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Abstract

In order to address the problems of high mechanical damage rate (MDR) and poor variety
adaptability in mechanical peanut shelling, this paper improves a small, flexible arc-plates
drum-—circular grid bar concave screen-type peanut-shelling device. Firstly, by combining
the Hertz theory and the Weibull distribution model, the shelling and separation models of
drums of rigid rods and flexible arc-plates were established. Through comparative analysis,
it was verified that the latter has a lower MDR and energy consumption and has excellent
shelling performance. Then, through single-factor experiments and an Analysis of Variance
(ANOVA), the influence laws of peanut moisture content, drum speed, shelling spacing,
and hardness of flexible material (silicone) on the MDR and shelling efficiency (SE) were
explored. Subsequently, Box-Behnken’s four-factor three-level regression experiments were
carried out, and the optimal shelling operation parameters were obtained by using the
response surface multi-objective optimization method (RSM) and verified experiments.
The results show that when moisture content is 11%, drum speed is 227 rpm, shelling
spacing is 24 mm, and silicone hardness is 40 HA, the kernel’s MDR after shelling is 4.73%,
which is reduced by 5.51% and the SE is 95.21%, which is increased by 3%. The R? and
the Root Mean Square Error (RMSE) of the actual value versus the predicted value of the
model were 0.9921, 0.9624, 7.99 x 102, and 3.1 x 1073, respectively. The relevant research
provides references for reducing losses, improving quality, and applying new materials for
components in mechanical peanut shelling.

Keywords: peanut shelling; low-loss; multi-objective optimization; model prediction

1. Introduction

Peanuts (Arachis hypogaea L.), as a globally significant oilseed and cash crop, hold
a pivotal position in the agricultural economy [1]. The global peanut planting area is
approximately 3.11 x 107 hectares and the output reaches 5.42 x 10 tons, mainly dis-
tributed in regions such as China, India, and Africa [2]. As a major peanut producer, China
has extensive planting areas and continuously increasing yields, with its output value
showing a structural growth trend. The peanut industry plays a key role in ensuring the
supply of edible oil, the demand for raw materials in food processing, and export earnings
in China [3-5]. According to the latest official data from the FAO [6] in 2023, China’s
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peanut-planting area reached 4.85 x 10° hectares, accounting for 15.69% of the global total,
ranking second in the world. The output was 1.93 x 107 tons, accounting for approximately
35.5% of the global total, ranking first in the world. Peanut production areas in China are
spread all over the country and are widely scattered. They are mainly cultivated by a large
number of small-scale farmers. Each region has its own specific peanut varieties, which are
complex and have significant differences in physical-mechanical properties. The United
States is one of the few developed countries that have achieved large-scale peanut culti-
vation. Its shelling and processing technology is relatively mature and highly compatible
with the variety of types, and the operation quality can sufficiently meet domestic peanut
processing needs. Although some Chinese enterprises have introduced its technology and
equipment, the poor compatibility of the equipment and local peanut varieties has led to
unsatisfactory operation quality. Therefore, China still needs to carry out independent
innovation of technology in combination with local production experience models and
variety characteristics [7]. Meanwhile, in 2025, the Chinese government explicitly stated
that they would begin “exploiting the potential of peanut varieties expansion”, which also
brings excellent development opportunities for the research on peanut shelling technology
and the development of equipment.

The shelling stage is one of the core steps in the production and processing of peanuts
to realize their value transformation. Peanuts are highly susceptible to aflatoxin infection.
The exposure of tissues due to mechanical damage during shelling increases the risk of
mold [8]. In addition, peanuts for sowing require that the kernels are undamaged, the seed
coats have no cracks or shedding, and the process must be suitable for the low-damage
shelling of multiple peanut varieties, with extremely high requirements for mechanical
shelling technology. Therefore, high-quality and low-loss shelling technology and opera-
tion equipment have increasing significance for improving the quality of peanut products,
reducing processing losses, ensuring the demand for edible oil, seed use, and food safety. In
recent years, the optimization of peanut mechanical shelling technology has mainly focused
on four major directions: (1) designing different shelling principle methods or improving
the structure of the machinery [9-13]; (2) constantly improving the process parameters of
shelling processing [14]; (3) studying the process-influencing factors such as the character-
istics of peanut varieties, moisture content, and temperature [15-20]; and (4) reducing the
damage to the kernels during processing by adopting flexible methods [21,22]. However,
the existing shelling techniques and equipment still have certain limitations in practical
applications. On the one hand, due to the inherent characteristics of mechanical structure,
shelling materials, and action methods, the kernels still suffer from a relatively high MDR,
which seriously affects the quality and commercial value of peanuts and reduces the eco-
nomic benefits of farmers and processing enterprises [23,24]. On the other hand, there
has been no systematic optimization of mechanical shelling processing in multiple aspects
in combination with the characteristics of peanuts, process factors, equipment structure
parameters, and component materials. The adaptability to different varieties, different
moisture contents, and different maturity levels of peanuts during processing is poor, result-
ing in significant fluctuations in peanut processing quality, making it difficult to meet the
high-quality shelling production requirements [17,25]. Therefore, it is of great significance
to further optimize the comprehensive performance of peanut shelling technology.

Unlike the centralized peanut cultivation and industrialized shelling in developed
countries like the United States, the production model of independent shelling by Chi-
nese peanut growers determines that medium-small sized shellers with simple structures
and lower costs are preferred by the vast number of small-scale farmers in China [26].
Accordingly, based on the small peanut shelling machine, this paper focuses on flexible
shelling and loss reduction, and proposes an optimization scheme for the structure of key
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components by introducing the concept of a rigid—flexible combination. A set of arc-plate
drum-circular grid bar-type peanut shelling machines with replaceable outer flexible com-
ponents and adjustable parameters is improved. By establishing the shelling and separation
models before and after component optimization, the superior performance of its structure
is analyzed and verified. Furthermore, through systematic experimental research, the
influence mechanisms of shelling quality and kernel damage were explored. Moreover, in
combination with characteristics such as the moisture content of peanuts, multi-objective
optimization of shelling process parameters was carried out. The overall optimization
design flow is shown in Figure 1. The research results provide theoretical, technical, and
equipment support for improving the shelling performance and loss reduction technology
of peanuts and promoting the sustainable development of the peanut processing industry.
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Figure 1. Overall optimization design flow of the peanut-shelling device.

2. Materials and Methods
2.1. Structure and Working Principle of Peanut-Shelling Device

The small, flexible arc-plates drum-type peanut-shelling equipment mainly consists
of a feeding hopper, shelling chamber, drive pulley, fan, impurity removal port, discharge
outlet, motor, frequency converter, universal wheels, and machine frame. The overall
structure and parameters of the machine are shown in Figure 2 and Table 1 below. The
enlarged part in the figure is the shelling chamber, in which the shelling drum and the
concave screen are the key components of the machine, having the greatest impact on the
peanut-shelling effect and the damage to the kernels.
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Figure 2. Structural diagram of small, flexible arc-plates drum peanut sheller. Key: 1—universal
wheels, 2—machine frame, 3—discharge outlet, 4—fan, 5—fan baffle, 6—drive pulley, 7—feed hopper,
8—shelling chamber, 9—concave screen, 10—shelling drum, 11—frequency changer, 12—impurity
removal port, 13—power switch, 14—electric motor, and 15—side door switch.

Table 1. Parameters of small, flexible arc-plates drum peanut sheller.

