensure the grain quality and
health at the post-harvesting stage. The behavior of maize grains
with non-homogeneous organic structures under loading speed
suggests a baseline for how to change grain behavior. Although
previous work investigated mechanical properties of single grain by
moisture contents, no information is available on changes in
mechanical and viscoelastic properties of single maize grain during
rupturing by loading from vertical and lateral orientation. This
study hypothesized that a better understanding of the physical and
strength properties of maize grains (five hybrid varieties cultivated
in China) can help to decrease the grain damage during harvesting,
threshing, and the processing phases at different moisture levels.

Therefore, the present study was planned to provide significant
information by describing the physical and mechanical properties
of maize grains of five varieties under different loading orientations
and moisture contents.

2 Materials and methods

2.1 Experiment setup

The present research was carried out at the School of
Agricultural  Equipment  Engineering, Jiangsu  University,
Zhenjiang, Jiangsu, China during 2018-2019. In this study, five
maize grain varieties (Lianchuang, Beijing Denong, Suyu 20, Liyu
88, and Suyu 29) were selected. The samples were collected from
Wei Xing Agricultural Farm, Dantu District, Shiyezhen Town
(32<12'46.6"N, 119<18'45.1"E) Zhenjiang, Jiangsu, China at the
harvesting time. The collected grain samples were put into
polyethylene bags and wrapped tightly for further processing.
2.2 Maize grain sample preparation

The collected samples were sieved through a coarse sieve
(12.7 mm) and a 20-mesh sieve (0.85 mm) on a medium-size Wiley
Mill (Model X876249, Brook Crompton Parkinson Limited,
Toronto, Ontario). Further, the coarse ground samples were then
ground through a 40-mesh sieve (0.425 mm) on the Wiley Mill to
narrow the range of particle size to obtain the homogeneous
samples. Maize grain samples were initially prepared from the
harvesting to storage at moisture ranging from 9.3% to 41.5%M°!,
The moisture content of grains was examined at 11.2%, 17.5%, and
21.3% (40.2%). The initial moisture content of maize grain
samples was measured by a dry oven method and was kept constant
throughout the experiment. The wrapped samples of grain were
preserved and placed in the refrigerator to allow the water to be
absorbed by samples for the uniform distribution of moisture for
48 h. However, to maintain the moisture level of the grain,
distilled water was added to samples accordingly as reported by
Wang et al.’¥ and Li et al.™. Equation (1) was used for
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additional water calculation in maize grain.
100—M,

where, Q is the mass of water added, g; W; is the total seeds mass, g;
M, is the initial moisture content, %; M, is the final moisture
content, %.
2.3 Dimensional properties of maize grain

The basic dimensions (width, thickness, length, sphericity, and
surface area (see Figure 1)) were measured before each test at three
moisture content levels (11.2%, 17.5%, and 21.3%). Also, the
length, width, and thickness of maize grains were measured by a
digital Vernier caliper. The geometric mean diameter (D),
equivalent diameter (D), and arithmetic diameter (D,) were
calculated using the given Equations (2)-(9)?*2.

D, =(LVW)% 2
Cf, WAT)? E
R 0
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where, Dy is the geometric mean diameter, mm; D is the equivalent
diameter, mm; D, is the arithmetic diameter, mm; L is the length,
mm; W is the width, mm; T is the thickness, mm. The sphericity

of the grains was measured by Equation (5) by Kara et al.[2%24
1
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where, S, is the sphericity, %.
Volume and surface area were calculated by Equations (6)-

(®),
V= 0.25{[9 LW +T)2} (6)
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where, V is the volume, mm?; S is the surface area, mm?; B is the
diameter of the spherical part of a grain, mm.
The aspect ratio was assessed as follows?):

