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Abstract

To address inefficient screening of high-soil-content tuber–impurity mixtures during tiger 
nut harvesting, a coupled-disturbance screening principle based on counter-rotation of the 
inner and outer roller screens was proposed. A corresponding double-layer roller-screen 
separation device incorporating a separating screw conveyor was developed. A kinematic 
model was established to characterize the equivalent relative linear velocity between the 
screen surfaces, showing that counter-rotation produced a greater value than co-rotation 
at identical rotational speeds. Comparative discrete element method simulations showed 
that, at identical rotational speeds, counter-rotation alleviated localized accumulation, 
increased the separation rate by 3.34 percentage points, and reduced impurity content by 
4.07 percentage points relative to co-rotation. A Box–Behnken design with three factors 
and three levels optimized the speeds of the outer screen, inner screen, and screw conveyor 
to 20, 53, and 122 r/min, respectively. The predicted separation rate and impurity content 
were 97.87% and 24.43%. Field trials conducted at the optimized parameter combination 
yielded a mean separation rate of 91.71% and an impurity content of 22.51%, with absolute 
relative deviations of 6.29% and 7.86% from the predicted values, respectively. The proposed 
method and device provide a practical basis for improving tuber–impurity separation in 
tiger nut harvesters.

Keywords: tiger nut; tuber–impurity separation; counter-rotating double-layer roller screen; 
response-surface optimization; EDEM

1. Introduction
Tiger nut (Cyperus esculentus L.) is an emerging high-yield oil crop. The oil content in 

its tubers is over 20% [1], and the output of oil per unit area is approximately four times 
that of soybean and twice that of rapeseed [2,3]. In recent years, with the optimization of 
China’s oil-bearing crop industry structure, large-scale cultivation of tiger nut has expanded 
across the northeast, northwest, and central regions of China [4]. However, mechanized 
harvesting remains hindered by inefficient tuber–impurity separation technologies [5,6]. 
The material harvested from tiger nut plants predominantly comprises tubers, roots, and 
soil and is characterized by high soil content, a wide particle-size distribution, and poor 
flowability. These physical properties lead to material retention and localized accumulation 
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within separation components, thus affecting tuber harvesting efficiency and increasing the 
workload of the subsequent cleaning process. Currently, most tiger nut harvesters deployed 
in China are adaptations of equipment originally designed for crops such as potatoes or 
peanuts. As a result, their cleaning screen and separation systems are ill-suited to the unique 
characteristics of tiger nut harvest material [7]. During operation, conventional single-layer 
screens and co-rotating double-layer roller screens frequently suffer from localized material 
build-up and synchronous movement of the harvested material with the screen surface, 
significantly diminishing the likelihood of effective soil passage through the apertures. 
This leads to incomplete tuber–impurity separation and high impurity content, severely 
constraining both the quality and operational efficiency of mechanized tiger nut harvesting. 
Consequently, developing a high-efficiency tuber–impurity separation device specifically 
tailored to the physicochemical and flow characteristics of tiger nut harvest material is 
essential for overcoming this technical bottleneck.

Tuber–impurity separation in tiger nut harvesting mainly relies on two screening 
methods: vibratory screening and roller screening. Vibratory screening primarily relies 
on the periodic reciprocating motion of screen surfaces to promote the dispersion and 
separation of tubers, soil, and root impurities. Zhang et al. [8] designed a vibrating-screen 
device driven by an eccentric crank-linkage mechanism. The reciprocating motion of the 
perforated and woven screens facilitated tuber–impurity separation, and the screening 
motion parameters were optimized. Liu et al. [9] developed a combined screening system 
comprising an elevating mesh conveyor, a threshing drum, and a key-type separating 
device. Multistage separation was achieved through preliminary soil removal during 
material conveyance and the periodic motion of the key-type separating device. However, 
the processing capacity of vibratory screens is constrained by factors such as screening 
area and material bed thickness. Under conditions of high soil content and high feed rates, 
material accumulation and incomplete separation are likely to occur. In contrast, roller 
screens have been applied to the separation and cleaning of harvested tiger nut material 
owing to their simple structure, ability to operate continuously, and uniform material 
agitation. Zhao et al. [10] designed a cleaning system combining an eccentric-driven 
vibrating screen with a single-layer octagonal roller screen. Material sliding and falling 
induced by drum rotation promoted soil-clod breakage and impurity removal. However, 
single-layer roller screens are limited by their aperture dimensions and screening stages, 
making it difficult to simultaneously retain large root impurities and remove fine soil 
particles. To improve separation efficiency for complex agricultural materials, double-layer 
roller screens have increasingly been adopted for multistage screening. Dai et al. [11] used 
a double-layer roller screen for the multistage cleaning of material obtained from frozen 
sea buckthorn fruits and optimized the roller-screen rotational speed and feed rate using 
discrete element simulations. Their results showed that the combined action of the inner and 
outer screen surfaces broadened the particle size separation range for complex agricultural 
materials. Wan et al. [12] proposed a counter-rotating configuration comprising a screen 
body and a flow-assisting component for cleaning small rapeseed seeds, confirming that 
agitation significantly enhanced cleaning performance. Overall, existing vibratory screening 
devices have limited processing capacity under high feed rates, while single-layer roller 
screens struggle to achieve staged separation of high-soil-content mixtures. Previous studies 
on double-layer roller screens have primarily focused on agricultural materials with low 
soil contents. The relative motion and disturbance mechanisms associated with different 
combinations of rotational directions and speeds of the inner and outer screen surfaces 
remain insufficiently understood. In particular, theoretical analysis and experimental 
validation of the separation of high-soil-content tiger nut tuber–impurity mixtures remain 
relatively limited.
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This paper proposes a coupled-disturbance screening principle for high-soil-content 
tiger nut tuber–impurity mixtures, wherein the inner and outer roller screens rotate in 
opposite directions at different speeds. A dedicated tuber–impurity separation device 
was accordingly developed. A kinematic model of the double-layer screen surfaces was 
established to characterize the equivalent relative linear velocity under co-rotating and 
counter-rotating conditions. Discrete element method (DEM) simulations were conducted 
in EDEM 2024 to compare material distribution, accumulated mass, and separation perfor-
mance under co-rotating and counter-rotating conditions. Response surface methodology 
(RSM) was used to optimize the operating parameters, with separation rate and impurity 
content selected as the response variables. Field experiments were subsequently conducted 
at the optimized parameter combination to evaluate the operational performance of the 
device and compare the field measurements with the simulation-based predictions. These 
results provide a basis for understanding the effects of counter-rotating screen motion on 
material distribution and separation performance, as well as for the design and operating-
parameter optimization of tiger nut roller-screen separation devices.

2. Materials and Methods
2.1. Structure and Operating Principle of the Tiger Nut Harvester

The experimental machine was a 4YDQ-1600 trailed tiger nut harvester. Figure 1 shows 
the overall structure of the harvester, which comprised the following principal components: 
rotary cutting digging device, lifting device, separation device, tuber–impurity conveyor, 
vibrating screen, pneumatic cleaning mechanism, tuber elevator, grain tank, transmission 
system, and traveling mechanism. Power was transmitted from the tractor’s rear power take-
off (PTO) shaft to working components via a transmission system, enabling continuous and 
integrated operation, including digging, feeding, tuber–impurity separation, cleaning, and 
tuber collection. During operation, the rotary cutting digging device chopped, loosened, and 
conveyed the soil layer containing tiger nut tubers, thereby excavating tuber–soil aggregates 
together with associated impurities to form a mixed material stream. The lifting device 
elevated the mixture into the separation device, while its screen structure simultaneously 
facilitated soil loosening during conveyance. The remaining tuber–impurity mixture, which 
still contained a high proportion of impurities, was fed into the double-layer roller screen 
for primary separation. Large-sized impurities were discharged through the outlet of the 
inner roller screen, whereas fine soil particles and tiger nut tubers entered the outer roller 
screen for secondary separation. Finally, after vibrating screening and pneumatic cleaning, 
the tubers were conveyed to the grain tank, completing the harvesting process. The main 
technical parameters of the harvester are listed in Table 1.

Table 1. Main technical parameters of the tiger nut harvester.

No. Item Unit Specification

1 Model – 4YDQ-1600 Trailed tiger nut harvester
2 Structural type – Trailed type

3 Functions – Digging/haulm 
removal/cleaning/collection

4 Matching tractor power kW ≥110.3 (four-wheel drive)
5 Overall dimensions (L × W × H) mm 7860 × 3200 × 2600
6 Structural mass kg 5050
7 Working width mm 2000

8 Field capacity ha 
h−1 0.12–0.17
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Figure 1. Schematic diagram of the tiger nut harvester structure. 1. Tuber–impurity conveyor; 
2. Separation device; 3. Pneumatic cleaning mechanism; 4. Lifting device; 5. Grain tank; 6. Vibrating 
screen; 7. Traveling mechanism; 8. Tuber elevator; 9. Rotary cutting digging device; 10. Transmission 
system; 11. Frame.

