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ABSTRACT

In order to solve the problem of low efficiency and potential damage in the separation of Gentiana roots from
soil, a reciprocating adjustable striking-vibration combined device was designed, along with its performance
testing. The ranges of working parameters for the vibration mechanism, striking mechanism, and adjustable
reciprocating mechanism were determined through dynamic analysis of the mechanisms and materials. The
effects of vibration frequency (X1), crank speed (X2), and screw feed speed (Xs3) on the threshing efficiency
(Y1) and damage percentage (Y2) were studied using a ternary quadratic regression orthogonal combination
experimental method, combined with response surface analysis to explore the interaction effects of these
factors on the indicators. A regression model was established through variance analysis. The significant factors
affecting Y1 were Xz, X3, and X in that order, while the significant factors affecting Y, were Xi, X3, and Xz. In
the interaction of factors, X1Xz significantly affected both Y1 and Y2; X1X3 had extremely significant impact on
both Y1 and Y2; and X2X3 had extremely significant impact on Y1. The optimal working parameters for the root-
soil separation device of Gentian were determined to be vibration frequency of 6 Hz, crank speed of 204 r/min,
and screw feed speed of 15 mm/s. With this combination of parameters, experimental tests yielded a threshing
efficiency of 90.8% and a damage percentage of 5.9%. The relative errors compared with the theoretical
optimization results were less than 5%. This study meets requirements for the root-soil separation of Gentiana.
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INTRODUCTION

Gentiana (Gentiana scabra Bunge.) is a typical Chinese medicinal material, belonging to the
Gentianaceae family of perennial herbs, and its rhizome is used medicinally for its effects in purging excessive
fire from the liver and gallbladder (Gao et al., 2020). As an herbaceous root-type medicinal material, it is planted
with a small spacing between plants, leading to a tangle of root systems from multiple plants in the later stages
of growth. Compared to single-stemmed medicinal materials, the harvesting of Gentiana is challenging in terms
of soil removal. During the harvesting process, it is difficult to achieve complete root-soil separation with field
excavation and harvesting machinery, resulting in a large number of Gentiana root-soil complexes. Root-soil
separation is an important post-harvest production step. Currently, farmers employ a significant labor force for
manual separation of Gentiana roots and soil, which is labor-intensive, has low work efficiency, and is costly.
Researching the mechanical separation of root-soil complexes for root-type medicinal materials, to achieve a
higher root-soil threshing efficiency and lower root damage percentage during harvesting, is of great significance for
the grading of medicinal materials, increasing the economic income of farmers, reducing the time for washing and
drying medicinal materials, and minimizing the loss of effective components.
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Overseas research on rhizome-type medicinal material harvesting and separation devices is relatively
scarce, while numerous scholars in China have conducted relevant research on rhizome-type harvesting and
separation devices and achieved certain results. For instance, Liu Zhixin et al. (2024) addressing the issues
of separation damage in potato harvesters, designed a three-stage potato soil low-loss separation device,
which was optimized through EDEM simulation to reduce the rate of damaged potatoes. Yang Ranbing et al.
(2024) designed a low-damage fresh-eating sweet potato combine harvester based on a two-segment potato-
soil separation device, which reduced the skin-breaking rate and impurity rate of sweet potato. Liu Yafeng et
al. (2024) realized the harvesting and root-soil separation of rakkyo through roller differential crushing and
brush-type conveying separation, which improved the root-soil separation rate and reduced the damage
percentage. Yan Shuai et al. (2023) designed a drum-type experimental platform for separation of Codonopsis
pilosula roots and soil, and through kinematic analysis, simulation analysis, and experimental platform testing,
they optimized the design parameters of the root-soil separation device, achieving efficient damage reduction.
Tao Guixiang et al. (2022) addressing the issues of low root-soil separation rate and high rhizome damage
rate in the harvesting of Isatis indigotica, designed a combined oscillating type Isatis indigotica root-soil
separation device, and through parameter optimization, enhanced the ability to crush and screen soil. Chen
Xueshen et al. (2015) designed a two-roller root soil separation device for the root soil removal of Chinese
medicinal material Polygonum cuspidatum. The team of Zhang Zhaoguo at Kunming University of Science and
Technology has researched the Panax notoginseng harvesting and separation device, conducting an analysis
of the working mechanism and parameter optimization of the Panax notoginseng harvester's conveying and
separating device. They have used a secondary vibrating screen, a finger-like rubber lifting rod structure, and
a two-stage lifting transmission method for the separation and cleaning of Panax notoginseng roots and soil
(Wang et al., 2023; Cui et al., 2018, Xue, 2022).