Ri=— (9)

where, R, is the aspect ratio.
Width Thickness

- O O

Figure 1 Schematic view of maize grain parameters

2.4 Compression test

The mechanical compression tests were performed using the
texture analyzer machine (TA.XTplusC stable microsystems,
AZoNetwork Ltd. Manchester, UK). The texture analyzer
machine consisted of a load cell (500 N) connected to the upper
plate for the detection of applied force, a lower plate mounted to a
driving unit, and a personal computer equipped with a data
acquisition system.
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The homogeneous maize samples were randomly selected for
the test of rupture force, deformation, hardness, and toughness at
rupture points under different moisture content levels (11.2%,
17.5%, and 21.3%) for Beijing Denong, Lianchuang, Suyu 20, Liyu
88 and Suyu 29. The maize samples were placed at the center of
the machine batch and five loading speeds (deformation rate) of 5,
10, 15, 20, and 25 mm/min, respectively, were applied. The
rupture force tests were comprised of two orientations (vertical and
lateral) of maize grains through the texture analyzer machine
(Figure 2). The texture analyzer machine calculated the applied
load on maize rupturing. Force-deformation curves of each maize
grain of the five varieties were done for vertical and lateral
orientations (Figure 2) at different moisture contents. Generally,
the rupture force rate increased with the increase of deforming until
reaching a maximum value. Then the data were transmitted to a
data acquisition system (DAS) for obtaining force versus time
curve. Each orientation procedure was replicated five times.

Figure 2 Vertical and lateral orientations of maize gralns on the
texture analyzer machine

2.4.1 Toughness
Rupture energy of maize grains was assessed by following
mathematical equation from Tavakoli et al.!*]

RE=F D/2 (10)
where, RE is the rupture energy, MJ; F is the rupture force, N; D is
the deformation at rupture point, mm. Toughness was calculated
by following a mathematical equation from Gupta et al.*!:

P=RENV (11)
where, P is toughness, MJ/mm?; V is volume, mm?,

2.4.2 Hardness
The hardness of maize grains was calculated by the following
mathematical expression[®2%!:

H= 12)

F
D
where, H is the hardness, N/mm.
2.5 Statistical analysis

The experiment was conducted with a factorial statistical
design of 135 treatments (5 maize grain varieties, 3 moisture
contents, and 5 loading speeds) including five replications. SPSS
determines the significance of the treatments and error uncertainty.
The test data were analyzed by analysis of variance (ANOVA), and
Duncan’s multiple comparisons were used to determine the
difference at a p<0.05 level of significance.

3 Results and discussion

The results of ANOVA for moisture content, varieties, and
loading speed effect on the vertical and lateral rupture force of
maize grains are presented in Tables 1 and 2. It was found that
the interaction effects of moisture content>doading speed, moisture
content xvarieties, loading speed >varieties, and moisture content x
loading speed ><variety on the vertical and lateral rupture force
were significant (p<0.001).

Table 1 ANOVA of lateral forces of maize varieties

Source DF SS MS F p
R 2 1 0.42601
Varieties 4 907 956 226989 596974  0.0000
Moisture contents 2 587 601 293 800 77268.6  0.0000
Speed 4 33065 8266.34 2174.02  0.0000
V>M 8 42705 5338.10 1403.90  0.0000
VS 16 458 28.6214 7.53 0.0000
M>S 8 7579 4.6332 24.89 0.0000
V>M>S 32 1965 61.4009 16.15 0.0000
Error 148 563 3.80233
Total 224 1575070

Note: V represents varieties; S represents speed; M represents moisture contents.

Table 2 ANOVA of vertical forces of maize varieties

Source DF SS MS F p
R 2 6 3
Varieties 4 761 313 190 328 51174.8  0.0000
Moisture contents 2 164 644 82 322 22134.4  0.0000
Speed 4 40 544 10 136 2725.33  0.0000
V>M 8 47 266 5908 1588.59  0.0000
VS 16 963 60 16.19 0.0000
M>S 8 2317 290 77.89 0.0000
V>M>S 32 1668 52 14.02 0.0000
Error 148 550 4
Total 224 1019273

Note: V represents varieties; S represents speed; M represents moisture contents.