2.2. Structure and Operating Principle of the Separation Device
The separation device developed in this study employed a counter-rotating double-

layer roller screen and served as the main screening component of the harvester. As shown 
in Figure 2, the separation device comprised an outer roller screen, an inner roller screen, a 
separating screw conveyor, a soil-retaining plate, lifting scrapers, and helical guide vanes. 
The device integrated staged screening with counter-rotating coupled agitation. Specifically, 
the inner roller screen performed primary separation of root impurities from the tubers 
and associated soil, whereas the outer roller screen carried out secondary separation by 
separating the tubers from fine soil particles and small impurities. The separating screw 
conveyor loosened the material within the inner roller screen and promoted its axial con-
veyance. Together, these three components enabled efficient separation of high-soil-content 
tuber–impurity mixtures.

The principal innovation lay in the counter-rotating motion of the inner and outer roller 
screens. When viewed from the material inlet, the outer roller screen rotated clockwise, 
whereas both the inner roller screen and the separating screw conveyor rotated counterclock-
wise. Their rotational speeds were independently adjustable. During operation, the mixture 
first entered the inner roller screen. The screen rotated, the separating screw conveyor 
agitated the material, and the mixture underwent gravity-induced tumbling, sliding, and 
axial transport. Relatively small tiger nut tubers and fine soil particles passed through 
the inner screen apertures into the outer roller screen, while large-sized impurities were 
retained, conveyed axially by the separating screw conveyor, and discharged at the impurity 
outlet. Material entering the outer roller screen experienced oppositely directed tangen-
tial forces from the inner and outer screen surfaces. These forces disrupted synchronous 
motion with the screen surfaces, generated intense secondary agitation and shear-induced 
dispersion, alleviated localized accumulation, and improved screening efficiency. Under 
continuous agitation, fine soil particles passed through the outer screen apertures and were 
discharged. Tiger nut tubers larger than the screen apertures were retained and conveyed to 
the discharge end by the helical guide vanes, thereby completing the staged tuber–impurity 
separation process.

By generating a combined disturbance field through counter-rotating differential-speed 
motion, the device transcended conventional size-based screening. This field enhanced 
relative particle sliding and material redistribution, enabling the device to accommodate 
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harvested tiger nut material with high soil content and a strong tendency to accumulate. It 
also substantially improved screening stability and separation performance.

Figure 2. Structure of the separation device. 1. Outer roller screen (gray); 2. Soil-retaining plate 
(yellow); 3. Driven gear (black); 4. Inner roller screen (blue); 5. Separating screw conveyor (silver); 
6. Helical guide vane (cyan); 7. Lifting scraper (purple); 8. Discharge outlet (red).

2.3. Structural Parameter Design of Key Components
The tiger nut harvesting process is characterized by a high feed rate, high soil content, 

and a strong tendency for the material to agglomerate. Accordingly, the structural parame-
ters of the double-layer roller screen and separating screw conveyor were determined by 
considering the installation space, operating efficiency, and required screening accuracy.

2.3.1. Determination of the Diameters and Length of the Double-Layer Roller Screen
The roller screen diameter governs the material filling state, effective screening area, 

and overall operating efficiency of the harvester, and is a key structural parameter affecting 
screening performance. During harvesting, a 10–15 cm layer of soil from the land surface 
must be excavated and fed into the harvester. This process imposes a high instantaneous 
load on the roller screen. If the roller screen diameter were too small, it would lead to 
an excessively thick material layer inside the roller screen, insufficient utilization of the 
screen surface, and localized material accumulation. On the other hand, an excessively 
large roller-screen diameter would increase the size and transmission load of the harvester. 
In order to ensure sufficient tuber–impurity separation, considering the working width and 
available installation space of the harvester, the roller screen diameter was calculated using 
the method proposed by Sullivan et al. [13] as follows:

𝐷𝑖 = (


11.36𝑄𝑚

𝜌𝑚𝐹𝐾𝑣√𝑔 tan 𝛽
)


0.4

(1)
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where Di  is the diameter of the inner roller screen, m; Qm  is the feed rate of the inner roller 
screen, kg/s; 𝜌m  is the bulk density of the tuber–impurity mixture, kg/m3 ; F is the filling 
coefficient of the inner roller screen, ranging from 0.25 to 0.33; Kv  is the rotational-speed 
correction coefficient; g is the gravitational acceleration, taken as 9.8 m/s2 ; and 𝛽 is the 
inclination angle of the roller screen.

Based on the operating conditions of the tiger nut harvester, Qm  was set to 43 kg/s. The 
bulk density 𝜌m  was experimentally measured as 1411 kg/m3 , and the filling coefficient F 
was taken as 0.3. Considering the influence of field terrain, the inclination angle of the roller 
screen was set to 5°, and the rotational-speed correction coefficient Kv  was set to 1.85 [13]. 
According to Equation (1), the calculated diameter of the inner roller screen was Di  ≈ 1.4 m. 
Based on the material characteristics of tiger nut and the agronomic requirements for 
tuber–impurity separation, the diameter of the outer roller screen was set to Do  = 1.9 m.

The roller screen length determines the effective residence time of the material and 
significantly influences screening performance. The typical length of a roller screen is 
2–6 times its diameter [14]. Considering the available installation space, the length L was 
set to twice its diameter:

2Di ≤ L ≤ 2Do (2)

The resulting range of L was 2.8–3.8 m. Thus, the double-layer roller screen length was 
set to L = 3 m.

2.3.2. Design of the Screen Apertures
Material size and physical properties affect separation performance and operating-

parameter selection, whereas screen type influences tuber–impurity separation, screening 
stability, and structural reliability. Considering the high impact loads and intense material 
mixing encountered during tiger nut harvesting, perforated screens were selected for both 
the inner and outer roller screens. Perforated screens offer high rigidity, strong resistance 
to deformation and wear, and stable screening accuracy. They are therefore well suited to 
complex field conditions.

For a given screen area, aperture dimensions and arrangement determine the screen-
surface utilization coefficient Kd . A higher Kd  generally increases the effective screening 
area and facilitates material passage through the apertures. As shown in Figure 3, Kd  was 
calculated as follows:

𝐾𝑑 =
bl − (1 − 𝜋

4 )𝑏2

𝑃1𝑃2
(3)

where b is the screen-aperture width, mm; l is the screen-aperture length, mm; P1 
is the aperture pitch in the width direction, mm; and P2  is the aperture pitch in the 
length direction, mm.

The predominant cultivar “Yuyousha 2”, whose tubers have triaxial dimensions of 9 to 
16 mm, was selected as the research material. The inner roller screen performed primary size 
classification and was designed to allow tubers to pass while retaining large roots and other 
impurities. Its apertures were designed as 22 mm × 40 mm with pitches of 30 mm × 50 mm, 
resulting in Kd  = 51.7%. The outer roller screen performed secondary fine screening and was 
designed to retain tubers while allowing fine soil particles to pass. Its aperture dimensions 
were therefore designed as 7 mm × 40 mm with pitches of 12 mm × 45 mm, resulting 
in Kd  = 49.9%. These parameters were selected to balance screening efficiency and the 
structural strength of the roller screen under high-load operation.
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Figure 3. Arrangement of screen apertures.

2.3.3. Design of the Separating Screw Conveyor
The separating screw conveyor was installed inside the inner roller screen to loosen the 

harvested material, suppress agglomeration and accumulation, and provide continuous ax-
ial conveyance. Its structural parameters directly affect loosening and screening uniformity 
and were therefore designed to balance conveying continuity and loosening performance 
while avoiding excessive impact loading on the tubers.

The structural and operating parameters of the helical blade directly determine material-
conveying efficiency and screening performance. These parameters include the blade outer 
diameter D1 , blade inner diameter D2 , pitch Ss , helix angle 𝛼s , mounting-shaft diameter ds , 
and rotational speed ns .

To establish the design constraints for the helical blade, a material particle on the blade 
was modeled as a point mass located at Os  for force analysis, as shown in Figure 4. The 
forces acting on the material include its gravitational force G, the normal thrust Fn  and the 
tangential frictional force Ff  exerted by the helical blade, and the frictional force fs  exerted 
by the screen surface.