Currently, traditional Chinese medicinal material harvesters have the advantages of high work efficiency
and low energy consumption. However, due to the diversity of Chinese medicinal products, they are not
suitable for the separation and harvesting of the root-soil complex of Gentiana (RSCG), which have dense and
intertwined root systems and soil. In this paper, a root-soil separation device targeting RSCG is developed,
which combines striking and vibration separation methods and is equipped with an adjustable reciprocating
mechanism. This allows the striking mechanism to descend with the height reduction of the root-soil complex,
thereby improving work efficiency and soil threshing efficiency, reducing root damage percentage, and
enhancing the quality of operation. Through dynamic analysis, key components are designed and parameters
are selected. Orthogonal tests are conducted on the prototype's threshing efficiency and damage percentage
to seek optimal working parameter combinations, aiming to provide technical references for the mechanized
root-soil separation of Gentiana.

MATERIALS AND METHODS
Mechanism design and working principle

The root-soil separation device of Gentian is primarily composed of three parts: the striking mechanism,
the vibrating mechanism, and the adjustable reciprocating mechanism. The striking mechanism and the
vibrating mechanism are driven by crank-slider mechanisms, while the adjustable reciprocating mechanism is
driven by a ball screw. The structural diagram is illustrated in Figure 1.

Fig. 1 - Structure diagram of root-soil separation device of Gentian
1-Weighing sensor; 2- Soil weighing tray; 3- Soil retaining box; 4- Discharge outlet; 5- Vibrating screens; Striking plate;
7- Striking mechanism;, 8- Adjustable reciprocating mechanism; 9- Feed Inlet 10- Eccentric Wheel; 11- Belt Pulley; 12- Electric Motor
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Working principle

The incompletely separated RSCG scattered in the field after the field harvester's operation are placed
on the vibrating screen of the root-soil separation device of Gentian through the feed inlet. The striking
mechanism drives the striking plate to hit RSCG, while the adjustable reciprocating mechanism moves
downward at a preset speed, achieving dynamic adjustment of the distance between the striking plate and
RSCG as their height decreases. Under the reciprocating vibration of the vibrating mechanism, the crushed
soil falls through the mesh holes of the vibrating screen into the soil weighing tray, while the gentian roots,
being larger than the diameter of the mesh holes, remain on the surface of the vibrating screen. Driven by the
friction force of the vibrating screen, the Gentian roots move towards the discharge outlet, thereby achieving
the separation of Gentian roots and soil. With the reciprocating motion of the striking mechanism, a large
guantity of Gentian can be processed, enhancing work efficiency and saving labor, while achieving better
processing results for RSCG.
Design of Striking Mechanism

Due to its ability to achieve reciprocating striking motion, simple structure, easy processing, and good
adjustability of follower motion laws, the crank-slider mechanism is selected as the driving mechanism for the
striking mechanism. The schematic diagram of the mechanism is shown in Figure 2, where AB represents the
crank, BC represents the connecting rod, and the rectangle represents the striking plate C. During operation,
the crank-slider mechanism ABC reciprocates under the rotation of the crank, causing the striking plate C to
reciprocate and tap RSCG on the vibrating screen, thereby separating the Gentian roots from the soil
aggregates. The structure and operating parameters of the crank-slider mechanism directly affect the striking
effect, which is analyzed specifically in this paper.

X

C:
Fig. 2 - Schematic diagram of Crank slider mechanism

A rectangular coordinate system is established with the origin at point A, which is the rotary center of
the crank in Figure 2, and with the frame AC collinear with the Y-axis. The angles a and 8 represent the angles
between BC and the Y-axis, and AB and the Y-axis, respectively (Feng et al., 2023; Luo et al., 2018, Tang et
al., 2020). Point E is the midpoint of the connecting rod BC, while Point D is the instantaneous center of velocity
for the connecting rod BC. Therefore, the trajectory coordinates of the points C is yc=Yg-lzgccosa.

Due to the limitations of the frame's spatial structure and the installation position of the striking
mechanism, the initial length range of the crank is determined to be 40 mm < |xg < 50 mm, and the connecting
rod length lgc is 85 mm. Establish the velocity equation of the striking mechanism's motion. Given the
displacement equation of the striking mechanism, the first derivative of displacement with respect to time is
velocity. By taking the first derivative of the displacement equation, the velocity of point C can be obtained.

