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Abstract: The mechanical properties of fresh lotus seeds are still poorly understood, which complicates the design of 

mechanical shelling machinery.  Therefore, this work carried out four-factor orthogonal tests to determine the maximum 

permitted compressive force and minimum necessary shearing force to shell fresh lotus seeds without rupturing the kernel.  It 

was found that the mean compression force that cracked the fresh lotus seed and led to kernel rupture was 213.03 N.  Both the 

compressive force and the seed deformation upon kernel rupture were affected, in descending order of significance, by loading 

mode, seed grade, loading rate, and seed standing time.  On the other hand, the shearing force needed to shell the seeds had a 

mean value of 7.84 N, far less than the compressive force that cracked the seed shell.  The shearing force was affected, in 

descending order of significance, by seed standing time, tip angle of cutter blade, and loading rate, but not significantly affected 

by seed grade.  The results suggested that mechanical shelling of fresh lotus seeds should ideally be carried out for fresh lotus 

seeds with a standing time of no more than 6 h using a cutter blade with an angle of about 40° at a loading rate of 30-90 mm/min. 
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1  Introduction

 

Lotus seed is highly nutritious and contains abundant fat, 

starch[1], flavonoids[2,3], and other functional substances.  The 

annual production of lotus seed in the Fujian Province reached 

12 205 t in 2017[4], corresponding to a GDP of about 1.8 billion 

Chinese Yuan.  The highly popular “Jianlian” variety of lotus 

seeds is mainly produced in Jianning, Wuyishan, and other 

localities in Fujian.  Jianlian is also known as the “Decored White 

Lotus”, since it is processed from fresh lotus via multiple steps 

including shelling, membrane removal, coring, drying, etc.[5] 

Shelling is a highly important step in processing fresh lotus seeds 

and directly affects the appearance and the price of the finished 

product, because the delicate seed is susceptible to damages from 

the squeeze, scratch, etc.  The damaged seed will turn yellow and 

wrinkle after drying and become less tasty, and will without any 

doubt sell poorly.  As of today, mechanical shelling damages lotus 

seeds much more easily than manual shelling, and this situation has 

seriously obstructed the application of mechanized processing of 

fresh lotus seeds at a larger scale[6,7]. 

Needless to say, the mechanical properties of materials are the 

starting point in developing and improving production machinery.  

Extensive studies have been dedicated to the mechanical properties 

of agricultural materials including lychee[8-10], stalk[11-13], 

peach[14,15], pomegranate[16], hazelnut[17], etc., and it was found that 

the mechanical properties of materials being processed depended 
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greatly on externally applied forces.  In the mechanical shelling 

process, the seed is pressed and rubbed to separate the kernel from 

the shell on which a circle had been cut by the blade.  Regrettably, 

existing reports on the mechanical properties of lotus seeds during 

processing most focus on dry lotus seeds[18-21], which differ 

significantly from those of fresh lotus seeds.  Xie et al.[21] 

established a finite element model to analyze lotus seeds under 

static positive pressure and assessed the stress and strain of lotus 

seeds under different loading modes.  Ye et al.[19] studied white 

lotus and red lotus with a dry shell to inspect their physical 

parameters such as density, water content, outer dimensions, etc.  

Zhao et al.[22] compared the shell of dried red lotus seed with the 

chestnut shell to examine their microstructures and 

nano-mechanical properties.  

With regards to the mechanical properties of fresh lotus seeds, 

Zhou et al.[23] studied the physical and mechanical properties and 

cutting characteristics of lotus seeds, and Ma et al.[24,25] studied 

the mechanical coring of fresh lotus and the mechanical 

properties of lotus kernel.  However, neither investigated the 

material characteristics of the shell of fresh lotus seeds.  Zhu et 

al.[26] measured the shearing force needed to shell fresh lotus 

seeds as well as the firmness of the lotus kernel.  Nevertheless, it 

remains to be clarified how these mechanical properties of fresh 

lotus seeds depend on variables such as standing time, loading 

mode, etc.  Therefore, this work aims to study the compression 

and shearing properties of fresh lotus seeds in relation to loading 

mode, seed grade, loading rate, standing time, etc. to thus 

establish a theoretical basis for developing devices for 

mechanical shelling. 

2  Materials and methods 

2.1  Materials 

The test samples (variety “Jianxuan #17”) were fresh lotus 

seeds produced at the Wufu Town of the Wuyishan City in the 

Fujian Province of China.  The samples had an oval shape with 

the long axis and the short axis ranging in 23.20-26.20 mm and 
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17.00-19.30 mm, respectively.  They were tested on an AG-Xplus 

electronic universal testing machine (Shimadzu, Japan). 