As shown in Figure 4, under the action of the tangential frictional force Ff , the resultant 
force Fs  acting on the material in the horizontal plane deviates from the normal direction of 
the helical surface by the friction angle 𝛽s . The resultant force can be resolved into an axial 
component Fx  and a radial component Fy , which are expressed as follows:

{


𝐹𝑥 = 𝐹𝑠 cos(𝛼s + 𝛽𝑠)
𝐹𝑦 = 𝐹𝑠 sin(𝛼𝑠 + 𝛽𝑠)

(4)

The axial component of the normal thrust Fn  acts in the direction of material trans-
port and therefore provides the driving force for material motion. In contrast, the axial 
components of the tangential frictional force Ff  and the screen-surface frictional force fs 
act opposite to the direction of material advance and therefore constitute the resistance 
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to material motion. To ensure that the material moves in the positive x-axis direction, the 
following condition must be satisfied:

Fn cos𝛼s  > Ff sin𝛼s  + fs sin(90° − 𝛼s − 𝛽s ) (5)

Figure 4. Schematic diagram of the helical blade structure and force analysis of the material particle. 1. 
Vertical support tube; 2. Blade support tube; 3. Mounting shaft; 4. Helical blade; 5. Reinforcing plate.

Since the frictional force exerted by the screen on the material acts opposite to the 
direction of motion, fs sin(90° − 𝛼s − 𝛽s ) > 0. Accordingly, Equation (5) can be rearranged as:

Fn cos𝛼s  > Ff sin𝛼s (6)

Since Ff  = Fn tan𝛽s , substitution into Equation (6) and subsequent rearrangement yield:

cot𝛼s  > tan𝛽s (7)

Accordingly, the design constraint for the helix angle is expressed as follows:

𝛼s  < 90° − 𝛽s (8)

Friction experiments showed that the friction angle between the tuber–impurity mix-
ture and the steel plate was 𝛽s  = 35°. Substitution into Equation (8) yielded 𝛼s  < 55°. 
Considering both axial conveying efficiency and structural compactness, the helix angle 
was set to 𝛼s  = 18°.

According to the design criteria for open screw conveyors [15], the outer diameter D1 
of the helical blade must satisfy the following relationship:

𝐷1 > 2.5√ 𝑄𝑚
47𝐾𝑠𝐴𝑠𝜓𝑠𝜆𝑠𝜌𝑚

(9)

where Ks  is the pitch coefficient, taken as 0.8; As  is the comprehensive material-property 
coefficient, taken as 40; 𝜓s  is the material filling coefficient of the inner roller screen, taken 
as 0.3; and 𝜆s  is the inclination coefficient, taken as 1 for horizontal conveying.

Based on screw-conveyor design practice and the design guidelines provided by the 
Chinese Academy of Agricultural Mechanization Sciences [16], the blade outer diameter 
was set to D1  = 800 mm. The pitch Ss  and mounting-shaft diameter ds  satisfy the following 
relationships with the blade outer diameter [17]:

0.8D1 ≤ Ss ≤ 1.0D1 (10)
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0.2D1 ≤ ds ≤ 0.35D1 (11)

The calculated values were Ss  = 650 mm and ds  = 160 mm.
To ensure the continuous conveying capacity of the helical blade, its inner diameter 

was set to D2  = 540 mm in accordance with the design guidelines provided by the Chinese 
Academy of Agricultural Mechanization Sciences [16].

2.4. Kinematic Analysis and Determination of the Rotational Speeds of Key Components
2.4.1. Determination of Roller-Screen Rotational Speeds

Material motion and the forces acting on the particles determine screening efficiency. Within 
a roller screen, material motion primarily exhibits sliding, cataracting, or centrifuging [18]. 
Under centrifuging conditions, the material remains attached to the screen surface and cannot be 
screened effectively; an appropriate rotational-speed range must be determined through critical 
force analysis. Taking a tiger nut tuber as the object of analysis and neglecting the interparticle 
interactions and forces between the particles and the helical guide vanes, force-equilibrium 
equations were formulated for the critical sliding and detachment conditions, as shown in 
Figure 5. The admissible rotational-speed range of the roller screen was then determined by 
incorporating the frictional characteristics of the material.

Figure 5. Force analysis of a tiger nut tuber at critical positions in cross-sectional views perpendicular 
to the axes of the inner and outer roller screens. (a) Force analysis at critical position I; (b) Force 
analysis at critical position II. 1. Outer roller screen; 2. Inner roller screen; 3. Tiger nut tuber; 4. Soil. 
Red particles represent tiger nut tubers, while yellow particles represent soil particles.
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The force-equilibrium equation for a tiger nut tuber at the critical condition of sliding 
downward along the screen surface is expressed as follows:

{


𝑚𝑟gsin𝛼 − 𝑓1 = 0
𝑚𝑟𝜔1

2𝑅1 + 𝑚𝑟gcos𝛼 − 𝑁1 = 0
𝑓1 = 𝜇1𝑁1

(12)

Solving this equation gives:

𝜔1 = √𝑔(sin𝛼 − 𝜇1cos𝛼)
𝜇1𝑅1

(13)

The force-equilibrium equation for a tiger nut tuber at the critical condition of being 
thrown through a screen aperture is expressed as follows:

{


𝑚𝑟𝜔1
2𝑅1 + 𝑚𝑟gcos𝜃 − 𝑓2 = 0
𝑁2 − 𝑚𝑟gsin𝜃 = 0

𝑓2 = 𝜇1𝑁2

(14)

Solving this equation gives:

𝜔1 = √𝑔(𝜇1sin𝜃 − cos𝜃)
𝑅1

(15)

where mr  is the tuber mass, kg; 𝛼 is the critical sliding angle, rad; 𝜃 is the critical detachment 
angle, rad; f 1  is the frictional force exerted by the screen surface on the tiger nut tuber, N; 
f 2  is the frictional force exerted by the screen aperture on the tiger nut tuber, N; 𝜔1  is the 
angular velocity of the inner roller screen, rad/s; R1  is the radius of the inner roller screen, 
m; N1  is the normal force exerted by the screen surface on the tiger nut tuber, N; N2  is 
the normal force exerted by the screen aperture on the tiger nut tuber, N; and 𝜇1  is the 
coefficient of friction between the tuber and the screen.

For a given angular velocity 𝜔1 , the critical detachment angle 𝜃 obtained from 
Equation (15) is greater than the critical sliding angle 𝛼 obtained from Equation (13). This 
indicates that when the tiger nut tubers are sliding, they can be ejected through the screen 
apertures as soon as they encounter them. Therefore, the rotational speed of the roller 
screen can be determined based on the sliding conditions of the tiger nut tubers. According 
to Zhao et al. [19], the coefficient of friction between tiger nut tubers and the screen is 𝜇1  = 
tan 𝜑1 . The sliding friction angle between the tuber and steel was 𝜑1  = 18°; therefore, 𝜇1  = 
tan 𝜑1  = 0.32. To maintain stable tumbling and avoid premature transition to centrifuging, 
the minimum critical sliding angle 𝛼 was set 5–10° higher than 𝜑1  [20]; thus, 𝛼min  = 25°. As 
𝛼 increases, the sliding region of the material becomes longer. However, once 𝛼 exceeds 90°, 
the motion changes from sliding to parabolic free fall after detachment, markedly reducing 
the probability of passage through the apertures. Thus, 𝛼max  was set to 90°. Substituting 
R1  = 0.7 m, 𝛼min  = 25°, and 𝛼max  = 90° into Equation (13) and rounding gave an inner roller 
screen rotational-speed range of 22 r/min ≤ ni ≤ 62 r/min. Analogously, the sliding friction 
angle between soil and steel was measured as 𝜑2   = 22°; so 𝜇2  = tan 𝜑2  = 0.404. Setting 
𝛼min  = 27° and 𝛼max  = 90° to prevent the soil from entering the cataracting regime and 
falling back into the inner roller screen, and substituting R2  = 0.95 m into Equation (13) 
yielded the outer roller screen rotational-speed range of 15 r/min ≤ no ≤ 47 r/min.

The single-particle force analysis above describes critical sliding and detachment on 
a rotating screen under the adopted friction conditions, while neglecting interparticle 
interactions and the forces exerted by the helical guide vanes. Its applicability is therefore 
limited to estimating the admissible rotational-speed ranges for representative particles, 
rather than predicting the collective motion or separation performance of the tuber–soil–root 
mixture. Under field conditions, particle collisions, soil agglomeration and adhesion, and 
root entanglement may modify the actual particle motion.
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2.4.2. Kinematic Analysis of Relative Motion Between the Inner and Outer Roller Screens
After these ranges had been determined, the relative motion between the two screen 

surfaces was examined to quantify the additional disturbance generated by counter-rotation. 
Based on the critical rotational-speed analysis of a single particle, the tangential kinematic 
behavior of the material within the double-layer roller screen was described.