Y. =1, -l (B'sin fcosa + a'sinccos f3) ()
Establish the acceleration equation for the striking mechanism's motion. According to the first derivative

of displacement with respect to time being velocity, and the second derivative being acceleration. Solve the
second derivative of equation (1) to obtain the acceleration at point C.

Yo =15 - lgc[(a'2 + f'2) cosacos f — 20/’ sinasin f] @)

From the acceleration formula (2), it can be seen that the acceleration of the striking mechanism is
related to the rotational speed of crank and the lengths of lag and lsc (Zou, 2023; Lu, 2022).

The angular velocity of the crank AB is wa, the angular velocity of the connecting rod BC is wc, and the
angular velocity of the instantaneous center of velocity D is wpb. According to the kinematic principles of plane
motion of a rigid body, it can be derived:
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Let the moment of inertia of AB about point A be J1, and the moment of inertia of BC about its centroid
E be J,. The moment of inertia of BC about its instantaneous center of velocity D is Jc, according to the
kinetic energy theorem, the total kinetic energy of this system of particles is:

6
T =T, +Toe +T, (6)
where: T, = ;ha’i ,Tge = %chug + é]cwg JTe = %mcvg, substituting Tas,Tec and Tc into equation (6) yields

(7)
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where: vy = wp -+ lpg, wg = e’ = gmABlAB,]c = EmBClBC'

The soil crushing by striking is an instantaneous collision process, and the collision process always
satisfies the law of conservation of energy, neglecting the work done by the impact force generated during the
collision process in the direction of deformation of RSCG and the energy consumed by the frictional force of
the mechanism (Qian, 2015; Zhao et al., 2013). Based on the previous impact test of RSCG, the striking energy
is determined to be 1.4 J. According to the kinetic energy theorem for the system of particles, the formula is
obtained:

AE=C (8)
AE, =T, +Tg + T, (9)

When the angle B is 45°, the range of the crank length is 40 mmslag<50 mm, and the length of the
connecting rod is 85 mm. The masses of the crank, connecting rod, and striking plate are measured to be 0.01
kg, 0.06 kg, and 3 kg, respectively. Substituting these values, the range of the crankshaft speed is calculated
to be 168 r/min<n<240 r/min.

Design of Vibrating Mechanism

The vibration mechanism is shown in Figure 3. Under the drive of the motor, the crank disc performs
uniform circular motion, which leads the connecting rod to move periodically. Through the action of the
connecting rod on the vibration screen, the screen surface is driven to move periodically. This causes RSCG
to move back and forth in front of the screen, with the forward movement distance being greater than the
backward movement distance. This ensures that RSCG moves from the material feed inlet to the material
discharge outlet (Li et al., 2024), thereby achieving the planar reciprocating vibration of the vibration screen.
The struck root-soil complex of Gentian is affected by the vibration frequency of the vibration mechanism during
the movement of the sieve mesh. If the vibration frequency is too low, RSCG cannot generate relative motion
with the sieve mesh. The soil that is struck and falls cannot spread out on the sieve surface, preventing the
separation of the Gentiana root system from the soil. If the vibration frequency is too high, RSCG moves too
quickly on the sieve mesh, leading to RSCG being carried away without sufficient screening. Both excessively
low or high vibration frequencies can result in poor screening effects. Therefore, designing reasonable
parameters for the vibration mechanism is crucial for improving the soil removal effect.

1 2 3 4 5 6 7

Fig. 3 - Structure diagram of Vibrating mechanism
1- Bearing housing; 2- Pulleys; 3- Crank disc; 4- Connecting rod;
5- Sieve body; 6- Sieve wheel; 7- Track
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Motion Analysis of RSCG

The main form of motion for RSCG on the screen surface is the reciprocating motion of the composite
along the screen surface. The reciprocating motion of RSCG along the screen surface is related to the frictional
forces between the composite and the screen surface, as well as the composite and the striking plate. In order
to continuously direct RSCG towards the discharge outlet, the force propelling the composite towards the
discharge outlet along the screen surface must be greater than the force pushing it towards the feed inlet. To
improve the screening efficiency, it is necessary to increase the distance RSCG travels on the screen surface.
Therefore, the composite must be able to move along the screen surface towards the feed inlet. The force
analysis of RSCG's motion on the screen surface is shown in Figure 4 (Cui et al., 2021).