2.2  Methods 

2.2.1  Compression 

Lotus seeds are constantly under external compressive force 

during the shelling.  Hence, the compression experiment aimed to 

determine the maximum force that the lotus kernel could withstand 

before it was damaged, so as to guide the design of gripping, 

pressing, and shelling devices in the future.  Shell compression 

and kernel rupture were tested separately.  

Shell rupture was tested by compressing fresh whole lotus seed 

under horizontal or vertical loading (Figure 1) until shell rupture to 

record the compressive force and the shell deformation during the 

process. 

 
a.  b. 

 

1. Top plate  2. Lotus seed  3. Clamp  4. Bottom plate 

Figure 1  Schematic diagram of (a) horizontal and  

(b) vertical compression of lotus seed 
 

Kernel rupture was tested with fresh whole lotus seeds to 

examine the seed deformation as well as the compressive force that 

ruptured the kernel.  The influences of the four factors were 

evaluated.  The factors included the loading mode (factor A), the 

seed grade (factor B), the loading rate (factor C), and the standing 

time of the lotus seed (factor D).  With regards to loading mode, 

compression was applied either vertically (on the long axis) or 

horizontally (on the short axis).  The grade of the lotus seed fell 

into four categories based on the length of its short axis, i.e., grade 

S1 for <17.5 mm, grade S2 for 17.5-18.1 mm, grade S3 for 

18.1-18.7 mm, and grade S4 for >18.7 mm.  Four levels of 

loading rate were considered.  The standing time of the seed, 

which also had had four levels, was the time elapsed since the seed 

had been peeled from fresh lotus and stored (at 28°C and 75% 

relative humidity).  Fresh lotus was harvested on the same day of 

the experiment, and seeds that stood for less than two hours after 

peeling from fresh lotus were considered to have a standing time of 

0 h.  Table 1 shows the detailed setting of the examined factors. 
 

Table 1  Factors and levels of the orthogonal compression test 

of fresh lotus seeds 

Level 

Factor 

A B/mm C/mm·min
−1

 D/h 

1 Horizontal S1 (<17.5) 20 0 

2 Vertical S2 (17.5–18.1) 40 17 

3  S3 (18.1–18.7) 60 24 

4  S4 (>18.7) 80 36 
 

A dummy-level orthogonal test design was adopted using the 

four-level L16(4
5) orthogonal test scheme.  Compression was 

carried out by placing the lotus seed on a static bottom plate and 

pressing it with a top plate from above (Figure 1).  Each test was 

repeated with eight lotus seeds and the force–deformation curve 

during compression was recorded to determine the compressive 

rupture force.  The influence of the four factors (i.e., loading mode, 

seed grade, loading rate, and standing time) was then evaluated. 

2.2.2  Shearing 

Shearing was examined by considering the following factors: 

the tip angle of the cutter blade (denoted as factor E), seed grade 

(factor B), loading rate (factor C), and standing time (factor D).  

Four blade angles were considered (Figure 2).  Four grades of the 

lotus seed were considered similarly as described in the previous 

section.  The loading rate and the standing time each considered 

eight levels as described in Table 2.  An orthogonal test design 

using the L16(2
15) scheme with the dummy-factor method was 

adopted (Table 3).  Figure 3 shows the loading mode during the 

test.  The lotus seed was fixed on the bottom plate, and the cutter 

blade moved downward to push into the shell and cut it open.  

Each test was repeated eight times (i.e., eight lotus seeds were 

measured) and both the shearing force and the shear stroke curve 

were recorded.  The shearing force during shelling was determined 

accordingly, and the influence of the four factors was examined. 

 
a. 25° b. 40° c. 45° d. 90° 

 

Figure 2  Cutter blade of various angles 
 

Table 2  Factors and levels of the orthogonal test for the 

cutting test of fresh lotus seeds 

Level 

Factor 

E B/mm C/mm·min
−1

 D/h 

1 25° S1 (<17.5) 10 0 

2 40° S2(17.5–18.1) 30 6 

3 45° S3 (18.1–18.7) 50 9 

4 90° S4 (>18.7) 70 12 

5   90 18 

6   110 24 

7   130 36 

8   150 48 
 

Table 3  Design of the L16(2
15) orthogonal cutting test 

Factor Empty Column B D E C Blank column 

Column 
Number 

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

 
a.                             b. 

1. Blade driver  2. Cutter blade  3. Lotus seed  4. Clamp  5. Bottom plate 

Figure 3  Schematic in (a) front view and (b) side view of lotus 

seed cutting 
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3  Results and discussion 

3.1  Analysis of compression process 

3.1.1  Kernel rupture and shell cracking under compression 

Appropriate shelling not only depends on the mechanical 

properties of the kernel and the shell but also the internal structure 

of the fresh lotus seed.  Figure 4 shows that the fresh lotus seed is 

mainly composed of four parts, i.e., the shell, the membrane, the 

kernel, and the core.  The membrane wraps tightly on the kernel.  