Parameters Value
Overall dimensions (mm) 1160 x 680 x 410

Motor power/Rated speed (kW /rpm) 1.5/1400
Fan speed range (m/s) 6-10

Shelling drum diameter/length (mm) 208/148
Shelling drum rotational speed (rpm) 0-275

Shelling chamber-drum side clearance (mm) 21

Drum-concave screen gap adjustment range (mm) 20-32
Concave screen grid bar spacing range (mm) 7-12

When the equipment is operating, the power system synchronously drives the shelling
drum and the fan via the motor and the transmission pulley. The peanut pods awaiting
processing are introduced into the shelling chamber through the feeding hopper. Under
the interaction between the shelling drum and the concave screen, the shells are efficiently
broken through the combined effects of impact shearing, squeezing, and rubbing, etc., by
the flexible arc-plates. The drum’s side-strips rotate with the drum at high speeds to disturb
the materials, enhancing the agitation effect within the cavity to improve shelling efficiency.
After shelling, the mixture (kernels—shells-impurities) falls through the concave screen
holes into the guiding chute. During this process, the impurity removal fan generates a
directional airflow field. Pneumatic separation is achieved by utilizing the difference in
suspension speed between the shell and kernel materials. Light impurities such as broken
shells are blown away along the upper guiding chute through the impurity removal port,
while the heavier intact kernels are collected via the lower guiding chute to the discharge
port, completing the separation of kernels and shells. The structure and working principle of
peanut shelling and shell-kernel separation are shown in Figure 3 below. After equipment
optimization, the following can be achieved: (1) continuous and controllable feeding of
the feed hopper, (2) linear adjustment of the drum/fan rotation speed as required, and
(3) portable disassembly and replacement of flexible components and rapid cleaning and
replacement of concave screens. These improvements significantly enhance the adaptability
of the machine to different varieties and can meet the application scenarios of multi-variety
shelling such as breeding. The optimized design details of the components are shown in
Figure 4.
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Figure 3. Structure and principle of shelling and shell-kernel separation.
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Figure 4. Components’ detailed optimization design.

2.2. Design and Selection of Key Components for Flexible Arc-Plates Drum-Type Sheller
2.2.1. Selection Test for Low-Loss Shelling Structure

According to data retrieval and market research [27], the drum—concave screen-type
sheller has been widely used. Its drum types usually include open rigid/elastic rods/plates
type and closed rubber drum types, etc. The open rigid/elastic rods/plates-type drum is
composed of three rods/plates evenly distributed at 120° intervals around the shaft. These
rods/plates are rigidly connected to the shaft or elastically connected through high-ductility
cold-rolled steel strips. When the drum rotates, it forms an incompletely closed circle, while
the closed rubber drum type forms a completely closed circle. The main types of concave
screens include woven mesh screens, punched screens, and grid bar screens, as shown
in Figure 5a After years of market verification, woven screens have been phased out due
to problems such as poor rigidity, easy deformability, and often resulting in a high MDR
of the kernels. Although the punched screen has sufficient strength, the screen’s surface
utilization coefficient is low and the shelling efficiency is not high, which has also led to a
gradual decrease in its application rate. In contrast, the performance of the grid bar screen
is superior. Therefore, we directly selected the grid bar screen as the concave screen type. In
order to explore which drum type has better performance, the above three types of drums
were installed in sequence on the same small peanut sheller and a comparative selection test
was conducted on these three types of drums, as shown in Figure 5b. Shelling operations
were carried out on three types of peanut varieties, namely “Suhua 0537”7, “Suhua 0106”,
and “Suhei Hua No. 17, a total of 9 groups of tests were carried out, with each group
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repeated 3 times; after sampling inspection, the average values of the shelling indicators
were recorded and the shelling quality was compared.

Figure 5. Different structural forms of key shelling components. (a) Three types of concave
screen-woven mesh/punched/grid bar types; (b) three types of shelling drum: open rigid/elastic
rods/plates type and closed rubber drum type.

2.2.2. Design of Flexible Arc-Plates Shelling Drum

After the selection test, the basic shelling structure was determined to be the open
rigid rods/plates drum—grid bar concave screen type. According to work experience, the
rod components mainly act by means of impact, which may result in a relatively high
energy output and damage probability to the peanuts. Meanwhile, the rods and the peanuts
can be regarded as in linear contact, with a relatively small contact area and low shelling
efficiency. It is assumed that if the drum is improved with rigid and flexible composite
arc-plates with surface contact, it can not only increase the contact area with peanuts to
improve the shelling efficiency but also reduce the impact to decrease the probability of
kernel damage. In addition, it was also noted that the shelling rate on the side of the
rods drum is low; therefore, flexible strips were added to improve efficiency. The overall
structure and explosion view of the flexible arc-plates shelling drum designed according to
the assumptions are shown in Figure 6.

) o )

Figure 6. Overall structure of flexible arc-plates shelling drum. (a) Flexible arc-plates drum; (b) struc-

tural explosion view.

The structure of the flexible arc-plates-type shelling drum is an open drum composed
of three rigid—flexible composite arc-plates and two side plates evenly distributed around
the shaft, among which the rigid arc-plates are externally attached with silicone plates. The
side plates are formed by three sector plates evenly distributed around the shaft (0 = 60°),
and the shaft is connected by welded shaft sleeves and keyways. Hole slots are reserved
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at the ends of the sector plates to connect the arc-plates and adjust the shelling spacing,
while holes are drilled centrally for connecting side strips. Its dimensions were primarily
optimized by referencing the original small sheller’s components. The specific structural
parameters of this drum are listed in Table 2 and Figure 7 is a structural design view of the

shelling drum.

Table 2. Structural dimensions of flexible arc-plates type shelling drum.

Parameters Value
Shaft length [ /radius 1y (mm) 324/11
Arc-plate width a (mm) 120
Silicone plate thickness/hardness (mm/HA) 10/40
Drum width ¢/radius R (mm) 148/104
Side plate width b/radius r/hole slot length t (mm) 4/94/20
Side strip length ey /width e; /height e (mm) 10/35/15
Shaft sleeve length/thickness (mm) 24/5
Positioning dimension [y, I, [, (mm) 67/124/133

Figure 7. Structural design view of flexible arc-plates shelling drum.

2.2.3. Design and Selection of Concave Screen

(1) Design of concave screen

The concave screen is composed of concave arc-shaped side edges, circular grid bars,
and hanging ears. It mainly serves to cooperate with the shelling drum to rub and squeeze
the pods in order to break the shells and separate the kernels from the shells. The concave
screen adopts a semi-arc concave surface to increase the open space and reduce damage.
The two sides of the screen surface are equipped with hanging ears to form a drawer type,
which is convenient for portable replacement. The overall material is Q235 steel. The
structural parameters of the concave screen are listed in Table 3 and Figure 8 is a structural

design view of the circular grid bar concave screen.

Table 3. Structural dimensions of circular grid bar-type concave screen.

Parameters Value
Concave screen length m/width n/height h (mm) 293/180/90
Concave screen central angle « (°) 138
Arc-side inner 1 /outer radius R /length
my /width/thickness f (mm) 125/135/255/10/3
Hanging ear length n; /thickness g (mm) 174/3
Circular grid bar length n/diameter d (mm) 180/5
Grid bar spacing range (mm) 7~12
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Figure 8. Structural design diagram of circular grid bar concave screen.

(2) Comparative test on performance of concave screen grid bar forms

Most of the mainstream peanut shelling equipment in the United States uses concave
screens with “T”-shaped grid bars, while most of the concave screens in China are of
the circular grid bar type. In order to comparatively explore the shelling performance of
concave screens with different grid bar forms, concave screens with long grid bars, square
grid bars, and horizontal grid bars were designed and fabricated (as shown in Figure 9).
Combined with the circular grid bar sieve, these several grid bar forms of concave sieves
were used to conduct peanut shelling experiments on three types of peanuts. For each
experimental group, only the grid bar form was changed. The gap between the grid bars
was set to 12 mm for all and other shelling parameter conditions remained unchanged.
Each group repeated the experiment three times, and the mean value of the data was
recorded after sampling and inspection.

(

i

-

V1177777

Figure 9. Concave screens with different grid bar forms (long/square/horizontal concave grid

bar type).
(3) Determination of the passing area of the concave screen

The arc length and passing area of the concave screen have a significant impact on
the shelling and shell-kernel separation capacity of the equipment. There are two ways to
calculate the passing area: projection along the arc surface and vertical projection (as shown
in Figure 10). Here, taking the concave screen with a gap of x = 12 mm as an example, the
number of bars is s =20.