To elucidate the mechanism by which different combinations of rotational directions 
affect screening performance, rotational-direction coefficients s1  and s2  were introduced, 
with clockwise rotation defined as s = +1 and counterclockwise rotation as s = −1. The 
equivalent relative linear velocity between the inner and outer roller screens can be expressed 
as follows:

vi  = |s1 R1 𝜔1 − s2 R2 𝜔2 | (16)

When the inner and outer roller screens rotate in the same direction, s1  = s2 , and the 
equivalent relative linear velocity is expressed as follows:

vis  = |R1 𝜔1 − R2 𝜔2 | (17)

When the inner and outer roller screens rotate in opposite directions, s1  = −s2 , and the 
equivalent relative linear velocity is expressed as follows:

vir  = R1 𝜔1  + R2 𝜔2 (18)

where s1  is the rotational-direction coefficient of the inner roller screen; s2  is the rotational-
direction coefficient of the outer roller screen; R2  is the radius of the outer roller screen, m; 
𝜔2  is the angular velocity of the outer roller screen, rad/s; vi  is the equivalent relative linear 
velocity, m/s; vis  is the equivalent relative linear velocity under co-rotating conditions, m/s; 
and vir  is the equivalent relative linear velocity under counter-rotating conditions, m/s.

For the same pair of rotational speeds, Equations (17) and (18) show that counter-
rotation produces a greater equivalent relative linear velocity between the screen surfaces 
than co-rotation. As illustrated by the cross-sectional arrangement in Figure 5, the inner and 
outer roller screens form an annular space. Tubers and fine soil particles enter this space 
through the inner-screen apertures. The oppositely moving screen surfaces impart different 
tangential motions to particles through frictional contact. During material transfer and sub-
sequent contact with the outer screen, differences in tangential motion, together with inter-
particle friction and collisions, promote localized shear, relative sliding, and gravity-assisted 
tumbling. These interactions facilitate circumferential redistribution, weaken synchronous 
material motion with the screen surfaces, and help alleviate localized accumulation, thereby 
increasing opportunities for fine soil particles to pass through the outer-screen apertures. 
The equivalent relative linear velocity therefore characterizes the kinematic difference be-
tween the tangential velocities of the two screen surfaces, rather than the actual shear rate 
or separation performance of the mixture. The associated changes in material distribution 
and accumulation were subsequently evaluated using DEM simulations.

2.4.3. Determination of the Rotational Speed of the Separating Screw Conveyor
The axial conveying capacity of the helical blade was required to exceed the feed 

quantity of the inner roller screen [21] as follows:

𝜋
24[(𝐷1 − 𝛿s)

2 − 𝐷2
2]𝜓𝑠𝑆𝑠𝑛𝑠𝜆𝑠𝜌𝑚 × 10−10 > 𝑄𝑚 (19)

where 𝛿s  is the minimum clearance between the outer edge of the helical blade and the 
inner roller screen, taken as 30 mm. Calculation and rounding yielded ns ≥ 40 r/min.
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The risk of tuber damage increases with the peripheral speed of the helical blade. The 
critical linear velocity vz  at the instant of contact was therefore evaluated from Hertz contact 
theory [22]:

𝑣𝑧 = √ 𝜋5𝜎𝑧
5𝑅3

𝑧
30𝐸4𝑚𝑧𝐹2(𝑧)

(20)

where 𝜎z  is the minimum critical stress causing damage, taken as 10.4 MPa; Rz  is the equiv-
alent relative radius of curvature, taken as 4.6 mm; E is the equivalent elastic modulus, 
taken as 42.8 MPa; mz  is the mass of a single tuber, taken as 1.1 × 10−3  kg; and F2 (z) is the 
correction coefficient, taken as 1. The calculated critical linear velocity was vz  ≈ 5.7 m/s, 
corresponding to a rotational speed of 160 r/min after conversion and rounding. However, 
because damage resistance in biological materials is affected by product structure, loading 
mode, and test conditions [23,24], this Hertz-based critical velocity was treated as a theoret-
ical upper bound for defining the design space rather than as an experimentally validated 
damage threshold.

Consequently, the admissible rotational-speed range of the separating screw conveyor 
was determined as 40 r/min ≤ ns ≤ 160 r/min. This range provides adequate loosening 
and conveyance while limiting the risk of excessive impact-induced tuber damage, thereby 
defining the operating range for subsequent parameter optimization.

2.5. Simulation Setup
To quantitatively evaluate the screening performance of the counter-rotating configu-

ration and clarify the effects of operating parameters on separation performance, a discrete 
element method (DEM) model of tuber–impurity separation was established. Comparative 
simulations of the co-rotating and counter-rotating configurations were then performed, 
followed by multifactor simulations for parameter optimization.

2.5.1. Simulation Model and Parameter Settings
The tiger nut harvest material used for model development was collected on 26 Septem-

ber 2025 from a cultivation area in Zhongmu County, Zhengzhou, Henan Province, China. 
On the basis of its field material composition, the complex mixture was simplified into 
three principal components: tiger nut tubers, soil particles, and root impurities. This simpli-
fication improved computational efficiency while retaining adequate simulation fidelity. 
As shown in Figure 6a, soil particles were modeled as spherical particles with a fixed ra-
dius of 1 mm in EDEM 2024 [25,26]. A three-dimensional tuber model was constructed 
from measured triaxial dimensions, exported in STL format, and imported into EDEM 
2024 for particle filling, as shown in Figure 6b. The resulting particle model measured 
14 mm × 11 mm × 9 mm. The discrete-element model of the root impurity was established 
based on its actual physical geometry, as shown in Figure 6c. The upper portion comprised 
spherical elements of 4 mm radius with a center-to-center spacing of 5 mm, and the lower 
portion comprised spherical elements with a radius of 1.5 mm and a center-to-center spacing 
of 2 mm. The total root impurity length was 148 mm.

Because the cultivation-area soil was a loose sandy soil, the Hertz–Mindlin (no slip) 
model was adopted as the base contact model for particle–particle and particle–geometry 
interactions [27]. The material and contact parameters were obtained from laboratory 
measurements or adopted from values reported by Zhang et al. [28] and are summarized 
in Tables 2 and 3.
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Figure 6. Material particle models. (a) Soil particle; (b) Tiger nut tuber; (c) Root impurity.

Table 2. Physical parameters of the materials.

Material Poisson’s Ratio Density (kg/m3 ) Shear Modulus (Pa)

Soil 0.30 1638 1.15 × 107 
Tuber 0.41 1152 1.56 × 107 
Root 0.40 540 1.31 × 106 

Screening device 0.30 7850 7.00 × 1010 

Table 3. Contact parameters of the materials.

Contact Pair Coefficient of 
Static Friction

Coefficient of 
Rolling Friction

Coefficient of
Restitution

Soil–soil 0.40 0.20 0.41
Soil–tuber 0.46 0.30 0.50
Soil–root 0.42 0.32 0.14

Soil–screening device 0.43 0.35 0.40
Tuber–tuber 0.25 0.48 0.36
Tuber–root 0.42 0.10 0.21

Tuber–screening device 0.33 0.14 0.45
Root–root 0.62 0.58 0.53

Root–screening device 0.41 0.30 0.40

The three-dimensional model of the separation device with a ratio of 1:1 was con-
structed in SolidWorks 2018 and imported into EDEM 2024, as shown in Figure 7. The 
material generation rate was set to 43 kg/s, with the mixture consisting of 6% tiger nut 
tubers, 4% impurities, and 90% soil. The simulation time step was set to 20% of the Rayleigh 
time step [29]. Particles were generated from t = 0 to 5 s. After particle generation ceased, 
the remaining particles continued to enter the inner roller screen, and material feeding 
into the screen was complete at t = 6 s. The total simulation duration was 20 s, and the 
data-saving interval was 0.5 s.