The shell is about 0.92-1.10 mm thick, and a gap of about 

0.01-0.36 mm exists between the membrane and the shell.  This 

gap makes it possible to shell the seed without damaging the 

kernel. 

 
Figure 4  Sectional view of fresh lotus seed 

 

Table 4 shows that the capacity of the seed to withstand 

compression was anisotropic and depended on the loading direction 

since the relative seed deformation and the instantaneous 

compressive force upon shell cracking were greater when loading 

was applied vertically than horizontally.  Hence, fresh lotus seeds 

appeared to be more resistant to compression in the vertical 

direction than in the horizontal direction.  Figure 5a shows that 

when the seed was compressed vertically, the cracks were parallel 

to the direction of loading and the initial cracks appeared in the 

middle of the seed.  In contrast, Figures 5b-5d shows that when 

the seed was compressed horizontally, the cracking pattern was 

much more irregular in both position and direction.  Specifically, 

the direction of the cracks appeared to be random, and the initial 

cracks appeared mostly in the middle but were also formed at the 

ends.  The results showed that fresh lotus seed differed 

significantly from lychee, longan, etc. in terms of compression 

since the cracks on the shell of lychee and longan only extend 

along the direction of the compressive force and only appear in the 

middle[8,9,27]. 
 

Table 4  Mechanical parameters of fresh lotus seed under 

compression 

Loading 
Instantaneous compressive 

force/N* 

Relative seed deformation 

/%* 

Vertical 275.10 32.06% 

Horizontal 150.95 25.17% 

Note: * Values recorded at the instant of shell cracking 

 
a. b. c. d. 

 

Figure 5  Crack patterns of fresh lotus seeds subject to (a) vertical 

compression and (b–d) horizontal compression 
 

3.1.2  Seed deformation under compression 

The fresh lotus seed is usually compressed horizontally in  

mechanical shelling.  Figure 6 shows the relationship between 

seed deformation and compressive force during horizontal 

compression, where two obvious turning points could be noted.  

The first point corresponded to kernel rupture, which was 

associated with a sudden decrease of pressure.  The pressure 

continued to increase with rising seed deformation afterward and it 

ultimately cracked the shell, i.e., the second point on the curve.  

The observed pattern differed from the situation of other fruits like 

lychee.  It was reported that lychee showed only one turning point 

on its graph[9], i.e., the lychee shell cracked and the pressure 

declined drastically as soon as the compressive force was enough 

for the shell to crack.  This can be rationalized as follows.  The 

lychee pulp is soft and has a higher water content (80% wb on 

average), whereas the kernel of fresh lotus seed is harder and has 

less water content (61% wb on average).  Consequently, the lotus 

seed showed stronger resistance against pressure after kernel 

rupture with extra protection from the shell, which was why the 

sudden pressure drop upon kernel rupture was much less prominent.  

Figure 6 also showed that there was no obvious point of stress yield 

during compression.  Regression between seed deformation (from 

zero to kernel rupture) and compressive force showed a significant 

linear correlation (R2=0.99197). 

 
Figure 6  Relationship between seed deformation and compressive 

force during horizontal compression, where two obvious turning 

points could be noted (horizontal compression of grade S1 fresh 

lotus seed at 20 mm/min, the standing time of which was 0 h) 
 

3.2  Orthogonal test of compression 

Figure 7a shows the instantaneous compressive force upon 

kernel rupture and Figure 7b shows the corresponding seed 

deformation.  The rupture force ranged in 102.90-337.10 N with a 

mean of 213.03 N, and the seed deformation ranged in 3.51-   

9.41 mm with a mean of 6.26 mm. 

Variance analysis showed that the compressive rupture force 

was significantly influenced by the loading mode, seed grade, 

loading rate, and standing time (p<0.01 for all four factors), with 

the degree of influence falling in the order of loading mode, 

loading rate, standing time, seed grade.  Seed deformation was 

significantly influenced by loading mode (p<0.01), loading rate 

(p<0.01), standing time (p<0.01), and seed grade (p<0.05), and the 

degree of influence fell in the order of loading mode, standing time, 

loading rate, seed grade.  

Figure 8 shows the impact of each factor on the compressive 

force and seed deformation upon kernel rupture.  Figure 8a shows 

that for fresh lotus seeds, kernel rupture occurred more easily when 

compression was applied horizontally instead of, vertically when 

the lotus seed was of grade S1 instead of grade S4 (little difference 

was observed between grade S2 and grade S3), when the loading 

rate was high, and when the standing time was longer than 17 h.  