3.1 Dimensional (size and shape) properties of maize grain
varieties

The dimension properties of maize grain under different
moisture contents (11.2%, 17.5%, and 21.3%) are represented in
Table 3. As can be seen that the average length of Beijing
Denong, Lianchuang, Suyu 20, Liyu 88, and Suyu 29 were ranged
from 12.70 to 13.32 mm, 11.80 to 12.30 mm, 11.20to 11.84 mm,
10.90 to 11.42 mm, and 10.40 to 10.86 mm at the moisture content
of 11.2% to 21.3%, respectively. However, the average width of
maize grain was ranged from 8.10 to 8.45 mm, 7.30 to 7.82 mm,
7.12t0 7.81 mm, 6.90 to 7.21 mm, and 6.45 to 6.71 mm for Beijing
Denong, Lianchuang, Suyu 20, Liyu 88 and Suyu 29, respectively.
The average thickness of maize grains was ranged from 4.90 to
5.31 mm, 4.70 to 5.01 mm, 4.65 to 4.86 mm, 4.61 to 4.79, and 4.59
to 4.74 mm for Beijing Denong, Lianchuang, Suyu 20, Liyu 88,
and Suyu 29, respectively. Furthermore, the results of length,
width, and thickness indicated that increasing the moisture content
of the grain significantly increased the geometric dimensions.
Similarly, the highest length, width, and thickness were found at
moisture of 21.3%, and the lowest one was found at 11.2%
moisture content. Milani et al.?! also reported similar results for
cucurbit seeds.

The geometric mean diameter of maize grain was ranged from
7.95 to 8.39 mm for Beijing Denong, 7.36 to 7.80 mm for
Lianchuang, 7.17 to 7.64 mm for Suyu 20, 6.98 to 7.28 mm for Li
Fu 88, and 6.68 to 6.94 mm for Su Fu 29 as moisture content varies
from 11.2% to 21.3%. Moreover, the equivalent diameter of
maize grain varied from 7.79 to 8.24 mm for Beijing Denong, 7.25
to 7.68 mm for Lianchuang, 7.06 to 7.50 mm for Suyu 20, 6.88 to
7.18 mm for Li Fu 88, and 6.62 to 6.88 mm for Su Fu 29 when
moisture content varying from 11.2% to 21.3%. Further, the
arithmetic diameter of maize grain varieties was varied from 8.56
to 9.02 mm for Beijing Denong, 7.93 to 8.37 mm for Lianchuang,
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7.69 to 8.17 mm for Suyu 20, 7.47 to 7.80 mm for Li Fu 88, and
7.14 to 7.43 mm for Su Fu 29 when moisture content varying from
11.2% to 21.3%. This is similar to the results of the study of

sweet maize physical properties by Karababa and Coskuner® and
the measured data for dent maize kernels presented by Esref and
Nazmil®!,

Table 3 Dimensional properties of maize grain at moisture contents of 11.20%, 17.50% and 21.30%

Maize grain varieties MC/% L/mm W/mm T/mm Dg/mm De/mm D./mm
Beijing Denong 11.20% 12.7+#.05 8.140.95 4.9+.13 7.9540.20 7.7940.26 8.56+1.04
Beijing Denong 17.50% 13.21#4.21 8.3140.99 5.1941.24 8.2640.22 8.1140.28 8.90+.14
Beijing Denong 21.30% 13.324.20 8.45+41.15 5.3140.93 8.3940.23 8.2440.27 9.02+41.09
Lianchuang 11.20% 11.840.99 7.34.19 4.740.95 7.3640.17 7.2540.25 7.9341.04
Lianchuang 17.50% 12.19+.02 7.7340.94 4.92+.12 7.7140.19 7.5840.26 8.28+41.02
Lianchuang 21.30% 12.3#.10 7.82+1.23 5.0140.76 7.8040.20 7.6840.25 8.37+41.03
Suyu 20 11.20% 11.204.3 7.1241.09 4.6541.02 7.1740.16 7.0640.25 7.6944.47
Suyu 20 17.50% 11.72#4.01 7.38+41.07 4.78+.13 7.4140.18 7.3040.25 7.96+41.07
Suyu 20 21.30% 11.8440.98 7.8141.13 4.86+.13 7.6440.19 7.5040.26 8.17+41.08
Liyu 88 11.20% 10.90+.01 6.90+1.12 4.6140.87 6.9840.16 6.8840.24 7.4741.00
Liyu 88 17.50% 11.3040.99 7.0940.87 4.71#4.01 7.1840.17 7.0840.24 7.7040.95
Liyu 88 21.30% 11.424.07 7.2141.24 4.794084 7.2840.17 7.1840.25 7.80+41.05
Suyu 29 11.20% 10.4040.98 6.4541.17 4.594).72 6.6840.14 6.6240.22 7.1440.95
Suyu 29 17.50% 10.7320.98 6.62+1.03 4.6530.97 6.8440.15 6.7840.23 7.3340.99
Suyu 29 21.30% 10.86+1.11 6.7140.95 4.7440.85 6.9440.15 6.8840.23 7.4340.97

Note: The values were average valueszstandard deviation with a probability level of 95%.