Discharge Outlet Feed Inlet Discharge Outlet

e

a. RSCG Subjected to Striking Force b. RSCG Not Subjected to Striking Force
Fig. 4 - Force analysis diagrams of RSCG along the screen
Note: Fy represents the supporting force of the screen surface on the material, N; F, represents the striking force of the striking plate
on the material, N; f; represents the frictional force of the striking plate on the material, N; f, represents the frictional force of the
screen surface on the material, N; G represents the material gravity, N.

The motion of RSCG includes movement from the feed inlet to the discharge outlet of the vibrating screen,
as well as root-soil separation (Wei et al., 2019, Wei et al., 2023, Lv et al., 2022, Wei et al., 2018). When the
vibrating screen is not subjected to vibration, the shape of its screen surface can be approximated to a straight
line (Quan et al., 2013). RSCG is considered as a rigid body. If air resistance is neglected, the force analysis
is shown in Figure 4. When RSCG is subjected to a striking force, f2 is the resistance for the composite to
move towards the feed inlet. The dynamic equation in this state is:

f,—f,=ma, (10)
f,=uF, (11)
f, =1k (12)
F.=F, +G (13)
f, = ma, = mMAw?2 cos(awt) (14)

where: M is the mass of RSCG, kg; g is the acceleration due to gravity, taken as 9.8 m/s?; 1 is the coefficient
of friction between the striking plate and RSCG; |2 is the coefficient of friction between the screen surface and
RSCG,; ax1 is the tangential acceleration of RSCG when subjected to the striking force, m/s2.
Substitute equations (11) and (14) into equation (10) and then rearrange to obtain.
1 F, —mAw?2 cos(mt) =ma,, (15)
Similarly, when RSCG is not subjected to a striking force, f; is the driving force for the composite to
move towards the discharge opening. The dynamic equation in this state is:

f,=ma,, (16)
f, =ma, = mAw? cos(awt) (17)
f, =,k (18)
F, =G (19)
Collation available:
MA®?2 cos(at) =ma,, (20)

where: ax2 represents the tangential acceleration of RSCG when it is not subjected to a striking force, m/s2.
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Analysis indicates that the reciprocating motion of RSCG along the screen surface is related to the
screen vibration amplitude A, the rotational angular velocity of the crank disc w, the mass of RSCG m, and the
frictional force experienced by RSCG a. The back-and-forth motion of RSCG on the vibrating screen can
extend the travel distance of the composite on the screen surface, which is beneficial for root-soil separation.
When RSCG is subjected to a striking force, it moves along the screen surface towards the feed inlet; reducing
the screen vibration amplitude A and increasing the rotational angular velocity of the crank disc w are beneficial
for the movement of RSCG towards the feed inlet. Similarly, when RSCG is not subjected to a striking force,
it moves along the screen surface towards the discharge outlet; increasing the screen vibration amplitude A
and decreasing the rotational angular velocity of the crank disc w are beneficial for the movement of RSCG
towards the discharge outlet. Preliminary tests have determined that when the vibration frequency of the
vibrating screen is within the range of 4 Hz to 8 Hz, the Gentiana root system after soil removal can move
along the screen surface towards the discharge outlet.

Adjustable reciprocating mechanism

The adjustable reciprocating mechanism is composed of a ball screw pair, with the purpose of adjusting
the distance between the striking plate and RSCG. As RSCG is reduced in size by the striking plate, if the
striking plate always remains stationary, it would result in the striking plate being unable to strike RSCG. The
role of the ball screw is to dynamically adjust the distance between the striking plate and RSCG. The adjustable
reciprocating mechanism is shown in Figure 5.

Fig. 5 - Structure diagram of Adjustable reciprocating mechanism
1. Optic axis; 2- Stepping motor; 3- Ball screw; 4- Nut; 5- Carrier platforms; 6- Ball round flange linear bearings

By calculation, the range of the crankshaft speed is determined to be 168 r/min<n<240 r/min. Taking the
midpoint of the crankshaft speed, N=204 r/min, it is found that the time required for the striking mechanism to
strike once is 0.3 seconds. Through preliminary impact tests, the average range of height difference Ah is
determined to be 3.07 mm to 6.03 mm. Calculations are performed using equation (21), the range of the
descending speed for the adjustable reciprocating mechanism is determined to be 10~20 mm/s.

y=ah (21)
t

where: v is the descending speed of the lead screw, mm/s; Ah is the average height difference of RSCG, mm;
t is the time for the striking mechanism to strike once, s.