The formula for the passing area S projected along the arc surface is as follows:

Sy =Sc—Sg = WeLe —sLed (1)
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where S, is the concave area, m2; S ¢ is the total area of the grid bars, m2; W, is the width of
the concave surface, 0.174 m; L. is the arc length of the concave surface, 0.3165 m; L, is the
length of a single grid bar, 0.174 m; and d is the width of a single grid bar, 0.005 m.
According to Equation (1), the projected area S; along the arc surface is determined to
be 0.0377 m?.
When projected vertically, due to the concave curvature, the actual width of the grid
bars and gaps will be reduced by the angle « tilt. The projected width is as follows:

dy (&) = d-cosw, xp (&) = x-cosa 2)

where d;, («) is the projection width of the grid bars at a certain angle, m; and x;, («) is the
projected width of the gap at a certain angle, m.
The total number of bars distributed along the concave surface is as follows:

S_ZﬂrRo L aRg
Cd+s 2m d+s

3)
where « is the central angle of the concave surface, 138°; Ry is the radius of curvature of the

concave surface, 0.13 m; Here, s = 20.
The total projected area S¢ of the grid bars is

&
Sg = s/ ’ d(a)-Ledn = 2degsin(%) 4)

=

The formula for the passing area S of the vertical projection is
S = Sc — Sy = WL — 2sdLgsin (3 ) 5)

According to Equation (5), the vertical projection area S; is determined to be 0.0226 m?.

I
(a) (b)

Figure 10. The passing area of the concave screen. (a) Projection along the arc surface; (b) vertical
projection.

2.2.4. Creation of Predictive Model

According to the working principle of the peanut-shelling device, the working process
can be divided into two stages. The first stage is shelling, which is the process of the pods
breaking open and the internal kernels being released; the second stage is shell-kernel
separation, that is, the kernels pass through the material layer and are separated by a
concave screen. It is be known that the more unshelled pods there are in the chamber,
the higher the probability of shelling. The more kernels that are separated, the greater
the probability of separation through the concave screen. Therefore, the following model
assumptions are made [28].

(1) During the process of shelling and separation, the physical properties of the materials
remain unchanged. The probability of pods breaking out of the shells and removing
the kernels within the material pile is equal, and the probability of shell-kernel
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separation at any position is also equal. The peanuts are simplified into homogeneous
ellipsoids, the contact area of the rods/arc-plates is simplified into regular shapes,
and the gaps of the screen grid bars are evenly distributed.

(2) The screen steel grid bars and the drum’s flexible materials are both regarded as
isotropic linear elastomers. The plastic deformation, viscoelasticity, and strain rate
effect are ignored and the material parameters are taken as the static values at room
temperature. The compression deformation of the flexible material is much smaller
than its thickness, and the bending deflection of the screen grid bars is less than 10%
of the gap, which meets the principle of linear superposition.

(3) The energy transfer during shelling is centered on a single impact by the rod or a single
compression by the arc-plates, ignoring the cumulative effect of multiple repeated
collisions within the drum. The elastic deformation of the screen and the flexible
material is linearly superimposed through the series spring stiffness model, ignoring
the friction at the contact interface and the synergistic impact effect.

Based on the above assumptions, the shelling model and the shell-kernel separation
model were established for the rigid rods drum and the flexible arc-plates drum (as shown
in Figure 11) [29,30]. In reality, peanut shelling is a multi-stage energy transfer process that
occurs under the interaction between the shelling drum and the concave screen, including
extrusion deformation, crack propagation, and shell fragmentation and peeling. Various
situations such as the geometric shape of peanuts, the elastic deformation, elastic—plastic
failure thresholds of the shell, and the influence of humidity on the toughness of the shell
need to be considered. Stress—strain fracture criterion and the energy conservation equation
were introduced to reflect on the cumulative effects during shelling.

___—Rigid rods drum —___
[
[ I B g O z \

o
CRCRoC)

circular grid bars

_— Flexible arc-plates drum:
y 8

i ] :

8 concave screen
EEE i P:D © 1
e o o [ {1 /
\&& )
=

3 g
55502

Figure 11. Shelling component types of rigid rods and flexible arc-plates.

The shelling stress threshold function is

b 0.6
0y = 0y (1 + kmmp) (l) (6)

where 0y, is the fracture stress threshold, MPa; oy is the initial rupture stress of the dried
pods, MPa; k;;, is the humidity sensitivity coefficient; m, is the moisture content of peanuts,
%; and [ /b are, respectively, peanut long/short diameter, mm.

Based on the Hertz contact theory [31,32], coupling the elastic deformation of the
flexible material of drum and the concave screen, its comprehensive elastic modulus E, is

1—12 2\ !
f 1_1/5
Eeff:< E TR ) @)
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where E s Es and Vg, Vs are, respectively, the elastic modulus and Poisson’s ratio of the
drum’s flexible material and the concave screen, MPa.
The dynamic shelling coefficient is established according to the drum types as

2

v or (Z0Sr +2655) (ur —ug) |, Eepppuity
wr=C+G WA, +G qeoy ®)
6 PSR o 0.625u) + C5 TP 9)

e Ty T R S T e

where yi; is the dynamic shelling coefficient of the rods drum that mainly outputs the shear
impact action; y, is the dynamic shelling coefficient of the arc-plates drum that mainly
outputs the extrusion and rubbing impact action; C] and C{ are the basic shelling constants;
C; and Cj are the contact action coefficients; C; and C§ are the energy coupling coefficients;
Zr, Z¢, and zg are the quantity densities of the rods, arc-plates, and screen grid bars and rods
(plates)/ m?2; S,, S., and S, are the effective contact areas of single rod, single arc-plate, and
single bar, mm?; S, = w,l,, Sc = b, Ss = dgl, (I;, and w, are the length and width of
the end face of the rod; I, r;, and 6, are the axial length, curvature radius, and arc surface
central angle of the arc-plate; I; and d; are the axial length and diameter of the grid bars,
mm, 0, = Frad); ug is the peanut conveying speed; u; = n7D/60 is the linear speed of
the drum, m/s (n is the rotational speed of the drum, rpm, and D is the diameter of the
drum, mm); A, = 7b%/4 is the normal contact area of the short axis of peanuts, mm?;
« = 138° = 2371/30 rad is the concave screen central angle; g is the feed flow rate, kg/s; t ¥
is the thickness of the flexible material, mm; and ¢ is the spacing between the drum and the
concave screen, mm.
The energy accumulation of the rods-type drum is

r NZpK 5 S 1

ET To0n MM DL, L Eagrl

(10)

where M, = (7lb?/6)p x 10~ is the mass of a single peanut, kg and L; is the axial length
of the concave screen, mm.
The energy accumulation of the arc-plates drum is

_
Ef = pe- P12 r Scan (1 —e geff) (1)

where pqug/eLs represents the mass of the material passing through the drum within a
unit of time; 1 — ¢~ f/%/7) is the deformation factor, simulating the nonlinear compression
characteristics of elastomers, ¢,7f = ¢ + .

Based on the Weibull distribution failure model [33], the probability of pod shells
breaking and kernels releasing was determined as the shelling rate, and its formula is

;15 ¢ 12
Ei Ey

xf=1- 67(??) , x5 =1- ef(ﬁ) (12)
where x} and x{ are the shelling rate of the rods/arc-plates drum. E{ and E{ are the critical
breaking energies of peanut shells in the rods/arc-plates drum, J.

Shell-kernel separation is a process of sorting broken shells, kernels, etc., by utilizing
the differences in physical properties of materials after shelling. Various situations such
as screening by the geometric size of sieve holes, gas—solid two-phase separation, and the
influence of flexible friction need to be considered. The reflux coefficient and the probability
of false separation are introduced to indirectly reflect the cumulative effect of separation.



Agriculture 2025, 15, 2365

12 of 29

The shell-kernel separation model is as follows (universal for the two types of shelling
drum) [34,35]. The separation function is

muywsV1b(v, — uy) Py (x;—1)(xp —b)

=P +P
Pa=Pit+ P Ap-6M,q XX,

(13)

where B, is the separation coefficient; P; is the basic separation constant; P, is the separation
coefficient of air flow movement; P; is the geometric sieving coefficient; w; is the width
of the concave screen, mm; v, is the airflow velocity, m/s; Ap = px — py, is the density
difference between the shell and the kernel (py, is the density of the kernel, pj, is the density
of the broken shells, kg/m?3); and x; and x; are the axial/circumferential gaps of the screen
holes, mm.