MC is moisture content.

3.2 Moisture effects on dimensional properties
3.2.1 Sphericity

The results of the sphericity of the maize grain at different
moisture contents are presented in Figure 3a. The sphericity
varied from, 61.37%20.07% to 61.90%+0.08% for Lianchuang,
61.45%40.07% to 62.44%0.07% for Beijing Denong,
62.51%=0.09% to 63.38%=0.07% for Suyu 20, 62.69%=0.09% to
63.20%+0.07% for Liyu 88 and 63.18%=0.09% to 63.70%=0.09%
for Suyu 29. Furthermore, Suyu 29 had the highest sphericity
(63.70%0.08%) under moisture of 11.2% and Liang Chuang has
the lowest sphericity under moisture of 11.2%. The results of the
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Maize grain varieties
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c. Surface area

Lianchuang variety are in agreement with the results of Karababa et
al.l?® for sweet maize.
3.2.2 \olume

The results of the volume of maize grain at different moisture
contents are represented in Figure 3b. It was found that volume
increased with the increase of moisture content. The volume
varied from (280.80-14.79) to (329.95+16.94) mm?for Lianchuang,
(222.31+12.81) to (264.89+13.85) mm® for Beijing Denong,
(204.80412.69) to (248.67#14.29) mm® for Suyu 20,
(188.92+10.83) to (215.15+12.39) mm® for Liyu 88 and
(165.84249.47) to (186.27+10.15) mm? for Suyu 29, respectively.

400
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g 250
£
2 200
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2150
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Figure 3 Effects of moisture content on the dimensional properties of maize grain
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Furthermore, the lowest volume was observed for Suyu 29
((165.8449.47) mm®), whereas the highest was obtained for
Lianchuang ((329.95+16.94) mm®). These observations agree
with that from Deshpande et al.B” for gram, Altuntas and Yildizt®"
for faba bean and Javed et al.*

3.2.3 Surface area

The surface areas of maize grain at different moisture contents
are presented in Figure 3c. Surface areas varied from (113.01+
7.39) to (119.37+41.05) mm? for Liang Chuang, (76.0021.08) mm?
to (97.58+1.84) mm? for Beijing Denong, (63.39+1.70) mm? to
(82.341.12) mm? for Suyu 20, (57.3421.66) mm? to (75.49+1.25)
for Liyu 88 and (46.561.62) mm?to (57.661.89) mm? Suyu 29,
respectively.

Further, results proved that with increasing the moisture level
from 11.2% to 21.3%, the highest surface area was found for
Lianchuang (119.37#1.05). There was no significant difference
between different moisture contents for the same variety.

3.2.4 Aspect ratio

The aspect ratio of maize grain at different moisture contents is
presented in Figure 3d. The aspect ratio increased with the
increase of moisture content except for Suyu 29. The aspect ratio
varied from 63.78%20.15% to 65.01%0.15% for Lianchuang,
63.16%40.12% to 64.96%40.14% for Beijing Denong, 63.22%=+
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0.15% to 64.43%=0.15% for Suyu 20, 63.13%=0.16% to 64.13%=+
0.16% for Liyu 88, and 63.41%=0.17% to 64.09%= 0.15% for
Suyu 29, respectively. Figure 3d shows that aspect ratio increases
as moisture content increase except for Suyu 29 and Lianchuang,
the implies that swelling as a result of the increase in moisture was
pronounced in aspect ratio, which might be attributable to the
absorb moisture rate of grains accelerated with increased moisture
contents. Similar effects of moisture contents on the aspect ratio
of soybean were reported by Ilknur et al.=*!
3.3 Loading speed effect on vertical and lateral rupture force
3.3.1 \Vertical and lateral rupture force at moisture of 11.2%
Vertical and lateral rupture force of maize grain under different
loading speeds (5, 10, 15, 20, and 25 mm/min) at moisture of
11.2% are presented in Figures 4a and 4b. The vertical rupture
force of maize grain ranged from 428.81 N to 395.00 N for Beijing
Denong, 408.09 N to 367.00 N for Lianchuang, 385.08 N to
327.00 N for Suyu 20, 353.47 to 308 N for Liyu 88, and 239.43 to
205.00 N for Suyu 29 at loading speed of 5-25 mm/min and
moisture of 11.2%. Furthermore, the lateral force of maize grain
ranged from 842.31 to 796.00 N for Beijing Denong, 830.28 to
790.00 N for Lianchuang, 713 to 683 N for Suyu 20, 702.74 to
670.00 N for Liyu 88, and 799.49 to 758.00 N for Suyu 29 at
loading speed of 5-25 mm/min and moisture of 11.2%.