Experiment design
Experiment condition and equipment

The experimental site is the laboratory of the College of Engineering at Shenyang Agricultural University.
The experimental materials are sourced from the Gentiana planting base in Qingyuan Manchu Autonomous
County, Fushun City. To adapt to the root-soil separation device and operational requirements, the stems and
leaves of the Gentiana are removed before the experiment, and the root blocks are divided into appropriately
sized root-soil complex. The experimental method refers to GB/T5667-2008 "Agricultural Machinery
Production Test Methods." The test indicators are the threshing efficiency and damage percentage of the
Gentiana root system. Natural air drying is utilized to maintain the moisture content of the Gentiana root-soil
composite between 10% and 15%.

Main experimental equipment and instruments: root-soil separation device of Gentian test bench, one
laptop computer, a laser tachometer (range 1-9999 r/min, accuracy +0.02%), a weighing sensor (range 50 kg,
accuracy 0.02 kg), a multifunctional electronic stopwatch, and a steel tape measure (range 3 m, accuracy 1
mm), as shown in Figure 6.
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Fig. 6 - Test bench for root-soil separation of Gentiana
1- High-speed camera; 2- Real-time weight detection system for detached soil;
2- Striking mechanism; 4- Vibrating mechanism; 5- Adjustable reciprocating mechanism

Experiment factors and indexes

Based on the results of single-factor experiments and the design of mechanisms, it has been determined
that the vibration frequency (X1), crank speed (X2), and screw feed speed (Xs3) are the three most significant
factors affecting the performance of the root-soil separation device of Gentian, and the range of levels for the
test factors has been established. According to the Box-Behnken three-factor three-level experimental design
in Design-Expert 12.0 software, the work performance of the root-soil separation device of Gentian was studied,
with the root threshing efficiency and damage percentage as the response values. The levels of the test factors
are shown in Table 1. The main indicators for evaluating the efficiency of the root-soil separation of Gentiana
are the threshing efficiency and damage percentage of the Gentiana root system, and the calculation formulas
for the evaluation indicators are shown in equations (22) and (23).

Y, = Mo =M 100%

b —M,

(22)

m
Y, =—x100% (23)

m2
where: Y; is the threshing efficiency of Gentian roots, %; Y. is the damage percentage of Gentian root
system, %; Mg is the total mass of RSCG before the test, kg; m is the total mass of RSCG after the test,
kg; my is the total mass of the net root system without residual soil, kg; m3 is the mass of damaged Gentian

roots after root-soil separation, kg.

Table 1
Factors and levels of combination experiment
Factors
Levels Vibration frequency Crank speed Screw feed speed

[Hz] [r-min-'] [mm-s]

X1 X2 X3
1 4 168 10
0 6 204 15
1 8 240 20

RESULTS

The orthogonal test plan includes 17 test points, among which there are 12 analysis factors and 5 zero-
point estimation errors. The test design scheme and test results are shown in Table 2. Based on the
experimental data in Table 2, the Design-Expert 12.0 software is used to perform a multivariate regression
fitting analysis on the experimental data, establishing a second-order polynomial regression model for the test
indicators of Gentiana root threshing efficiency Y1 and damage rate Yz against the three test factors of vibration

frequency X, crank speed Xz, and screw feed speed Xas.

Experimental plan and results

Table 2

No Vibration frequency Crank speed Screw feed speed Y1 Y2
) [Hz] [r'min] [mm-s] [%] [%]
1 -1 1 0 91.7 6.1
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No. Vibration frequency Crank speed Screw feed speed Y1 Y2
[Hz] [r-min] [mm-s] [%] [%]

2 0 0 0 94.9 3.7

3 0 0 0 94.7 3.5

4 -1 0 -1 91.6 5.6

5 0 1 91.6 54

6 1 -1 0 92.8 4.5

7 1 0 -1 92.9 3.9

8 0 0 94.3 34

9 -1 0 1 94.4 5.2

10 -1 -1 0 93.9 4.8
11 0 -1 1 94.1 53
12 1 0 92.2 4.6
13 0 1 91.7 5.7
14 0 0 94.4 3.3
15 0 -1 -1 92.1 4.6
16 0 0 94.8 3.6
17 0 1 -1 92.2 4.6

Experiment results variance analysis

According to the analysis of variance results in Table 3, it can be seen that the model P for the threshing
efficiency (Y1) and damage percentage (Y2) are both significantly less than 0.01, and the P for the lack of fit
are both significantly greater than 0.05. The model determination coefficients R2 are 0.9847 for the threshing
efficiency and 0.9764 for the damage percentage. In summary, it can be concluded that the regression model
is significant and has a good fit, making the model reliable.