The separation rate represents the probability that the kernels pass through the screen
surface and are separated from the broken shells. The formula is

_( Ba )1.5

Yr =Xt ll—e ("fo + k(1 —x¢)y (14)

where y is the separation rate; a is the coefficient of separation difficulty; k is the reflux
coefficient; and vy is the probability of false separation.

The establishment of this theoretical model is based on contact mechanics, energy
accumulation, and screening theory as the mechanism orients. The coefficients of the
model have not been calibrated and the performance of the two types of drums can be
compared through qualitative analysis. First, is an analysis of the aspects of the shelling
mechanism, damage risk, and energy consumption. The impact of kinetic energy from the
rotating rods in the drum induces brittle fracture of pods. The shelling performance of
this system depends on high rotational speed and kinetic energy intensity. The shelling
rate x;” and the kinetic energy E of this system are both & u?. In such circumstances,
energy consumption is relatively high and the concentrated impact stress is prone to
damage the kernels; it is more suitable for industrial-level high-power application scenarios
such as oil manufacturing. The arc-plates drum causes fatigue fracture through rubbing,
squeezing, and sliding friction against the concave screen. Its shelling performance relies
on cumulative frictional work performed during pod compression; the shelling rate x;°
and the frictional work W of this system are both o u;. In such circumstances, the process
operates at low speed and low energy consumption with uniform force applied to the
material, making it suitable for fine processing applications with low-damage requirements
such as breeding shelling. Furthermore, analyzing the key parameters, x;" is relatively less
affected by the shelling spacing ¢, while x;° o 1/¢2; therefore, the arc-plates drum must
precisely control the spacing to ensure shelling rate and prevent over-pressure damage
to the kernels. When the screen hole gap x is small, it is prone to clogging, affecting the
separation probability, and the arc-plates drum shelling is prone to producing half-open
shells, with higher clogging risk when the shelling rate is low. The contact area S, of the
rod is small, requiring high-frequency impacts to provide sufficient energy, whereas the
arc-plate has a high single-action energy with a larger contact area S, and stronger flexible
cushioning effect; as 03, increases with the rise in peanut moisture content k;;, the efficiency
of the rod’s impact decreases, but the large contact area S of the arc-plate can compensate
for the increase in 03, making the arc-plate drum more suitable for high-humidity peanut
shelling; since x;" and x;° « «, a larger screen central angle is beneficial for both drums,
but the arc-plate benefits more significantly due to its larger S;. In summary, the arc-plate
drum is more suitable for small-scale, low-loss peanut-shelling devices, thus verifying the
correctness of the structural optimization hypothesis.
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2.3. Peanut Samples and Moisture Conditioning Treatment

The peanut samples used in the experiment were the national registered variety
“Suhua 0537”7, which was cultivated by the Institute of Economic Crops of Jiangsu Academy
of Agricultural Sciences [36] and was widely planted in the Huainan region of Jiangsu
Province. The parameters of the samples were determined in accordance with the Chinese
standard GB/T 5262-2008 [37]; we randomly selected one hundred pods and kernels and
for each of the samples the three-diameter dimensions and the hundred-grain weight,
etc., were measured and the average values were taken. The peanuts were dried using
the DGF30/7-1A electric heating blower drying oven (Nanjing Experimental Instrument
Factory, Nanjing, China) in accordance with the Chinese standard GB/T 20264-2006 and
“Moisture Measurement—Peanuts” [38,39], and the initial moisture content was calculated

by the following formula:
moy_mq

mo

M= (15)

where M is the moisture content of peanuts on a wet basis, % w.b.; mg/m; are the masses
of the peanut sample before/after drying, g.

Using the Sansizongheng UTM6503 electronic universal (SUNS, Shenzhen, China)
testing machine to compress peanuts 10 times at a loading speed of 20 mm/min, the
average was taken to obtain the force required for the pods to break and kernels to damage.
Table 4 below shows the biological characteristic parameters of the peanut samples.

Table 4. Partial biological characteristic parameter of “Suhua 0537”.

Parameters Pods Kernels
Three-diameter dimension (mm) 30.13 x 15.37 x 14.89 14.36 x 10.30 x 9.14
Geometric mean diameter (mm) 19.03 11.06

Hundred-grain weight (g) 196.43 95.30

Initial moisture content (%) 7.58% 5.20%
Spherical degree 0.63 0.77
Volume-weight (kg/m?) 256 678
Break/Damage force (N) 61.23 40.16

Before the experiment, the peanut samples were subjected to impurity removal and
grading treatment using the 5XY-0.3 peanut pods classifier (NIAM, Nanjing, China) to
ensure uniform pod size and prevent impurities from aggravating the damage to the
kernels during shelling and the uniformity difference from affecting the shelling effect.

The peanut’s moisture content is one of the important influencing factors affecting
the shelling quality of peanuts [40]. As the moisture content of the pods increases, the
shell undergoes plasticization due to hydration, with a significant decrease in hardness
and brittleness of pods, resulting in a reduction in the resistance to shell breaking. After
the kernels absorb moisture, the elastic modulus decreases and the fracture toughness
increases, and the MDR decreases accordingly. However, when the moisture content
exceeds the critical threshold, the shell becomes more resilient due to the plasticizing
effect and the required breaking force increases significantly. Moreover, the high-humidity
environment is prone to inducing mold infections and activating kernel’s metabolism to
produce germination reactions [41]. Therefore, by using humidity adjustment pre-treatment
to directionally control the moisture content of the kernels and supplementing it with sun-
drying to enhance the brittleness of the shell, shelling efficiency can be synergistically
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optimized and damage can be inhibited. We calculated the mass of distilled water required
for humidity adjustment by using the following formula [42]:

o (M~ M) )
(100 - My)

where Q is the mass of distilled water added, kg; W; is the initial mass of the peanut sample,
kg; and M;/ M are the initial/final moisture content of the peanut sample, % d.b.

2.4. Experimental Indicators

Referring to the industry standard NY/T 994-2006 [43], the MDR and the SE were
taken as evaluation indicators, among which the MDR was the sum of the breakage
rate and the damage rate. The grains collected from the shelling test were sampled in
accordance with DG/T 128-2022 [44]. The sampled samples were inspected, sorted, and
weighed according to intact kernels, broken kernels, damaged kernels, and unshelled
pods. The testing methods for evaluation indicators are as follows, and the interrater
agreement (kappa) was k = (Py — Pe)/(1 — Pe) = 0.7822 > 0.75, indicating good consistency
in the evaluation.

MDR: When the shelling equipment operates continuously and stably, samples are
taken from the discharge port. Three samples are taken for each group of tests, with each
sample weighing no less than 1 kg. The broken and damaged kernels are manually sorted
and weighed. B is the breakage rate and D is the damage rate. The calculation formula is

Wp WS

B= _——F — x100% D= >
Wo + W,y + Wi Wo + W, + W,

x 100%, MDR=B+D (17)
where W,/ W,/ Ws are the mass of intact/broken/damaged kernels, g.

SE: Select the unshelled pods from the samples taken, peel them open, and weigh the
internal kernels. The calculation formula is

Wo + W, + Wi

SE =
We + Wy + Ws + W,

x 100% (18)

where Wj, is the mass of the internal kernels of unshelled pods.

2.5. Experimental Schemes
2.5.1. Single-Factor Experiment

In order to test the feasibility of the component design, clarify the influence laws of
each factor on the shelling performance of the device, and select the key working parameter
intervals, a single-factor test was carried out on the device. Based on relevant research
and actual operation conditions [45-47], the pods’ moisture content, the drum speed, the
space between the drum, and the concave screen are the main factors affecting shelling
operation performance. Meanwhile, according to the design analysis, the hardness of the
flexible material attached to the arc-plates and the space between the drum side and the
shelling chamber also have certain influences on the shelling quality and are taken as test
factors. Referring to previous experience and the characteristics of peanut shelling, the
level range of the drum speed is set at 150-270 rpm, the shelling spacing is set at 14-32 m,
and the moisture content is set at 8-20%; the width of the shelling chamber is 190 mm and
the length of the shelling drum is 128 mm; silicone side strips are installed on both sides
of the drum; the change in the side space between the drum and the chamber is replaced
by replacing the side strips of different lengths; the level range of the side strips’ length is
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set at 0-20 mm (that is, the adjustment range of the side space between the drum and the
chamber is 11-31 mm). The hardness level range of the selected silicone is 10-70 HA.