A similar trend was observed for seed deformation in Figure 8b as 

well.  Since the lotus seed is porous, its shell starts to lose 
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moisture when it is not protected by the lotus pod but exposed to 

air.  As a result, the shell loses moisture sooner than the kernel 

and firstly softens, then toughens, and finally loses elasticity.  

Nevertheless, after a standing time of 17 h, the kernel also starts to 

lose moisture from its surface and becomes less brittle, which 

would then increases the compressive force upon kernel rupture. 

 
a. Compressive force upon kernel rupture  b. Seed deformation upon kernel rupture 

 

Figure 7  Orthogonal test results of the compression of fresh lotus seeds influenced by the loading mode, seed grade, loading rate,  

and standing time 
 

 
a. Compressive force  b. Seed deformation upon kernel rupture 

 

Figure 8  Impact of the factors of the loading mode, seed grade, loading rate, and standing time 
 

3.3  Orthogonal test of shearing 

Figure 9 showed that as the shear stroke increased, the shearing 

force increased until the blade cut through the shell, at which time 

the shearing force declined suddenly because of the gap between 

the shell and the kernel.  When the stroke increased further, the 

blade cut into the kernel and the shearing force continued to 

increase.  Hence, the shearing force at the turning point on the 

curve was considered as the shearing force of shelling. 

 
Figure 9  Relationship between seed shearing force and shear 

stroke 
 

Figure 10 shows that the shearing force of shelling the seed 

ranged from 1.64-27.31 N with a mean of 7.84 N, which was much 

smaller than the compressive force that cracked the seed.  The 

shearing force was significantly affected by standing time, blade 

angle, and loading rate (p<0.01 for all), but not by seed grade 

(p>0.05).  The degree of influence is blade angle (factor E), 

standing time (factor D), loading rate (factor C), and seed grade 

(factor B) in descending order. 

 
Figure 10  Orthogonal test results of shearing force of shelling 

rupture the fresh lotus seeds 
 

It can be seen from Figure 11 that seed grade had a negligible 

influence on the shearing force.  Among cutter blades of different 

angles, the mean shearing force of blade #2 (40°) was the lowest, 

followed by blade #1 (25°), blade #3 (45°), and blade #4 (90°). 

Fisher’s least significant difference (LSD) test of the shearing 

force showed that a significant difference existed between cutter 

blade #4 and cutter blades #1, #2, and #3, but not among cutter 
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blades #1, #2, and #3.  Thus, a blade angle of approximately 25°-40° was recommended. 

 
Figure 11  Influence of the factors of the loading mode, seed grade, loading rate, and standing time on the shearing force of shelling 

 

It was found that the shearing force of shelling was minimal 

(2.11 N) when the standing time was 9 h and increased drastically 

afterward with extended-standing time due to intensified moisture 

loss of the shell.  Fisher’s LSD test showed that no significant 

difference existed in the shearing force between seeds with a 

standing time of 6 h and 9 h.  In the current mechanical shelling 

process, the blade firstly cuts a circle along the short axis, and the 

seed is then pressed and rubbed to separate the kernel from the 

shell.  It was found that when the standing time of the seed was 

more than 6 h, the separation of the kernel from the shell was much 

less successful because the shell had softened due to loss of 

moisture.  Therefore, the fresh lotus seed should ideally have a 

standing time of no more than 6 h. 

The shearing force of shelling decreased gradually when the 

loading rate increased from 10 mm/min to 90 mm/min and then 

increased gradually as the loading rate escalated further from    

90 mm/min.  Fisher’s LSD test showed that no significant 

difference existed among the four levels of loading rate at 30-   

90 mm/min or among the three levels of loading rate at 110-    

150 mm/min.  Therefore, applying a loading rate of 30-90 mm/min 

would help shell the fresh lotus seed. 

4  Conclusions 

There was no obvious point of stress yield during the 

compression of fresh lotus seed, and the kernel ruptured first before 

the shell cracked.  Fresh lotus seed had greater resistance to 

compression in the long shaft direction than in the short shaft 

direction. 

Orthogonal tests of compression showed that the influence of 

individual factors on the compressive force upon kernel rupture 

(p<0.01 for all factors) ranked in the descending order of loading 

mode, loading rate, standing time and seed size, and the influence 

of individual factors on kernel deformation ranked in the 

descending order of loading mode (p<0.01), standing time (p<0.01), 

the loading rate (p<0.01) and seed size (p<0.05). 

Orthogonal tests of shearing showed that fresh lotus seeds were 

far more easily shelled by shearing than cracked by compression.  

The influence of individual factors on shearing rupture force 

ranked in the descending order of blade angle (p<0.01), standing 

time (p<0.01), loading rate (p<0.01) and seed size (p>0.05).  Seed 

size had minimal influence on the shearing rupture force. 
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