Table 3
Data significance experiment and analysis of variance
Source of The threshing efficiency Y1 The damage percentage Y2
variation SS DF MS F value P value SS DF MS F value P value
Model 25.77 9 2.86 50.04 <0.0001** 12.33 9 1.37 32.24 <0.0001**
X1 0.5512 1 0.5512 9.63 0.0172* 1.36 1 1.36 32.03 0.0008**
X2 3.25 1 3.25 56.83 <0.0001** | 0.4050 1 0.4050 9.53 0.0176*
X3 1.13 1 1.13 19.66 <0.0030** 1.05 1 1.05 24.74 0.0016***
X1X2 0.6400 1 0.6400 11.19 0.0123* 0.3600 1 0.3600 8.47 0.0226*
X1X3 4.20 1 4.20 73.45 <0.0001** | 0.9025 1 0.9025 21.24 0.0025*
X2X3 1.56 1 1.56 27.31 | <0.0012** | 0.0400 1 0.0400 | 0.9412 0.3643
X712 3.68 1 3.68 64.34 <0.0001** 2.29 1 2.29 53.89 0.0002**
X2° 4.51 1 451 78.83 <0.0001** 2.45 1 2.45 57.60 0.0001**
X3? 4.73 1 4.73 82.69 <0.0001** 2.61 1 2.61 61.44 0.0001**
Residual 0.4005 7 0.0572 0.2975 7 0.0425
Lack of Fit | 0.1325 3 0.0442 0.6592 0.6187 0.1975 3 0.0658 2.63 0.1864
Pure error | 0.2680 4 0.0670 0.1000 4 0.0250
Total sum 26.17 16 12.63 16

On the basis that the model is significant without loss of fitting, the non-significant terms in the model
are eliminated, and the regression equation is obtained, as shown in equations (24) and (25).
Y1=94.62-0.263X1-0.638X2+0.375X3+0.4X1X2-1.03X1X3-0.625X2X3-0.935X1%-1.04X22-1.06 X3? (24)
Y2=3.50-0.413X1+0.225X2+0.363X3-0.3X1X2+0.475X1X3+0.1X2X3+0.738X12+0.7632+0.788X3? (25)

Analysis of influencing factors

The response surface plots were obtained using Design-Expert 12.0 software as shown in Figure 7, which
further investigate the impact patterns of the test factors (vibration frequency, crank speed, and screw feed
rate) and their interactions on the test indicators (threshing efficiency Y41 and damage percentage Y>2).
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Fig. 7 - Response surface analysis of the factors’ interaction effect on the index

Figures 7a and 7b are the response surface plots showing the interactive effects of vibration frequency
(X1) and crank speed (X2) on the threshing efficiency (Y1) and damage percentage (Y2). The interaction is
significant. When the vibration frequency ranges from 4 to 8 Hz and the crank speed ranges from 168 to 240
r/min, the threshing efficiency is relatively optimal and the damage percentage is relatively low. When the screw
feed speed (X3) is at the central level (X3 = 15 mm/s), at a given vibration frequency, the threshing efficiency
first increases and then decreases with the increase of the crank speed, showing a significant change; the
damage percentage first decreases and then increases with the increase of the crank speed, showing a
significant change; when the crank speed is constant, the threshing efficiency first increases and then
decreases with the increase of the vibration frequency, and the change amplitude is higher than the influence
of the crank speed change. The damage percentage first decreases and then increases with the increase of the
vibration frequency, and the change amplitude is lower than the influence of the crank speed change.

Figures 7c and 7d are the response surface plots showing the interactive effects of vibration frequency
(X1) and screw feed speed (X3) on the threshing efficiency (Y1) and damage percentage (Y2). The interaction
is significant. When the screw feed speed ranges from 10 to 20 mm/s and the vibration frequency ranges from
4 to 8 Hz, the threshing efficiency is relatively optimal and the damage percentage is relatively low. When the
crank speed (X2) is at the central level (X2 = 204 r/min), at a given screw feed speed, the threshing efficiency
first increases and then decreases with the increase of the vibration frequency, showing a significant change;
the damage percentage first decreases and then increases with the increase of the vibration frequency,
showing a significant change; when the vibration frequency is constant, the threshing efficiency first increases
and then decreases with the increase of the screw feed speed, and the change amplitude is significantly higher
than the influence of the vibration frequency change; the damage percentage first decreases and then
increases with the increase of the screw feed speed, and the change amplitude is significantly lower than the
influence of the vibration frequency change.