The experiment was conducted in the laboratory of Nanjing Agricultural Mechaniza-
tion Research Institute of the Ministry of Agriculture and Rural Affairs in early October
2024. The test material was “Suhua 0537” and the equipment was a flexible arc-plates
drum shelling device. The experiment carried out 33 groups of tests at each level of the
five factors, with each group of tests repeated three times, totaling 99 shelling tests. The
parameter levels of the standard group are a drum speed of 190 rpm, silicone of 60 HA,
side strip length of 0 mm, and initial moisture content; in addition, the pod feed rate is
30 + 2 g/s, and fan speed is 9.85 & 1.35 m/s. In the experimental group, except for chang-
ing the level of individual test factor, the levels of other factors remain the same as those
of the standard group. The factor level table is Table 5. After checking the samples, the
sample data were recorded. Figure 12 shows the single-factor test stage.

Table 5. Single-factor experiment factor level table.

Level Rotational Shelling Moisture Silicone Side Strip
Speed/rpm  Spacing/mm = Content/%  Hardness/HA Length/mm
1 150 14 8 10 0
2 170 17 10 20 5
3 190 20 12 30 10
4 210 23 14 40 15
5 230 26 16 50 20
6 250 29 18 60 -
7 270 32 20 70 -

(a)

Figure 12. Part of the single-factor experiment. (a) Multi-level moisture regulation of peanuts;

(b) silicone rubber sheets of different hardnesses; (c) sampling samples for each group of tests.

2.5.2. Parameter Optimization Experiment Based on BBD

Based on the Box-Behnken design and the results of the single-factor experiment, the
peanuts’ moisture content A, the drum’s rotational speed B, the shelling spacing C, and the
silicone hardness D were selected as the influencing factors, and the MDR R; and the SE R,
were taken as the response values to carry out a multiple regression test with four-factors
and three-levels. According to the effective influence range of each factor, the high, medium,
and low values are, respectively, corresponding to levels 1, 0, and —1; the factor levels
are shown in Table 6. The central group was set to repeat 5 groups as the zero-point error
estimation. The specific experimental plan was generated in the Design-Expert software
(as shown in Table 7) and 29 groups of tests were carried out, with each group repeated
3 times, totaling 87 tests.
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Table 6. Multiple regression test factor level table.
Level Moisture Rotational Shelling Silicone Hardness
Content A/% Speed B/rpm  Spacing C/mm D/HA

-1 8 190 20 20

0 11 220 23 40

1 14 250 26 60

Table 7. Multiple regression test scheme and indicator results.
Response Response
Influence Factors . Influence Factors .
No. Indicators No. Indicators
A B Cc D Ry R, A B C D R4 R,
1 -1 -1 0 0 12.96%  94.14% 16 0 1 1 0 6.56%  95.52%
2 1 -1 0 0 3.89%  89.19% 17 -1 0 -1 0 16.37%  97.33%
3 -1 1 0 0 13.01%  95.95% 18 1 0 -1 0 5.76%  93.35%
4 1 1 0 0 599%  94.89% 19 -1 0 1 0 8.47%  96.37%
5 0 0 -1 -1 1151% 96.22% 20 1 0 1 0 2.92%  88.56%
6 0 0 1 -1 5.19%  92.89% 21 0 -1 0 -1 6.29%  90.90%
7 0 0 -1 1 12.01%  96.50% 22 0 1 0 -1 8.74%  94.14%
8 0 0 1 1 570%  93.56% 23 0 -1 0 1 8.22%  93.49%
9 -1 0 0 -1 13.20% 96.25% 24 0 1 0 1 9.80%  94.98%
10 1 0 0 -1 327%  90.27% 25 0 0 0 0 5.07%  95.89%
11 -1 0 0 1 13.43%  96.15% 26 0 0 0 0 481%  95.22%
12 1 0 0 1 5.58%  90.47% 27 0 0 0 0 4.66%  95.73%
13 0 -1 -1 0 10.93%  95.83% 28 0 0 0 0 4.59%  95.34%
14 0 1 -1 0 11.07%  96.63% 29 0 0 0 0 513%  96.19%
15 0 -1 1 0 4.25%  91.09%

Before the experiment, 6 bags of pods with moisture contents of 8% and 14%, and

12 bags of pods with a moisture content of 11% were prepared at a rate of 3 kg per bag;

after moisture adjustment, they were sealed in plastic-sealed bags and homogenized at

a constant temperature of 5 °C for 12 h. During the experiment, the equipment started

and the drum ran smoothly; then, the material was continuously and uniformly fed at a
rate of 30 & 2 g/s to shelling and the fan speed is maintained 9.85 £ 1.35 m/s. After the
output was stable, samples were taken; the mass of each sample taken was 300 g + 20 g.

After the experiment was completed, the samples were manually sorted and checked. The

average values of each indicator were calculated and the data were statistically analyzed.

The parameter optimization experiment process is shown in Figure 13 below.

Figure 13. Part of multiple regression optimization experiment. (a) Shelling test; (b) replace the

shelling element; (c) moisture regulation; (d) sample inspection; (e) test sampling samples.
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3. Results and Discussion
3.1. Analysis of the Test Results for the Selection of Low-Loss Shelling Structures

The results of the shelling structural selection test are shown in Figure 14, from which
it can be seen that the shelling quality difference in the three different types is obvious. The
MDR of the closed rubber drum type is significantly higher than the other two; the main
reason is that the closed structure is completely enclosed and occupies a large volume in
the shelling chamber, the materials in the chamber such as pods, kernels, and broken shells,
etc., do not have sufficient movement space; excessive squeezing leads to a sharp increase
in the MDR, and when the feeding volume is increased, blockage and other situations
are also prone to occur. The kernels” MDR of the open elastic rods type is slightly higher
than that of the open rigid rods type, this might be because the elastic rods vibrate under
force during shelling, increasing the chance of rubbing between the kernels and thereby
enhancing the damage. The SE of the open rigid rods type is the highest, followed by
the closed rubber drum type, and the open elastic rods type. Overall, among the three,
the open rigid rods-type drum has the best shelling performance, with the kernels’ MDR
is approximately 5.56% to 10.24%; the SE is about 92.21% to 96.52% and the subsequent
optimization of the machine is carried out on the basis of this type.

Breakage/Damage rate(%)

Open elastic ro

d type  Closed rubber roller type  Open rigid rod type

Suhua 0106

Shelling efficiency(%)
Breakage/Damage rate(%)
Shelling efficiency(%)
Breakage/Damage rate(%)

Shelling efficiency(%)

od type  Close type  Open rigid rod type

Open elastic rod type  Closed rubber roller type  Open rigid rod type

Suhua 0537 Suheihua No.1

Figure 14. Results of shelling indicators of three kinds of peanuts on different drum types.

The test data can also compare the three peanut varieties’ machine-shelling suitability;
from the point of view of the MDR, Suheihua No. 1 is superior to Suhua 0106, and Suhua
0537 is the worst; from the point of view of the SE, Suheihua No. 1 is superior to Suhua
0537, and Suhua 0106 is the worst. Overall, the Suheihua No. 1 is the most suitable for
mechanical shelling; Suhua 0537 has high requirements for the variety adaptability of
shelling equipment, subsequent optimization of the machine will be carried out on the
Suhua 0537 variety to deeply enhance the adaptability of the sheller.