950
z 900
g 850 F =e— Beijing Denong
E’ 800 | M == Lian Chuang
‘z- .\"\ o= Su Yu 20
g 750 i
= —o— LiYu88
s 700 % —o— SuYu29
~ 650 +
600 1 L L L L

5 10 15 20 25
Loading speed/mm-min’'

b. Lateral rupture force of maize grain varieties at moisture of 11.2%

900
z 850 |
i —— Li
2 750 .\‘__‘"\* Lian Chuang
£ —e— Su Yu 20
2 700 | .
E N‘O\‘ —o— LiYu88
5 650 F
= \ ~e— Su Yu 29
= 600 -

550 1 L L L PR

5 10 15 20 25
Loading speed/mm-min’'
d. Lateral rupture force of maze grain at moisture of 17.5%

800
Zz 750
g =& Beijing Denong
“: 700 - =3 =e— Lian Chuang
«ga_ 650 ~o— Su Yu 20
= 600} s o TR
g ‘\O——u\.\. —e— SuYu?29
—~ 550 \

500 L L L L P
5 10 15 20 25

Loading speed/mm-min’'

f. Lateral rupture force of maize grain at moisture of 21.3%

Figure 4 Variation of vertical and lateral rupture force over loading speed of maize grain at different moistures

Maximum correlation (R?=0.9916) between lateral rupture
forces and loading speed was obtained for Suyu 29, whereas

minimum correlation (R?=0.9263) was obtained for Suyu 20 at
moisture of 11.2%. Similarly, the highest correlation (R?=0.8763)
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between vertical rupture forces and loading speed was found for
Lianchuang, while the lowest (R*=0.7002) was found for Suyu 29
at moisture of 11.2%. The sensitivity of maize grains to breakage
depended on grain moisture content from 15% to 30%%.
Moreover, vertical rupture force decreased with the increase of
loading speeds.

3.3.2 \Vertical and lateral rupture force at moisture of 17.5%

Vertical and lateral rupture force of maize grain under
different loading speeds (5, 10, 15, 20, and 25 mm/min) at
moisture of 17.5% are presented in Figures 4c and 4d. The
vertical rupture force of maize grain ranged from 395.97 to
360.00 N for Beijing Denong, 386.94 to 355.00 N for Lianchuang,
327.67 to 299.00 N for Suyu 20, 286.5 to 258.0 N for Liyu 88,
and 201.34 to 171.00 N for Suyu 29 at loading speed of 5-
25 mm/min and moisture of 17.5%. Further, the lateral force of
maize grain ranged from 834.5 to 799.0 N for Beijing Denong,
804.3 to 753.0 N for Lianchuang, 756.65 to 727.00 N for Suyu 20,
696.46 to 661.00 N for Liyu 88, and 646.61 to 615.00 N for Suyu
29 respectively, at loading speed of 5-25 mm/min and moisture of
17.5%.

Maximum correlation (R?=0.9953) between lateral rupture
forces and loading speed was obtained for Lianchuang, whereas
minimum correlation (R?=0.8902) was obtained for Suyu 20 at
moisture of 17.5%. Similarly, the highest correlation (R*=0.9957)
between vertical rupture forces and loading speed was found for
Liyu 88 while the lowest (R?=0.9207) was found for Suyu 20 at
moisture of 17.5%.