2.5.2. Design of the Comparative Simulation Experiment
To compare the screening performance of the co-rotating and counter-rotating configu-

rations, two operating schemes were established: co-rotating and counter-rotating motion. 
The rotational speeds of the outer and inner roller screens were fixed at 31 and 42 r/min, 
respectively. The rotational speed of the separating screw conveyor was fixed at 100 r/min. 
Only the rotation direction of the inner roller screen was varied, as shown in Table 4. Each 
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scheme was independently simulated five times to reduce random error. After each run, 
three masses were recorded separately: the mass of tiger nut tubers in the outer-screen 
discharge collection box (m1 ), the mass of impurities in the same box (m2 ), and the mass of 
tiger nut tubers in the inner-screen discharge collection box (m3 ). The separation rate Kf 
and impurity content Kh  were calculated as follows:

Kf  = m1 /(m1  + m3 ) × 100% (21)

Kh  = m2 /(m1  + m2 ) × 100% (22)

Figure 7. Experimental simulation model. 1. Separation device; 2. Inner roller screen discharge 
collection box; 3. Root; 4. Soil; 5. Outer roller screen discharge collection box; 6. Tiger nut tuber. Red, 
yellow, and green particles represent tiger nut tubers, soil particles, and root impurities, respectively.

Table 4. Comparative simulation design for different motion configurations.

Scheme Motion Configuration
Rotational Speed 

of the Outer Roller 
Screen (r/min)

Rotational Speed 
of the Inner Roller 

Screen (r/min)

Rotational Speed of 
the Separating Screw 

Conveyor (r/min)

Equivalent 
Relative Linear 
Velocity (m/s)

Scheme I Co-rotating motion 31 42 100 0.01
Scheme II Counter-rotating motion 31 42 100 6.16

Note: In both schemes, the outer roller screen rotated clockwise and the separating screw conveyor 
counterclockwise. Only the rotational direction of the inner roller screen was varied: clockwise in 
Scheme I and counterclockwise in Scheme II. All directions were defined as viewed along the direction 
of material conveyance.
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2.6. Design of the Field Experiment
2.6.1. Field Trial Conditions

A field experiment was conducted on 19 November 2025 in a tiger nut production area 
in Zhongmu County, Zhengzhou, Henan Province, China, as shown in Figure 8. The crop 
was grown by flat planting in sandy soil at a plant spacing of 30 cm and a row spacing of 
20 cm. The tuber-bearing layer extended from 8 to 15 cm below the soil surface. Soil samples 
were taken at a depth of 10 cm using a five-point sampling method. The measured soil 
moisture content ranged from 11.7% to 18.0%. No rainfall, strong winds, or other adverse 
weather conditions occurred during the experimental period. Before the experiment, the 
aboveground stems and leaves of the tiger nut plants had been removed, leaving a stubble 
height of 7–10 cm. The power unit was a Dongfanghong LX1504 tractor. Other equipment 
and instruments included shovels, stopwatches, electronic balances, measuring scales, 
woven bags, etc.

Figure 8. Field experiment at the optimized parameter combination.

2.6.2. Field Trial Program
All working components of the harvester were inspected and adjusted before the 

experiment. The transmission system operated normally, and no loose connections 
were found. Trials were conducted in accordance with GB/T 8097-2008, Equipment for 
harvesting—Combine harvesters—Test procedure [30]. Each test strip was 40 m long and 
comprised a 10 m run-in section, a 25 m measurement section, and a 5 m stopping section 
to complete material separation. During the field trials, the tractor forward speed was 
maintained at 0.7 km/h. Based on the simulation optimization, the rotational speeds of 
the outer roller screen, inner roller screen, and separating screw conveyor were set to 20, 
53, and 122 r/min, respectively. Woven bags were fitted and sealed at the outer-screen 
discharge outlet and the tuber–impurity conveyor outlet to collect all discharged material 
without leakage. After the machine had reached steady operation, the materials discharged 
from the two outlets were collected separately, as shown in Figure 9, manually sorted into 
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tubers and impurities, and weighed. The separation rate and impurity content were then 
calculated using Equations (21) and (22). 

Figure 9. Materials collected from the two discharge outlets. (a) Material collected from the 
tuber–impurity conveyor outlet; (b) Material collected from the outer-screen discharge outlet.

2.7. Statistical Analysis
Mean values were used to summarize the comparative simulation and field trial results. 

Standard deviations and coefficients of variation were calculated to characterize variability 
among the center-point simulation replicates and among the field trials.

Quadratic polynomial regression models for separation rate (Kf ) and impurity content 
(Kh ) were fitted using Design-Expert 13. Analysis of variance (ANOVA) was performed, 
with F-tests used to evaluate the initial full quadratic models and their linear, interaction, 
and quadratic terms. Effects were considered significant at p < 0.05 and highly significant at 
p < 0.01. Pure error was estimated from the center-point replicates and used in the lack-of-fit 
tests. Nonsignificant interaction terms were omitted from the reported regression equations. 
The relative strengths of the linear effects were compared using their F-values.

3. Results
3.1. Simulated Tuber–Impurity Separation Process

To illustrate the classification and discharge of the mixture within the double-layer 
roller screen, the counter-rotating configuration was used as a representative case. Material 
distributions at successive simulation times were extracted and analyzed, as shown in 
Figure 10.

From 0 to 6 s, the mixture continuously entered the roller screen and accumulated 
mainly near the inlet. Under the combined effects of gravity, rotation of the roller screens, 
and agitation by the separating screw conveyor, relative motion developed among the 
material components. These actions continuously tumbled, dispersed, and conveyed the 
mixture axially, thereby weakening the contacts among tubers, soil, and root impurities 
and increasing material dispersion. At this stage, the separation process was still at an 
early stage.

At t = 10 s, the separation process became increasingly evident. Roller screen ro-
tation and agitation by the separating screw conveyor caused a portion of the tiger nut 
tubers to pass through the inner screen apertures into the outer roller screen and move 
toward the discharge region. Meanwhile, numerous soil particles passed through the 
outer screen apertures and were discharged under gravity and centrifugal action, while the 
root impurities continued to be conveyed axially within the inner roller screen and were 
progressively discharged.
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Figure 10. Simulated tuber–impurity separation process. (a) t = 1 s; (b) t = 6 s; (c) t = 10 s; 
(d) t = 15 s. Red, yellow, and green particles represent tiger nut tubers, soil particles, and root 
impurities, respectively.

At t = 15 s, the separation process had entered its final stage. The material remaining 
in the outer roller screen consisted primarily of tiger nut tubers and a small quantity of fine 
impurities. As the outer roller screen continued to rotate, the tubers were conveyed toward 
the discharge end by the helical guide vanes and subsequently fell into the corresponding 
collection box.

The DEM results visualized the continuous feeding, staged screening, and directional 
discharge of the tuber–impurity mixture, thereby providing a basis for comparing the two 
motion configurations and optimizing the operating parameters.

3.2. Comparison of Screening Performance Under Co-Rotating and Counter-Rotating Conditions
3.2.1. Material Distribution and Accumulated Mass Within the Roller Screen

To compare the motion of the tuber–soil mixture in the annular space between the inner 
and outer roller screens under the two configurations, particle velocities and spatial distri-
butions at t = 6 s were extracted, as shown in Figure 11. To characterize the circumferential 
spreading of the harvested material at this instant, the circumferential distribution angle 
𝜃d  was introduced. Under co-rotating conditions, the tangential motions of the two screen 
surfaces were in the same direction, causing the material to tend to move synchronously 
with the screen surfaces. The resulting low relative velocity caused the harvested material 
to remain concentrated within a relatively limited circumferential range, with 𝜃d  = 109°. 
Under counter-rotating conditions, the relative shear generated by the oppositely moving 
screen surfaces inhibited the synchronous motion of the harvested material and promoted 
its circumferential redistribution. The distribution angle increased to 𝜃d  = 194°, which was 
85° larger than that under co-rotation, corresponding to an increase of approximately 78.0%. 
This broader circumferential distribution indicated that the harvested material was less 
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concentrated within a limited portion of the screen surface and provided more favorable 
conditions for soil particles to reach and pass through the screen apertures.

Figure 11. Particle velocity and spatial distribution in cross-sectional views perpendicular to the axes 
of the inner and outer roller screens at t = 6 s under different motion configurations. (a) Co-rotating 
motion, 𝜃d  = 109°; (b) Counter-rotating motion, 𝜃d  = 194°. The color scale indicates particle velocity 
magnitude, increasing from blue (low velocity) to red (high velocity).

To further characterize the temporal evolution of material accumulation between the 
inner and outer screen surfaces, an annular grid-based statistical region was defined, as 
shown in Figure 12. Leveraging the geometric assembly relationship between the two 
roller screens, the axis of this region was aligned with that of the outer roller screen. The 
region had an outer diameter of 1900 mm, an inner diameter of 1400 mm, and a total length 
of 3000 mm. Figure 13 presents the variation in total material mass within this annular 
statistical region over time under the two motion configurations. The statistical interval 
was set to 0–15 s, by which time the tuber–impurity separation process was essentially 
complete. This interval therefore fully captures the dynamic variation in the material within 
the region.