3.2. Results Analysis of the Performance Comparison Test of Concave Screen Grid Bar Forms

The results of performance comparison test of the concave screen grid bar forms are
shown in Figure 15. Among them, the horizontal concave grid bar-type concave screen has
insufficient structural support at the bottom of the grid bar and the pods are prone to fall
out of the concave surface under compression, resulting in a relatively high missed shelling
rate, so no data are recorded. It can be seen from Figure 15 that the shelling quality of the
circular grid bar is the best and the overall MDR and SE are both better than the other two
forms. The shelling quality of the long grid bar is moderate, among which the MDR is
relatively high. The analysis of the reason is that the long grid bar is narrower and has a
smaller force-bearing area, increasing the pressure on the kernels and thereby increasing
the damage. The shelling quality of the square grid bar is relatively poor, and the SE is
relatively low. The analysis of the reason is that as the force-bearing area of the square grid
bar increases, the pressure on the kernels decreases, so the pods are difficult to break open.
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Therefore, the form of the concave screen grid bar is set as circular grid bar. The mechanical
adaptability demonstrated by the three types of peanuts remains the best among Suheihua
No. 1, followed by Suhua 0106 and Suhua 0537.

Breakage/Damage rate(%)

Suhua 0106 Suhua 0537

Round bar grid type

Shelling efficiency(%)
Breakage/Damage rate(%)
>
L
8
Shelling efficiency(%)
Breakage/Damage rate(%)
Shelling efficiency(%)

o v & o
[P S S

- : 0= L
Suheihua No.1 Suhua 0106 Suhua 0537 Suheihua No.1 Suhua 0106 Suhua 0537 Suheihua No.1
Long bar grid type Square bar grid type

Figure 15. Results of shelling indicators of three kinds of peanuts on different grid forms.

3.3. Results Analysis of the Single-Factor Experiment

According to the test results, the trend of the shelling indicators of each factor is shown
in Figure 16 It can be seen from Figure 16a that with the increase in the drum speed, the
MDR continuously increased from 8.57% to 13.78%, and the SE showed an inverted “v”
trend; when the speed increased from 150 rpm to 210 rpm, the effect on the SE was obvious,
it increased from 86.87% to 93.03% and then began to decrease slightly, the possible reason
analyzed is that when the drum operates at an excessively high rotational speed, it will
output a large force to squeeze some smaller pods to fall through the concave screen in
the case of incomplete shelling, increasing the unshelled rate. Using IBM SPSS Statistics
26.0 for ANOVA and by conducting Tukey’s HSD post hoc inspection, the p-values for
the MDR and the SE were 0.0161 and 0.0176, respectively, both of which were less than
the significance level & = 0.05, indicating a significant difference between the groups, so
this factor has a significant impact on the shelling quality and can be used as a key factor
to continue studying the interaction among multiple factors, selecting the level range as
190 rpm to 250 rpm.

It can be seen from Figure 16b that both shelling indicators show a downward trend
with the increase in the peanut moisture content. When the moisture content is at low
level of 8% to 12%, the SE increases with the increase in the moisture content; at this
time, water just begins to seep into the pods, the shell absorbs water and becomes soft
but not completely soaked, the fibrous structure of shell starts to change from firm to
loosen, making it easier to break the shell and remove the kernels. When the moisture
content continuously rises to a high level, the pods completely absorb water and expand.
The hemicellulose changes from a rigid state to a flexible body; the toughness of the shell
increases, and it undergoes significant deformation under compression, making it less
prone to break the shell, the SE drops rapidly to 86.06%. When the moisture content is 8%,
the kernels” MDR is relatively high at 11.79%, with the increase in the moisture content,
the kernels’” water-absorbing expansion allowed the elastic modulus to gradually become
smaller, then the MDR steadily drops. When the moisture content reaches a higher value
of 20%, the MDR begins to rebound, this is because at this time, the SE is relatively low,
and the pods fail to break out and be discharged in time; mixed materials such as kernels
and broken shells are piled up in the shelling chamber for a long time and operate at high
speeds, increasing the probability of the MDR. The ANOVA showed that the p-values were
0.0264 and 0.012, respectively, indicating that this factor had a significant impact on the
shelling quality. When the moisture content was between 8% and 16%, the comprehensive
shelling effect was better. However, considering that when the moisture content was 16%,
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the peanuts had higher humidity and were prone to mold contamination, the subsequent
test level range was selected as 8% to 14%.
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Figure 16. Trend diagram of shelling indicators at various levels under different factors. (a) Different
drum rotational speed; (b) different peanut moisture content; (c) different drum—concave screen
spacing; (d) different silicone hardness; (e) different drum side distances.

It can be seen from Figure 16¢ that the shelling indicators are significantly affected
by the shelling spacing and the variation range is large. The SE decreased from 95.03%
to 86.79% with the increase in spacing, showing a continuous linear decrease. With the
increase in the spacing, the MDR decreased significantly at first and then increased slightly,
showing a trend similar to an inclined “L” shape; when the spacing was 23 mm, the MDR
reached the lowest point, which was 9.23%, the subsequent recovery of the MDR was most
likely due to the gradual increase in the spacing, the space of the peanut rubbing layer
became larger, and the pods were not squeezed out of the kernels efficiently and left the
shelling chamber. The longer the kernels stay in the chamber, the greater the probability of
damage, which leads to an increase in the MDR. The ANOVA showed that the p-values
were 5.34 x 107% and 2.71 x 1079, respectively, both less than 0.01, indicating that this
factor had a very significant impact on the shelling quality and needed to be further studied
as a key factor. The subsequent experimental level range was 20 mm to 26 mm.

It can be known from Figure 16d that the shelling indicators show increasing trends as
the silicone hardness increases. The two indicators have a negative correlation, when the
silicone hardness is low, the MDR increases slowly with the increase in hardness, while
the SE increases significantly; when the hardness reaches 50 HA, the increment of the
MDR becomes significantly larger, while the growth rate of the SE slows down; when the
hardness level is in the middle range, the two indicators show a higher SE and a lower
MDR, and at this time, the shelling quality is better. The ANOVA showed that the p-values
were 0.0361 and 0.0424, respectively, indicating that this factor had a significant impact on
the shelling effect. The subsequent test level range was selected as 20 HA-60 HA.

It can be seen from Figure 16e that the shelling indicators have no obvious change
under different drum side spacings and the changing range is not large; the MDR is only
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4.19% and the SE is only 3.19%. The ANOVA showed that the p-values were 0.1426 and
0.0788, respectively, both greater than 0.05, indicating that this factor had no significant
effect on the shelling quality; so, no next research on this factor. The shelling quality is
optimal when the length of the side strip is 10 mm; therefore, a 10 mm-long silicone strip is
selected as the side strip, that is, the drum side distance is controlled at 21 mm.

3.4. Results Analysis of the Parameter Optimization Experiment

The recorded data results after completing the experiment based on the scheme
generated by the Design-Expert 13.0 software are shown in Table 7 as follows. ANOVA
analysis and multiple regression linear fitting were conducted on the data in the table to
establish Ry and R, multiple linear regression equations of A, B, C, and D.

3.4.1. Regression Model and Significance Analysis

The ANOVA of the kernels’ MDR after shelling is shown in Table §; the p-values of all
variables except the BD and CD interaction terms were less than 0.05, which had a significant
effect on the model, with the p-values of A, B, C, D, AC, A2 B2, (C2, and D? being less than
0.01, which had a highly significant effect on the model. After standardizing the coefficients
of each variable, the ranking of their significance on the model from largest to smallest is as
follows: A>C > A%?>D?>B?*>C?>AC>B>D>BC>AD > AB>BD>CD.

Table 8. ANOVA table of the response indicator of the MDR.

Source SS DF MS F-Value p-Value Sig.
Model 385.3400 14 27.5200 125.0400 <0.0001 o
A 208.5700 1 208.5700 947.4900 <0.0001 *
B 6.1800 1 6.1800 28.0800 0.0001 *
C 99.5500 1 99.5500 452.2200 <0.0001 *
D 3.5500 1 3.5500 16.1300 0.0013 o
AB 1.0500 1 1.0500 4.7900 0.0461 *
AC 6.4000 1 6.4000 29.0900 <0.0001 o
AD 1.0900 1 1.0900 4.9400 0.0431 *
BC 1.1800 1 1.1800 5.3400 0.0366 *
BD 0.1894 1 0.1894 0.8606 0.3693
CD 9.00 x 10~° 1 9.00 x 10~° 0.0000 0.9950
A? 29.4800 1 29.4800 133.9000 <0.0001 o
B? 19.6200 1 19.6200 89.1300 <0.0001 o
C? 17.0200 1 17.0200 77.3100 <0.0001 **
D? 23.2600 1 23.2600 105.6700 <0.0001 *
Residual 3.0800 14 0.2201
Lack of fit 2.8500 10 0.2855 5.0300 0.0666
Error 0.2269 4 0.0567
Total 388.4300 28
R 0.9921

** indicates high significance, that is p < 0.01; * indicates significance, that is p < 0.05; p > 0.05 represent no
significant, no denoted.