3.3.3 \Vertical and lateral rupture force at moisture of 21.3%

Results of vertical and lateral rupture force of maize grain over
loading speeds at moisture of 21.3% are displayed in Figures 4e
and 4f. The vertical rupture force of maize grain ranged from
328.2 to 275.0 N, 325 to 292 N, 310.5 to 260.0 N, 255 to 227 N,
and 215 to 180 N under the loading speed of 5-25 mm/min,
respectively for Beijing Denong, Lianchuang, Suyu 20, Liyu 88
and Suyu 29 at moisture of 21.3%. Further, the lateral force of
maize grain varieties ranged from 715 to 688 N, 712 to 688 N, 636
to 604 N, 585 to 555 N, 545 to 524 N for Beijing Denong,
Lianchuang, Suyu 20, Liyu 88, and Suyu 29, respectively, at
moisture of 21.3% and loading speed of 5-25 mm/min.

Maximum correlation (R?=0.9937) between vertical rupture
forces and loading speed was obtained for Suyu 20, whereas
minimum correlation (R?=0.9617) was obtained for Suyu 29 at
moisture of 21.3%.  Similarly, the highest correlation (R*=0.9923)
of lateral rupture forces was found for Lianchuang, while the
lowest (R?>=0.9021) was found for Suyu 20 at moisture of 21.3%.

From Figures 7-12, the results revealed that the highest vertical
and lateral rupture forces were obtained at moisture of 11.2% for
the same variety, whereas the lowest achieved at moisture of 21.3%.
This was because when the maize grains were compressed, further
absorption of water by shell made the grain interior swell up and
fill the clearance between the grain and shell.

Furthermore, while increasing the moisture content from
11.2% to 21.3%, lateral rupture forces decreased for Suyu 29.
Similar results were stated that the rupture force (dimension
behavior) decreased with increase in moisture levels of maize
grain®.  Babic et al.*® demonstrated that compressive strength
properties decreased as the moisture content of maize seeds
increased. A significant decrease in the linear limit of load was
observed with an increase of moisture of maize grain. Duncan’s
test showed noticeable (p<0.05) differences among the moisture
contents and maize grain varieties.

3.4 Interaction effects on vertical and lateral rupture force
3.4.1 Interaction effect of varieties and loading speed

Interaction effect of varieties and loading speed on vertical and
lateral rupture force are presented in Figure 5a. It indicated that
vertical and lateral rupture force varied from (380.64 to 342.33 N,
377.39 to 295.33 N, 341.04 to 295.33 N, 297.98 to 264.33 and
218.59 to 185.33 N) and (732.22 to 693.67 N, 747.26 to 708.67 N,
651.87 to 621.33 N, 611.39 to 578.67 N, 580.36 to 549.00 N) with
the change of loading speed for Beijing Denong, Lianchuang, Suyu
20, Liyu 88 and Suyu 29, respectively. Further, the highest
vertical and lateral rupture force was obtained by Beijing Denong
and Liang Chuang, respectively, and the lowest was by Suyu 29.

Moreover, the vertical and lateral rupture forces were
significantly different (p<0.05) for Suyu 29. Similarly, Duncan’s
multiple range test showed that vertical and lateral rupture forces
are significantly different (p<0.05) for all varieties.

3.4.2 Interaction effect of varieties and moisture contents

The interaction effect of maize grain varieties and moisture
contents on vertical and lateral rupture force are presented in Figure
5b. The data indicated that vertical and lateral rupture force
varied from (406.96 to 309.60 N, 381.81 to 301.82 N, 345.22 to
286.93 N, 322.96 to 241.80 N and 214.69 to 199.60 N) and (754.46
to 650.80 N, 764.06 to 649.40 N, 644.4 to 568.0 N, 636.14 to
518.00 N and 629.5 to 484.6 N) at the moisture of 11.2%, 17.5%,
and 21.3% for Beijing Denong, Lianchuang, Suyu 20, Liyu 88 and
Suyu 29 respectively. Furthermore, the highest vertical and lateral
rupture force (406.96 and 754.46 N) was observed for Beijing
Denong at 11.2% and 17.5%, respectively. Whereas, lowest
(199.6 and 484.6 N) were found at 17.5% and 21.3% for Suyu 29,
respectively.