Figure 12. Grid configuration in the outer roller screen region. (a) Length of the annular grid-based 
statistical region; (b) Inner and outer diameters of the annular grid-based statistical region.

Under both configurations, the total mass within the region first increased and then 
decreased, as shown in Figure 13. From 0 to 6 s, continuous feeding and the passage of soil 
and tubers through the inner roller screen into the outer roller screen caused the mass within 
the annular region to increase. At approximately t = 6 s, feeding of the tuber–impurity 
mixture was completed. Because a substantial portion of the soil had not yet been discharged 
from the statistical region, the total material mass reached peak values of approximately 
73.2 kg in Scheme I and 66.4 kg in Scheme II. Thereafter, soil was discharged through the 
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outer roller screen apertures, while tubers were conveyed axially by the helical guide vanes, 
and the mass declined progressively. Throughout the simulation, the counter-rotating 
scheme exhibited a lower rate of mass increase during feeding, a lower peak mass (6.8 kg 
less than under co-rotation, corresponding to a reduction of approximately 9.3%), and 
consistently lower mass at subsequent times. This trend was consistent with the broader 
circumferential distribution observed in Figure 11. Together, the broader circumferential 
distribution and lower accumulated mass indicate that counter-rotation alleviated localized 
accumulation and provided more favorable conditions for soil discharge through the outer-
screen apertures.

Figure 13. Variation in the total material mass within the annular grid-based statistical region.

3.2.2. Comparative Analysis of Separation Rate and Impurity Content
To quantify the effect of motion configurations on separation performance, the masses 

of tiger nut tubers and impurities collected in the outer roller screen discharge box, to-
gether with the mass of tubers incorrectly discharged through the inner-screen outlet, were 
recorded after each run. The separation rate Kf  and impurity content Kh  were then calculated. 
The mean results of five replicate simulations are presented in Table 5.

Relative to co-rotation, counter-rotation raised the mean separation rate from 92.94% 
to 96.28% (an absolute increase of 3.34 percentage points) and lowered the mean impurity 
content from 27.97% to 23.90% (an absolute decrease of 4.07 percentage points). Mechanisti-
cally, the superposition of tangential velocities under counter-rotating motion intensified the 
secondary disturbance of the material. This promoted smooth tuber conveyance, reduced 
losses arising from incomplete separation, increased the probability of soil-particle passage 
through the screen apertures, and thereby reduced the impurity content of the recovered 
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tubers. These results indicate improved separation performance under counter-rotating 
conditions within the investigated DEM simulations.

Table 5. Simulated separation rate and impurity content under two motion configurations.

No.
Scheme I: Co-Rotating Motion Scheme II: Counter-Rotating Motion

Separation Rate (%) Impurity Content (%) Separation Rate (%) Impurity Content (%)

1 92.64 27.81 96.94 23.32
2 93.20 27.48 96.81 24.35
3 92.43 27.74 95.21 23.59
4 93.56 28.27 96.47 24.95
5 92.87 28.54 95.98 23.27

Mean 92.94 27.97 96.28 23.90

3.3. Response Surface Simulation Experiment for Operating-Parameter Optimization
3.3.1. Experimental Design

Three operating parameters with significant effects on tuber–impurity separation 
performance were selected as experimental factors: the rotational speed of the outer roller 
screen (factor A), the rotational speed of the inner roller screen (factor B), and the rotational 
speed of the separating screw conveyor (factor C). A three-factor, three-level Box–Behnken 
design was used for the simulation experiments. The coded factor levels are listed in Table 6.

Table 6. Coded levels of the experimental factors.

Code
Factors

Rotational Speed of the Outer 
Roller Screen (r/min)

Rotational Speed of the Inner 
Roller Screen (r/min)

Rotational Speed of the Separating 
Screw Conveyor (r/min)

−1 15 22 40
0 31 42 100
1 47 62 160

Note: The rotational-speed values listed in the table represent speed magnitudes. During the simula-
tions, the outer roller screen rotated clockwise, whereas the inner roller screen and the separating 
screw conveyor rotated counterclockwise. These rotational directions remained unchanged across all 
experimental groups.

3.3.2. Experimental Results
Seventeen simulation runs were performed using the Box–Behnken design module 

in Design-Expert 13, comprising twelve non-center design points and five center-point 
replicates for estimation of pure error, as shown in Table 7.

Across the 17 runs, Kf  ranged from 79.84% to 96.94% (mean value 91.91%) and Kh 
ranged from 23.27% to 34.71% (mean value 28.92%), as shown in Table 7. For the five center-
point replicates, the mean separation rate and impurity content were 96.28% and 23.90%, 
respectively, with standard deviations of 0.70 and 0.73 percentage points and coefficients of 
variation of 0.73% and 3.06%. Variations in the spatial distribution of generated particles may 
alter subsequent interparticle collisions and contact with the screen surfaces, contributing 
to the differences among repeated runs. These results indicate good repeatability under the 
center-point conditions.
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Table 7. Design and results of the simulation experiments.

No.
Factors Separation Rate, 

Kf  (%)
Impurity 

Content, Kh  (%)A B C

1 −1 −1 0 95.37 30.66
2 1 −1 0 88.13 34.22
3 −1 1 0 95.67 27.16
4 1 1 0 93.86 31.61
5 −1 0 −1 86.24 33.41
6 1 0 −1 79.84 34.71
7 −1 0 1 95.38 27.96
8 1 0 1 90.78 32.34
9 0 −1 −1 80.69 33.47

10 0 1 −1 87.31 30.26
11 0 −1 1 93.43 29.23
12 0 1 1 94.33 27.14
13 0 0 0 96.94 23.32
14 0 0 0 96.81 24.35
15 0 0 0 95.21 23.59
16 0 0 0 96.47 24.95
17 0 0 0 95.98 23.27

Note: Runs 13–17 were the same simulation runs as the five counter-rotating replicates of Scheme 
II in Table 5. Because the operating parameters of Scheme II corresponded exactly to the center-
point combination of the Box–Behnken design (A = B = C = 0; no  = 31 r/min, ni  = 42 r/min, and 
ns  = 100 r/min), these runs were used as the center-point replicates for estimation of pure error and 
were not repeated separately.

3.3.3. Establishment of Regression Models and Significance Analysis
The ANOVA results for the full quadratic regression models of Kf  and Kh  are presented 

in Tables 8 and 9, respectively.

Table 8. Analysis of variance for the regression model of separation rate Kf .

Source Sum of Squares df Mean Square F-Value p-Value Significance

Model 485.37 9 53.93 137.12 <0.0001 Significant
A 50.25 1 50.25 127.77 <0.0001 **
B 22.95 1 22.95 58.35 0.0001 **
C 198.40 1 198.40 504.46 <0.0001 **

AB 7.37 1 7.37 18.74 0.0034 **
AC 0.81 1 0.81 2.06 0.1944
BC 8.18 1 8.18 20.80 0.0026 **
A2 16.05 1 16.05 40.80 0.0004 **
B2 4.84 1 4.84 12.31 0.0099 **
C2 165.51 1 165.51 420.84 <0.0001 **

Residual 2.75 7 0.3933
Lack of fit 0.7656 3 0.2552 0.5136 0.6945 Not significant
Pure error 1.99 4 0.4969

Total 488.13 16
Note: ** indicates highly significant (p < 0.01).

As shown in Table 8, the overall regression model for Kf  was highly significant 
(F = 137.12, p < 0.0001), while the lack of fit was not significant (p = 0.6945 > 0.05). 
The main effects A, B, and C, the interactions AB and BC, and the quadratic terms A2 , B2 , 
and C2  were all highly significant (p < 0.01), whereas AC was nonsignificant. Ranking of 
the main-effect F values gave the order of influence C > A > B.
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Table 9. Analysis of variance for the regression model of impurity content Kh .

Source Sum of Squares df Mean Square F-Value p-Value Significance

Model 258.93 9 28.77 68.94 <0.0001 Significant
A 23.43 1 23.43 56.13 0.0001 **
B 16.27 1 16.27 38.99 0.0004 **
C 28.80 1 28.80 69.02 <0.0001 **

AB 0.1980 1 0.1980 0.4745 0.5131
AC 2.37 1 2.37 5.68 0.0486 *
BC 0.3136 1 0.3136 0.7514 0.4147
A2 87.10 1 87.10 208.70 <0.0001 **
B2 25.65 1 25.65 61.46 0.0001 **
C2 56.43 1 56.43 135.20 <0.0001 **

Residual 2.92 7 0.4173
Lack of fit 0.7871 3 0.2624 0.4917 0.7069 Not significant
Pure error 2.13 4 0.5336

Total 261.85 16
Note: ** indicates highly significant (p < 0.01); * indicates significant (p < 0.05).