The quadratic regression model was fitted on the data and the quadratic regression
equation obtained is as follows:

Ry = 341.3575 — 11.4369A — 1.0131B — 12.112C — 0.368D + 0.0057AB
+0.1406 AC + 0.0087AD + 0.006BC + 0.23A2% + 0.0019B2 (19)
+0.18C? 4 0.0047D?
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The model p < 0.0001 indicates that the regression model of the kernels” MDR is
extremely significant, the model’s determination coefficient R? = 0.9921, indicating that
the model can reflect 99.21% of the response value changes. Its mismatch p > 0.05 is not
significant, indicating that the obtained quadratic regression equation has a high degree
of fit and a small experimental error; the fitting between the model predicted values and
the experiment actual values is shown in Figure 17. The predicted R? = 0.9568 is basically
consistent with the adjusted R? = 0.9841, and the difference between the two is less than 0.2;
the coefficient of variation (C.V.) = 5.93%, indicating that the data stability of this model is
relatively high. The adequate precision is 41.7817 >> 4, indicating that the model has high
reliability and can be used for result prediction and parameter optimization guidance.

Predicted

Figure 17. Fitting graph of the predicted values of the MDR model and the actual test values.

The ANOVA of the pods” SE after shelling is shown in Table 9. The p-values of
variables A, B, C, A2, B2, and D? are less than 0.01, which has a very significant impact on
the model; the p-values of variables AC and BC are within the range of 0.01-0.05, which
has a significant impact on the model. The p-values of variables D, AB, AD, BD, CD, and
C? are greater than 0.05, and their influence on the model is not significant. The descending
order of the significance influence of the standardized coefficient of the variable is A > A% >
C>B>D?>B*>>AC>BC>AB>BD>D>CD>AD > C>

The quadratic regression model was fitted on the data, and the quadratic regression
equation obtained is as follows:

Ry = 64.5638 4 3.6911A + 0.2532B — 1.6746C — 0.1065AC + 0.0101BC — 0.1712A% + 0.0011B2 — 0.0026D%  (20)

The model p < 0.0001 indicates that the regression model of the pods’ SE is extremely
significant, the model’s determination coefficient R?> = 0.9624, indicating that the model
can reflect 96.24% of the response value changes. Its mismatch p > 0.1 is not significant,
indicating that the obtained quadratic regression equation has a high degree of fit and a
small experimental error. Figure 18 shows the fitting relationship between the predicted
values and the actual values. The difference between the predicted R? = 0.7990 and the
adjusted R? = 0.9248 is less than 0.2, and the adequate precision is 17.9848 >> 4, indicating
that the model has a high goodness of fit for the existing data and can be used to guide
optimization. However, the C.V. = 70.96%, suggesting that there is a large degree of
dispersion in the data. The prediction error of the model in practical applications may be
relatively large, and its long-term reliability needs to be further verified and evaluated.
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Table 9. ANOVA table of the response indicator of the SE.
Source SS DF MS F-Value p-Value Sig.
Model 159.9500 14 11.4300 25.5800 <0.0001 **
A 75.7400 1 75.7400 169.5700 <0.0001 **
B 22.4000 1 22.4000 50.1500 <0.0001 o
C 26.5900 1 26.5900 59.5300 <0.0001 o
D 1.9700 1 1.9700 4.4200 0.0541
AB 1.9400 1 1.9400 4.3500 0.0557
AC 3.6800 1 3.6800 8.2300 0.0124 *
AD 0.0021 1 0.0021 0.0048 0.9457
BC 3.3100 1 3.3100 7.4100 0.0165 *
BD 0.7680 1 0.7680 1.7200 0.2109
CD 0.0389 1 0.0389 0.0872 0.7722
A? 15.4100 1 15.4100 34.4900 <0.0001 **
B? 6.6800 1 6.6800 14.9500 0.0017 **
C? 0.0009 1 0.0009 0.0021 0.9641
D? 7.0400 1 7.0400 15.7600 0.0014 >
Residual 6.2500 14 0.4467
Lack of fit 5.6300 10 0.5630 3.6100 0.1137
Error 0.6235 4 0.1559
Total 166.2100 28
R 0.9624

** indicates high significance, that is p < 0.01; * indicates significance, that is p < 0.05; p > 0.05 represent no
significant, no denoted.

Predicted

T T T T T T T T T T
88 89 90 91 92 93 94 95 96 97 98

Actual

Figure 18. Fitting graph of the predicted values of the SE model and the actual test values.

3.4.2. Response Surface Analysis and Parameter Optimization

(1) Response surface analysis

The 3D response surfaces of the interaction terms were generated using Design-Expert
13.0 software. The interaction effects of four factors on the kernels’ MDR and pods’ SE after
shelling were analyzed. Figures 19 and 20, respectively, represent the 3D response surface
diagrams of the interaction terms that have significant effects on R; and Ry.

It can be seen from Figure 19a that the higher the R; when low-level A combines with
high-level B, the lower the R; when high-level A combines with low-level B; the degree of
curve bending change in the direction of A is more obvious than that of B, indicating that
A has a more significant influence on R; than B. In the figure, R; gradually decreases as the
level of A increases, indicating that when B is fixed, the larger A is, the higher the humidity
of the peanut increases; the cell wall of the kernels continuously hydrates and expands,
forming a gel-like matrix to soften the kernels, and the elastic modulus of the kernels
rapidly decreases, causing elastic deformation and increasing the deformation amount.
At this time, the kernel loss factor rises, reducing the stress and impact energy caused by
the collision and rubbing of the shelling drum on the kernels, thereby lowering the MDR;
R; first decreases and then increases as the level of B increases, this is because when A
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is fixed and B begins to increase, the disturbance to the peanut material in the shelling
chamber intensifies. After being rubbed and squeezed by the drum, the peanut material
is rapidly shelled and discharged from the chamber, reducing the time the material stays
in the chamber and the probability of damage, and lowering the MDR. As B continued to
grow, the drum rotated too fast, constantly impacting and squeezing the peanut material,
causing the damage to rise. It can be observed from Figure 19b that when low level A
combines with low-level C, the higher the R; is, and when high level A combines with
high-level C, the lower the R; is, the degree of curve bending change in the direction of
A is more obvious than that of C, indicating that A has a more significant influence on R4
than C. In the figure, when C is fixed, R; gradually decreases as the level of A increases,
the reason is basically the same as (a), and no further analysis is needed; R decreases as
the level of C increases, this is because when A is fixed, the larger C is, the more space
the peanuts have to move between the shelling drum and the concave screen, the less the
squeezing and rubbing effect of the shelling drum on the peanuts, the lower the chance of
peanuts squeezing and rubbing each other, and the lower the risk of kernel damage. It can
be seen from Figure 19¢ that when low-level A combines with high-level D, the higher the
Rj is, and when high-level A combines with low-level D, the lower the R; is, the degree
of curve bending change in the direction of A is more obvious than that of D, indicating
that A has a more significant influence on R; than D. In the figure, when D is fixed, Ry
gradually decreases as the level of A increases, and the reason is basically the same as (a).
R; first decreases and then increases as the level of D increases, this is because when A is
fixed and D begins to increase, the hardness of the silicone plate attached to the outside of
the shelling drum increases, which improves the pods’ shelling efficiency; after the shells
and kernels are separated, they are quickly discharged from the shelling chamber, reducing
the damage to the kernels caused by material retention. It can be seen from Figure 19d
that the lower the Ry when a low-level B combines with a high-level C, the higher the R
when a high-level B combines with a low-level C, the degree of curve bending change in
the direction of C is more obvious than that of B, indicating that the influence of C on R; is
more significant than that of B. In the figure, when C is fixed, R; first decreases and then
increases as the level of B increases, and the reason is similar to (a); when B is fixed, Ry
decreases as the level of C increases, and the reason is similar to (b).