Moreover, increasing the moisture content from 11.2% to
21.3%, lateral rupture force had decreased for Suyu 29. The
individual grains appeared more resistant to breakage under the
lateral loading than under the vertical loading due to sphericity and
aspect ratio. There are conflicting reports on the effect of
moisture content on the rupture force. Eckhoff et al.®” reported
that significant differences in peak force of both soft and hard
wheat were caused by differences in moisture content at levels of
9%, 11%, and 13%, respectively. The main elements of softness
and hardness were related to particle size index®®.  These
mechanical properties are often relevant to the designs,
improvement, and optimization of food processest2.

3.4.3 Interaction effect of moisture contents and loading speeds

The interaction effect of moisture contents and loading speeds
on vertical and lateral rupture forces are presented in Figure 5c.
The data indicated that vertical and lateral rupture force varied
from 362.78 to 286.71 N, 338.21 to 286.71 N, 322.6 to 268.8 N,
322.96 to 260.00 N, 320.4 to 246.8 N and 707.56 to 684.60 N,
697.71 to 679.40 N, 588.6 to 575.8 N, 673.8 to 661 N, 669.4 to
560.4 N with the change of moisture for loading speed of 5, 10, 15,
20 and 25 mm/min, respectively.

Furthermore, the highest vertical and lateral rupture force
(362.78 and 707.56 N) was observed at loading speed of 5 mm/min
and moisture of 11.2%. Whereas, lowest (246.8 and 560.4 N) was
found at loading speed of 25 mm/min and moisture of 21.3%. The
loading speed and moisture content significantly affected the
rupture force.

Hence the results illustrated that beyond the linear limit, the
rupture force increased at a faster rate than the loading speed.
This made it possible to evaluate the linear limit load beyond which
the load-ruptures force was no longer linear for each moisture level.



September, 2021 Chandio F A, et al. Influences of moisture content and compressive loading speed on mechanical properties of maize grain orientations Vol. 14 No.5 47

800
b k p £ Qs
700 - N
N
§ Amdu h
600 N N ARy ig, 5V
N \ \ AY EsL
N N N
Z 500 \ \ \ g1V
g \ \ \ 1oL
< \ \ \ 15V
o 400 - |; al | N N N
5 HH b N ¢ \ \ 151
B w00 N BHUHIN \ E20v
& N g N A AN EE20L
Y NI I =E
200 N 7 \ N AfNE 25L
N 4 N \
100 W \ \
N / N \
N A N N
o LALINTT] UNDIN, ANIIN, ALNIIN, AN
Beijing Lian Su Yu 20 LiYu8  SuYu29
Denong Chuang
Maize grain Varieties
a. Interaction effect of varieties and loading speed
800 . b g
7 ¢
700 F .
7 L & b i
600 | K 7 i
z M ZI 7 11.2% V
T s00f A m T 11.2% L
€ ols 1 % E217.5% V
g Zas Rz ell, . ; VZA17.5% L
a0t | ALY | AL |l E221.3% V
& 2 2 % AT | ]| G | D2213%L
200 A % % aldl| B kA
7 2 ZaNZ %
7ZhRZ 7 7 %
10041 7 7 7Nz 7
7 Z 700z 7
0 NZEE . M . )
Beijing Lian SuYu20 LiYu88 SuYu29
Denong Chuang
Maize grain Varieties
b. Interaction effect of maize grain varieties and moisture contents
800 -
700 F 1
600 c fom o
z B M 11.2%V
3 500 C311.2%L
2
€ ook E317.5% V
5 7 b 5 d ) 17.5% L
2 300 | Z g0 | B 321.3% V
£ Z Z % 7 CI21.3% L
200 %
zZ Z v Z
% % % %
100 H Z Z 2
Z Z Z %
Nz N7z . ) 11,
10 15

Loading speed/mm-min’'

c. Interaction effect of moisture contents and loading speeds
Note: Legend represents vertical/lateral rupture force under a certain loading
speed/moisture content, e.g., 5 V represents vertical rupture force under loading
speed of 5 mm/min.