As shown in Table 9, for Kh , the overall model was likewise highly significant (F = 68.94, 
p < 0.0001), whereas the lack of fit term was not significant (p = 0.7069 > 0.05). The main 
effects A, B, and C, and the quadratic terms A2 , B2 , and C2  were highly significant (p < 0.01), 
while the interaction term AC was significant (p < 0.05). Based on their F values, the relative 
importance of the main effects on the impurity content followed the order C > A > B.

The regression equations relating the two responses to the coded factors were expressed 
as follows:

Kf  = 96.28 − 2.50A + 1.70B + 4.98C + 1.36AB − 1.43BC − 1.95A2 − 1.07B2 − 6.27C2 (23)

Kh  = 23.90 + 1.71A − 1.43B − 1.90C + 0.77AC + 4.55A2  + 2.47B2  + 3.66C2 (24)

where A, B, and C are the coded values of the rotational speeds of the outer roller screen, 
inner roller screen, and separating screw conveyor, respectively.

To facilitate prediction using actual rotational speeds, the coded factors were con-
verted according to the factor levels in Table 6 as (A = (no -31)/16), (B = (ni -42)/20), and 
(C = (ns -100)/60). Substituting these relations into Equations (23) and (24) yielded the 
corresponding regression equations in actual units:

𝐾𝑓 = 60.33 + 0.138𝑛𝑜 + 0.297𝑛𝑖 + 0.481𝑛𝑠 + 0.00425𝑛𝑜𝑛𝑖 − 0.00119𝑛𝑖𝑛𝑠
−0.00762𝑛2

𝑜 − 0.00268𝑛2
𝑖 − 0.00174𝑛2

𝑠
(25)

𝐾ℎ = 67.38 − 1.08𝑛𝑜 − 0.590𝑛𝑖 − 0.260𝑛𝑠 + 0.000802𝑛𝑜𝑛𝑠
+0.0178𝑛2

𝑜 + 0.00618𝑛2
𝑖 + 0.00102𝑛2

𝑠
(26)

where no , ni , and ns  are the rotational speeds (r/min) of the outer roller screen, inner roller 
screen, and separating screw conveyor, respectively. The optimal combination of the three 
operating parameters can be determined by solving the two regression models above.

3.3.4. Analysis of Interaction Effects on the Performance Indices
Response surface methodology has been widely used for parameter optimization of 

agricultural cleaning equipment [31]. In the present study, three-dimensional response 
surface plots for the significant interaction terms were generated using Design-Expert 13, 
as shown in Figure 14.

The AB interaction exerted a highly significant effect on the separation rate, as shown 
in Figure 14a. At low inner-screen speed, increasing outer-screen speed markedly reduced 
Kf ; this adverse effect weakened at high inner-screen speed. A higher inner-screen speed 
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promoted more thorough tumbling within the inner roller screen and increased the prob-
ability of passage through the screen apertures. Under counter-rotating conditions, the 
equivalent relative linear velocity vir  between the two screen surfaces increases with the 
inner roller screen speed, as shown in Equation (18). The resulting stronger secondary 
disturbance partially offset the negative influence of raising the outer roller screen speed, 
consistent with the milder slope observed at high B in Figure 14a.

Figure 14. Response surfaces showing the effects of factor interactions on the experimental indices. 
(a) C = 0, separation rate; (b) A = 0, separation rate; (c) B = 0, impurity content.

The BC interaction also had a highly significant effect on the separation rate, as shown in 
Figure 14b. Its F-value slightly exceeded that of AB, indicating a slightly stronger interaction 
within the investigated ranges. At a low screw-conveyor speed, increasing the inner-screen 
speed substantially increased Kf . However, this positive effect diminished as the screw-
conveyor speed increased. A possible explanation is that, at a low speed of the separating 
screw conveyor, material loosening and agitation were insufficient. Increasing the inner-
screen speed therefore intensified material tumbling and increased contact between the 
tubers and the screen apertures, thereby increasing the probability of tuber passage. Once 
the screw conveyor provided sufficient axial conveying and loosening, further increases in 
inner-screen speed produced only limited gains.

The AC interaction had a significant effect on impurity content, as shown in Figure 14c. 
At low outer-screen speed, Kh  initially decreased as the screw-conveyor speed increased 
and then increased after reaching a minimum. At a high outer-screen speed, the effect of C 
was weaker, as indicated by the wider spacing of the contour lines. An excessively high 
conveyor speed shortened the residence time within the inner roller screen and allowed 
a greater quantity of fine impurities to enter the outer roller screen. Concurrently, high 
outer-screen speed increased the tendency of material to remain against the screen wall 
under centrifugal effects, so that fine soil blocked apertures and was ultimately discharged 
together with the tubers, elevating impurity content.

3.3.5. Determination of the Optimal Combination of Factor Levels
Maximization of separation rate and minimization of impurity content were adopted 

as the dual optimization objectives. Multi-objective optimization of the two regression 
models was performed in Design-Expert 13 using the desirability-function method. The 
objective functions and constraints were defined as follows:

{


max𝐾𝑓 (𝑛𝑜, 𝑛𝑖, 𝑛𝑠)
min𝐾ℎ(𝑛𝑜, 𝑛𝑖, 𝑛𝑠)

s.t.
{


15 r/min ≤ 𝑛𝑜 ≤ 47 r/min
22 r/min ≤ 𝑛𝑖 ≤ 62 r/min
40 r/min ≤ 𝑛𝑠 ≤ 160 r/min

(27)
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Both responses were assigned a desirability weight of 1, while their importance levels 
were set to 5 for separation rate and 3 for impurity content, respectively. Higher priority 
was given to separation rate because tiger nut tubers incorrectly discharged through the 
inner-screen outlet cannot be recovered during subsequent cleaning, whereas residual im-
purities can be further removed by the vibrating screen and pneumatic cleaning mechanism. 
The optimization results showed that the overall desirability reached its maximum when 
the rotational speeds of the outer roller screen, inner roller screen, and separating screw 
conveyor were 20, 53, and 122 r/min, respectively. Under these conditions, Kf  = 97.87% and 
Kh  = 24.43%, respectively.

The optimization results have a clear physical interpretation. The optimized outer 
screen rotational speed lay near the lower bound of its admissible range. This may indicate 
that under counter-rotation, secondary disturbance arose mainly from relative surface mo-
tion rather than from the absolute speed of the outer roller screen. Raising outer-screen 
speed intensifies shear but also approaches the critical centrifuging speed identified in Sec-
tion 2.4.1; the trade-off therefore favored a relatively low value. The optimized inner-screen 
speed lay near the upper bound, ensuring adequate tumbling and dispersion while directly 
increasing vir , as shown in Equation (18). The optimized screw-conveyor speed occupied a 
medium-to-high level well below its theoretical upper bound, supplying sufficient axial 
agitation to suppress local accumulation while preserving an adequate residence time for 
primary screening. The high statistical significance of the quadratic terms A2 , B2 , and C2 
in both regression models confirmed that the relationships between the three speeds and 
separation performance were non-monotonic. Performance deteriorated when the rota-
tional speeds were either below or above their optimal levels. When speeds fell below their 
optimum ranges, tumbling and axial disturbance were insufficient, localized accumulation 
developed, soil passage was delayed, and separation rate declined. When speeds exceeded 
the optimum, centrifuging attachment on the outer screen hindered particle detachment, 
while an overly high conveyor speed shortened residence time inside the inner roller screen; 
both effects left fine impurities insufficiently screened and raised impurity content. Thus, 
the identified combination was not obtained by simply selecting the highest or lowest factor 
levels but represented a balanced operating point under multiple physical constraints.

Field experiments were subsequently conducted at the optimized parameter combi-
nation to assess its practical performance and quantify the deviation between the field 
measurements and the numerical predictions.

3.4. Field Trial Results and Analysis
Three field trials were conducted using the optimized parameter combination, and the 

mean values were reported as the field-validation results, as shown in Table 10.

Table 10. Field experimental results.