It can be seen from Figure 20a that the higher the R, when low-level A combines with
low-level C, the lower the Ry when high-level A combines with high-level C; the degree
of curve bending change in the direction of A is more obvious than that of C, indicating
that a has a more significant influence on R, than C. In the figure, when C is fixed, R; first
increases and then decreases as the level of A increases, this is because when A begins to
increase, the pod gradually absorbs water and softens the shell, reducing the hardness of
the shell and making the pod relatively easier to break the shell, which improves the pods’
SE. However, as A continues to increase, the lignified fibers of the shell absorb moisture
and expand, strengthening the intermolecular hydrogen bonds, resulting in an increase in
the toughness of the shell and a decrease in its brittleness, the increase in the compressive
strength of the shell makes it more difficult for the shelling device to effectively crack the
shell through impact and compression, resulting in a decrease in the SE. It can be seen from
Figure 20b that when low-level B combines with high-level C, the smaller the R; is, and
when high-level B combines with low-level C, the R; is larger, the curve in the direction of
C changes in a straight line, and the degree is more obvious than that of A, indicating that
C has a more significant influence on R; than A. In the figure, R, gradually increases as the
level of B increases, indicating that when C is fixed, the larger B is, the more vigorously
the peanuts rotate with the drum, the stronger the disturbance effect, and the peanuts are
squeezed and rubbed, which makes the SE higher; R, gradually decreases as the level of C,
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In order to improve the operational performance of the device, further multi-objective
optimization of the model is required to find an optimal set of factor parameter levels. The

objective function and constraints for determining the combination of key parameters to
obtain the best performance of this equipment are shown in Equation (21).
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MinR; (A, B,C,D)
MaxR; (A, B,C, D)
% < < 14%
8% < A < 14% (21)

190 rpm < B < 250 rpm
20mm < C <26 mm
20 HA < D < 60HA

The results of theoretical parameter optimization are as follows: when the drum speed
is 226.604 rpm, the spacing between the drum and the concave screen is 23.9142 mm; the

silicone hardness is 39.9045 HA, and the peanut moisture content is 11.0104%; the kernels
MDR is 4.39%, and the pods” SE is 95.5239%.

3.5. Optimal Parameter Verification Test

In order to verify the practical feasibility of the optimal parameter combination and
the reliability of the model’s prediction, the verification test of the optimal parameters of
shelling was carried out. In order to conveniently adjust of the mechanism parameters and
the actual operation of the test, the actual optimal parameters were adjusted as follows:
the peanuts moisture content was adjusted from 11.0104% to 11%, the drum speed was
rounded from 226.604 rpm to 227 rpm, the drum—concave screen spacing was rounded
from 23.9142 mm to 24 mm, and the flexible components were made of a 40 HA silicone
plate. The experiment was repeated five times for the mean value, and the results are
shown in Table 10.

Table 10. Verification test data of the optimal shelling parameters.

Breakage Damage o o

No. Rate%g Rate"i MDR% SE%

1 1.86 2.55 441 95.84

2 2.21 3.86 6.07 94.76

3 1.95 2.17 412 96.39

4 1.15 2.69 3.84 93.83

5 2.37 2.86 5.23 95.21
Mean value 191 2.83 4.73 95.21

Through sample checking and statistics (as shown in Figure 21), the shelling quality of
the device under the optimal parameters is obtained as the following: the kernels’ breakage
rate was 1.91%, the kernels” damage rate was 2.83%, the MDR was the sum of the two
4.73%, and the pods” SE was 95.21%, reaching the expected values of this study. The
average predicted values of the model were 4.38% for the MDR and 95.51% for the SE. The
relative errors between the model and the actual values were 7.99% and 0.31%, respectively,
and the errors did not exceed 10%; it is indicated that the obtained regression equation
has a relatively high credibility and can be used to predict the shelling quality of the
peanut-shelling device under different parameters. Meanwhile, the verification test results
show that the improved design flexible arc-plates drum shelling device in this research can
achieve low-loss and efficient shelling of peanuts under the optimal parameter group.
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Figure 21. Sample classification of shelling results.

4. Discussion

To enhance the performance and loss reduction technology of peanut’s mechanized
shelling, systematic process optimization of small-scale shellers is carried out on multi-
ple aspects such as structural improvement, flexible shelling, process factors, and multi-
parameter adjustment. After determining the basic shelling configuration of the open
rigid-bars drum-—circular grid bar concave screen through the selection tests, the open flexi-
ble arc-plates drum was improved on this basis, and the shelling and separation prediction
models were established. Through model comparison, it was verified that the rigid and
flexible combined arc-plates open-shelling drum can convert a large amount of impact
effect on pods during operation into a friction-dominated rubbing effect. Supplemented
by flexible material buffering, the open drum provides sufficient flow space to prevent
excessive squeezing. The structural parameters can be conveniently adjusted to adapt to
different varieties of peanuts, which can significantly reduce the probability of damage to
the kernels.

The value ranges of four key parameters were determined through single-factor
experiments and ANOVA: the drum speed was 190 rpm to 250 rpm, the moisture content
was 8% to 14%, the shelling spacing was 20 mm to 26 mm, and the silicone hardness was
20 HA to 60 HA. The BBD test design and verification results show that when the moisture
content is 11%, the drum speed is 227 rpm, the shelling spacing is 24 mm, and the silicone
hardness is 40 HA; the shelling performance reaches the best when the MDR is 4.73% and
the SE is 95.21%.

However, this study still has certain limitations and challenges. Firstly, when construct-
ing the prediction model for peanut shelling and separation before and after optimization,
the coefficients were not calibrated, the model can only be used for qualitative trend com-
parison analysis. It is necessary to conduct in-depth experiments to calibrate the coefficients
and improve the model before precise quantitative analysis can be carried out. Secondly,
although the regression model of SE has excellent fitting ability, its data stability is insuf-
ficient. It is necessary to reduce the C.V. by optimizing the experimental design (such as
increasing the sample size) and then evaluating its long-term reliability. Furthermore, no
experiments have been conducted on multiple types of peanuts for verification. The actual
variety adaptability of the flexible shelling drum needs to be further tested. Moreover,
the characteristics of peanut varieties vary greatly and there is a one-to-one relationship
between the variety and the optimal shelling process parameters. To obtain the best shelling
performance for each variety, targeted experiments need to be carried out. In addition,
the kernels used for breeding require zero damage to the red skin. In reality, mechanical
shelling methods cannot meet this requirement and kernels with internal damage are
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difficult to identify. In future research, it is expected to explore a new shelling method to
solve this problem.

5. Conclusions

In this study, a method combining structural assumptions, predictive model ver-
ification, and experimental design was employed to improve small, flexible arc-plates
drum-—circular grid bar concave screen-type peanut shelling equipment. The optimal per-
formance parameter combination for shelling was obtained as the following: when the
moisture content of peanuts was 11%, the drum speed was 227 rpm, the spacing between
drum and concave screen was 24 mm, and the flexible component was a 40 HA silicone
plate; the kernels” MDR after operation was 4.73%, a reduction of 5.51%, and the pods SE
was 95.21%, an increase of 3%. This further reduced the shelling damage and achieved the
expected goal.

This method provides solid theoretical and technical support for reducing losses and
improving quality in the operation of small-scale peanut-shelling machines and also marks
further exploration of peanut shelling and loss-reduction technology. Future applications
can be extended to intelligent peanut-shelling systems. By establishing a variety, a process
database and process parameters can be adjusted in real time according to the variety
during operation to achieve full-process mechanized operation and adaptive regulation.
Peanut-shelling and loss-reduction technology plays a crucial role in the post-processing
industry of peanut production and is of great significance in reducing the loss of agricultural
products and ensuring food safety.
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