Figure 5 Interaction effects on vertical and lateral rupture force

3.5 Mechanical properties at the rupture point
3.5.1 Deformation at the rupture point

The mean values of vertical and lateral deformation of maize
grain for three moisture contents and five varieties are presented in
Figure 6a. The average values were ranged from 0.65 to 1.88 mm
for vertical deformation and 0.52 to 0.81 mm for lateral
deformation at three moisture contents (11.2, 17.5, and 21.3%) for
five varieties (Beijing Denong, Lianchuang, Suyu 20, Liyu 88 and
Suyu 29), respectively. Furthermore, the highest moisture content
provides flexibility and elasticity to grain varieties during
deformation at the rupture point. Higher moisture content and
lower loading speed resulted in more mechanical damage. Similar
trends were reported by Lupu et al.
3.5.2 Hardness at the rupture point

The mean values of the vertical and lateral hardness of maize

grain for three moisture contents and five varieties are presented in
Figure 6b. The average values were ranged from 711.06 to
381.65 N/mm for vertical hardness and 91.10 to 370.99 N/mm for
lateral hardness at three moisture contents (11.2%, 17.5%, and
21.3%) for five varieties (Beijing Denong, Lianchuang, Suyu 20,
Liyu 88 and Suyu 29), respectively. The effect of moisture
content on hardness was found to be significant (p<0.05). The
hardness of maize grain showed significantly (p<0.05) different at
three moisture contents. Further results revealed that the highest
vertical hardness was obtained for 17.5%. The results are in
agreement with those reported by Soomro et al.l“? for rough rice.
Water absorption behavior associated with hardness was reported
to be dependent on grain geometric size, shapes, and physical
structure.  According to the report by Armstrong et al.l*,
hardness was often used to reflect the ratio of hard (corneous or
vitreous) to soft (starchy) endosperm.
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Figure 6 Effects of moisture content on the mechanical properties
of maize grain at the rupture point

3.5.3 Toughness at the rupture point

The mean values of vertical and lateral toughness of maize
grain for three moisture contents and five varieties are presented in
Figure 6c. The average values were ranged from 3.63 to
2.95 MJ/mm?® for vertical toughness and 1.87 to 1.15 MJ/mm? for
lateral toughness at three moisture contents (11.2%, 17.5%, and
21.3%) and five varieties (Beijing Denong, Lianchuang, Suyu 20,
Liyu 88 and Suyu 29), respectively. The results of Beijing
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Denong, Lianchuang, Suyu 20, Liyu 88, and Suyu 29 of maize
grain varieties ranged from 3.63 to 2.95 and 1.87 to 1.15 MJ/mm®
for Beijing Denong, Lianchuang, Suyu 20, Liyu 88 and Suyu 29)
towards 11.2%, 17.5%, and 21.3%. Furthermore, the highest
toughness was obtained towards Suyu 20 towards vertical and
lateral orientations, whereas the lowest was obtained for Suyu 20.
The vertical toughness of the Suyu 20 was found significantly
higher (p<0.05) than that of other varieties at higher moisture
content.  Furthermore, increasing the volume of maize grains
increased the moisture content, while energy absorbed decreased.
According to the definition of toughness mentioned above, the
reason for this decrease results from the fact that the energy
absorbed by the grain decreased and the volume of grain increased
as the moisture content of the grains increased. —Toughness
decreased with increases of moisture content from 7.78% to
16.72%. The toughness of maize grains at the rupture point was
reduced by increasing moisture content from 10% to 30% 12,

4 Conclusions

The moisture content and loading speed significantly affected
the physical and mechanical properties of maize grain. The mean
length, width, thickness, geometric mean diameter, equivalent
diameter, arithmetic diameter, sphericity, volume, surface area, and
aspect ratio of maize grain showed response with the change of
moisture contents (11.2%, 17.5%, and 21.3%). The minimum
rupture force, hardness, and toughness were obtained at moisture
contents of 21.3%, whereas the maximum corresponded to the
moisture of 11.2%. Furthermore, increasing the moisture content
from 11.2% to 21.3%, vertical and lateral rupture forces, hardness,
and toughness decreased. The highest lateral and vertical rupture
forces were noticed (p<0.05) at loading speed of 5 mm/min.
Moreover, increasing the loading speed from 5 to 25 mm/min,
vertical and lateral rupture forces decreased. It is concluded that
the properties of maize grain were related to the design of planters,
harvesters, threshers, and processing machines.
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