Experiment No. Separation Rate (%) Impurity Content (%)

1 89.91 24.11
2 93.26 23.45
3 91.96 19.97

Mean 91.71 22.51

Under the optimized counter-rotating double-layer roller-screen configuration, the 
device achieved a mean separation rate of 91.71% and a mean impurity content of 22.51%. 
The separation rate ranged from 89.91% to 93.26%, with a range of 3.35 percentage points, 
a standard deviation of 1.69 percentage points, and a coefficient of variation of 1.84%. 
Impurity content ranged from 19.97% to 24.11%, with a range of 4.14 percentage points, a 
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standard deviation of 2.22 percentage points, and a coefficient of variation of 9.86%. Unlike 
the controlled feeding conditions in the simulations, field operation was subject to variations 
in soil moisture, local feed load, and surface evenness. Variations in soil moisture may 
affect soil cohesion and particle agglomeration, while fluctuations in feed load may alter the 
thickness and distribution of the material layer within the roller screen. These factors can 
influence the dispersion and passage of fine soil particles through the outer-screen apertures, 
potentially contributing to fluctuations in the residual impurity content. In comparison, the 
relatively small variation in separation rate indicates that the device maintained consistent 
tuber separation performance under the field conditions examined.

Relative to the model predictions (97.87% and 24.43%), the relative errors of the field 
means were 6.29% for separation rate and 7.86% for impurity content, indicating that the 
simulation optimization results accurately reflected the field performance of the device. The 
present results apply primarily to sandy soil at 11.7–18.0% moisture under stable weather. 
Under higher post-rainfall moisture or increased soil adhesiveness, agglomeration of the 
tuber–soil mixture and adhesion-induced aperture blockage may intensify, impairing dis-
persion and screen passage and thereby raising impurity content while lowering separation 
rate. Additional adaptability trials under contrasting moisture levels and field conditions are 
therefore warranted to quantify performance deterioration and to establish corresponding 
parameter-adjustment strategies.

4. Discussion
The optimized operating parameters and separation performance reported herein 

were obtained under the specific numerical and field conditions considered in this study. 
Specifically, the DEM simulations employed a fixed feed composition of 6% tubers, 4% 
impurities, and 90% soil at a feed rate of 43 kg/s, while the field trials were conducted 
in sandy soil with a moisture content of 11.7–18.0%. Variations in soil moisture, mixture 
composition, particle-size distribution, and feed rate can affect interparticle interactions, ma-
terial flowability, residence time, and screen-aperture blockage, and may therefore shift the 
quantitative optimum of the operating parameters. In particular, higher soil moisture may 
promote soil agglomeration and adhesion, increasing the risk of blockage at the outer-screen 
apertures. Such blockage may hinder the passage of fine soil particles and contribute to 
variations in impurity content, although it was not quantified in the present field trials. Thus, 
the combination of outer roller screen, inner roller screen, and separating screw conveyor 
speeds of 20, 53, and 122 r/min, respectively, should be regarded as a condition-dependent 
result within the present research framework rather than a universally applicable parameter 
combination. Although the single-particle force analysis in Section 2.4 provides a theoreti-
cal basis for determining the admissible rotational-speed ranges, it neglects interparticle 
interactions and cannot fully represent the collective motion of the tuber–soil–root mixture. 
Soil agglomeration, adhesion, and root entanglement under field conditions may further 
alter particle sliding and tumbling; therefore, the derived rotational-speed ranges should be 
regarded as theoretical design constraints rather than direct predictions of mixture behavior. 
The DEM model also simplified the harvested mixture. The soil model represented soil as 
uniformly sized spherical particles and did not account for soil clods or their breakage. The 
simplified root model did not capture fibrous deformation and entanglement. The tuber 
model retained representative dimensions, but mixture composition and feed rate remained 
constant. These simplifications can affect particle interactions, material flow, and passage 
through the screen apertures, potentially contributing to the differences between simulated 
and field separation performance.

More importantly, the kinematic analysis and DEM results provide a physical explana-
tion for the improved screening performance observed under counter-rotating conditions in 
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the simulations. The oppositely directed tangential velocities of the inner and outer roller 
screens increase the equivalent relative linear velocity between the screen surfaces. These 
velocities also suppress synchronous material motion, intensify secondary disturbance, 
disrupt localized accumulation, and promote soil passage through the screen apertures. 
Accordingly, the relatively low outer-screen speed, relatively high inner-screen speed, and 
medium-to-high separating screw conveyor speed provide a balance among material dis-
turbance, axial conveyance, screening residence time, and centrifugal effects. The field 
separation rate of 91.71% and impurity content of 22.51% demonstrated the feasibility of 
this operating strategy under the tested conditions. However, the greater variability in 
impurity content indicated its sensitivity to field material properties and feeding uniformity.

Zhang et al. [32] developed a double-layer roller-screen separation device for tiger 
nut harvesting and reported a mean separation rate of 93.19% and an impurity content of 
26.65% in field trials. In comparison, the present device achieved a separation rate that was 
1.48 percentage points lower and an impurity content that was 4.14 percentage points lower. 
Other studies have investigated the effects of screen structure and material motion on tiger 
nut separation. Zhang et al. [33] found that screen amplitude, vibration frequency, and 
inclination had nonlinear effects on screening performance, while Zheng et al. [34] demon-
strated that screen type and aperture size influenced the screening efficiency of tiger nut 
threshing material. He et al. [35] developed a hinged lifting screen to facilitate soil passage 
during material conveyance, whereas Qi et al. [36] combined multistage screw conveying 
with vibratory screening to promote sand removal. These studies highlight the importance 
of screen configuration, material agitation, and conveyance in tuber–impurity separation. 
In the present study, differential-speed counter-rotation of the inner and outer roller screens 
increased the equivalent relative linear velocity between the screen surfaces and promoted 
material redistribution, as indicated by the kinematic analysis and DEM simulations. Never-
theless, differences in device configurations, operating conditions, material characteristics, 
and evaluation indices between studies limit direct performance comparisons. The reported 
results therefore provide useful references for evaluating the present findings rather than 
direct evidence of the superiority of counter-rotation.

The field trials evaluated only the optimized counter-rotating configuration. The 
separation advantage over co-rotation observed in DEM simulations has not yet been directly 
verified through comparative field tests. Tuber damage was not assessed in the present 
field trials. Since the harvested material passed through the rotary cutting digging device 
before entering the separation device, damage measured only at the separation-device outlet 
would not distinguish pre-existing damage from that induced during separation. Future 
work will therefore include controlled bench tests with defined initial tuber conditions and 
grading criteria for skinning, cracking, and breakage. Damage assessments before and 
after separation will be conducted to quantify the mechanical damage attributable to the 
separation device. Further studies will also evaluate the device under different soil textures, 
moisture contents, feed rates, and planting conditions. They will investigate differences 
between co-rotating and counter-rotating configurations through paired field comparisons. 
Moisture-dependent soil cohesion, aperture blockage, and adaptive parameter regulation 
will also be investigated.

5. Conclusions
(1) To mitigate material accumulation and inadequate separation of high-soil-content 

tuber–impurity mixtures during mechanized tiger nut harvesting, a coupled-disturbance 
screening principle based on counter-rotation of the inner and outer roller screens was 
proposed. A corresponding double-layer roller-screen separation device incorporating 
a separating screw conveyor was developed. The key structural parameters of the 
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device were determined, and the admissible rotational-speed ranges were derived, 
providing a design basis for the separation of high-soil-content harvested material.

(2) A kinematic model was established to characterize the equivalent relative linear veloc-
ity between the inner and outer roller screens under co-rotating and counter-rotating 
conditions. For the same pair of rotational speeds, counter-rotation produced a greater 
equivalent relative linear velocity than co-rotation. Comparative DEM simulations 
showed that counter-rotation improved material distribution and reduced the accu-
mulated mass within the annular region between the inner and outer roller screens. 
Compared with the conventional co-rotating configuration, the proposed configuration 
increased the separation rate by 3.34 percentage points and decreased the impurity con-
tent by 4.07 percentage points, indicating improved simulated screening performance 
under the investigated operating conditions.

(3) Dual-response quadratic regression models relating separation rate and impurity con-
tent to the principal operating parameters were established using a Box–Behnken 
design based on EDEM 2024 simulations, and the relative influence of the factors 
was quantified. The multi-objective optimization identified a preferred operating-
parameter combination under the investigated simulation conditions: an outer roller 
screen rotational speed of 20 r/min, an inner roller screen rotational speed of 53 r/min, 
and a separating screw conveyor rotational speed of 122 r/min. Field trials at this 
parameter combination yielded a mean separation rate of 91.71% and a mean im-
purity content of 22.51%. The corresponding absolute relative deviations from the 
numerical predictions were 6.29% and 7.86%, respectively, demonstrating the practical 
feasibility of the selected operating point under the tested sandy-soil conditions. These 
results provide a practical basis for the design and operating-parameter optimization 
of tuber–impurity separation devices for tiger nut harvesters.
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