Figures 7e and 7f are the response surface plots showing the interactive effects of crank speed (X2) and
screw feed speed (X3) on the threshing efficiency (Y1). The interaction is significant. When the screw feed
speed ranges from 10 to 20 mm/s and the crank speed ranges from 168 to 240 r/min, the threshing efficiency
is relatively optimal and the damage percentage is relatively low. When the vibration frequency (X1) is at the
central level (X1 = 6 Hz), at a given screw feed speed, the threshing efficiency first increases and then
decreases with the increase of the crank speed, showing a significant change; the damage percentage first
decreases and then increases with the increase of the crank speed, showing a significant change; when the
crank speed is constant, the threshing efficiency first increases and then decreases with the increase of the
screw feed speed, and the change amplitude is significantly higher than the influence of the crank speed
change; the damage percentage first decreases and then increases with the increase of the lead screw feed
speed, and the amplitude change is slightly higher than the influence of the crank speed change.

Parameter optimization and verification test
Utilizing Design-Expert 12.0 software to conduct target optimization for the parameter combination of
the root-soil separation device of Gentian, based on the working conditions of the root-soil separation device
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of Gentian and the variance analysis results of the root threshing efficiency and damage percentage, the
parameter optimization constraints are determined as.

maxy, (X, X,, X;)
(26)
minY, (X, X,, X;)
4<X,<8
S1.4168< X, <240
10<X,<20

After analysis with Design-Expert 12.0 software, the optimal working parameter combination obtained
is a vibration frequency of 6 Hz, a crank speed of 204 r/min, and a lead screw feed speed of 15 mm/s. At this
point, the predicted threshing efficiency is 94.9%, and the damage percentage is 3.5%.

The verification experiment was conducted in the laboratory of the College of Engineering at Shenyang
Agricultural University. The working parameters of the root-soil separation test bench of Gentian were set to a
vibration frequency of 6 Hz, a crank speed of 204 r/min, and a lead screw feed speed of 15 mm/s. The
experiment was carried out a total of 8 times, and the results were averaged.

The average threshing efficiency of the Gentiana root system was 90.8%, and the average damage
percentage was 5.9%. Compared with the simulation test, the relative errors were 4.1% and 2.4%, respectively.
The root-soil separation effect was good. The threshing efficiency in the test bench experiment was slightly
lower, but the result difference was within a reasonable range, indicating that the regression model has good
reliability.

CONCLUSIONS

1) This paper addresses the existing problem of difficulty in separating Gentiana roots from soil, and
designs a root-soil separation device of Gentian, which mainly includes a striking mechanism, a vibration
mechanism, and an adjustable reciprocating mechanism. The crank-slider mechanism is used to drive the
striking and vibration mechanisms, and the ball screw mechanism is used to drive the adjustable reciprocating
mechanism to complete the root-soil separation operation.

2) Kinematic analysis of the striking mechanism is conducted to obtain a crank speed range of 168 r/min
< n £ 240 r/min. The forces acting on RSCG on the vibrating screen are analyzed to determine the vibration
frequency range of the vibrating screen to be 4 Hz~8 Hz. Based on the early impact tests, the average height
difference of RSCG was determined. Taking the midpoint of the crank speed, the operating speed range of the
adjustable reciprocating mechanism was set to 10~20 mm/s.

3) The Box-Behnken response surface optimization test method is used to analyze the effects of vibration
frequency, crank speed, and screw feed speed on the threshing efficiency and damage percentage, to
establish a regression model, and to analyze their interactions. Finally, a multi-objective optimization design of
the regression model for the test indicators is carried out, and the optimal working parameters combination is
determined to be: vibration frequency 6 Hz, crank speed 204 r/min, screw feed speed 15 mm/s. Verification
tests are conducted with these parameters, and the Gentiana root system threshing efficiency is found to be
90.8%, and the damage percentage is 5.9%. The relative errors compared to the theoretical optimization
results are both less than 5%, indicating that the parameter optimization regression model is reliable.
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