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Clamping root-cutting end-effector for harvesting fresh safflower
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Abstract: A suitable picking method for the end-effector is the key to achieving low-damage picking. Due to the high moisture
content of fresh safflower and its fragile filaments, achieving low-damage picking is a challenge for most picking robots. In this
paper, a clamping and root-cutting end-effector for harvesting fresh safflower is developed. It utilizes dual rollers to pre-clamp
the filaments and a blade to root-cut the safflower necking to realize the safflower harvesting operation. A mechanical model of
dual rollers-blade-filaments cutting was constructed to theoretically analyze the harvesting process. The key factors affecting
the performance of the end-effector were identified as blade feed speed, rotation speed, and roller clearance. Using the filament
removal rate and damage rate as evaluation indices, the central composite design was carried out. The mathematical model
between the test factors and evaluation indices was obtained, and the regression model was optimized with multiple objectives.
Finally, the optimal combination of parameters was determined to be a blade feed speed of 40 mm/s, a rotation speed of 318
r/min, and a roller clearance of 0.60 mm. The field test was conducted under the optimal parameter combination, and the
filament removal rate and damage rate were 91.25% and 5.57%, respectively. The optimized results had an error of less than
5%, indicating that the designed end-effector can harvest filaments with high removal and low damage rates. This study
provides a reference for the low-damage harvesting of fresh safflower.
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1 Introduction

Safflower (Carthamus tinctorius L.) is a commercial cash crop
widely planted worldwide, carrying a high commercial value due to
the natural pigments and active components contained within'~.
The mechanized harvesting of safflower filaments is a technical and
seasonal work. The safflower filaments should be harvested three to
five times after opening, and the harvesting period is usually only
about half a month. More importantly, the flower balls must not be
damaged in the process of harvesting filaments. At present, some
progress has been made in the research on safflower harvesting
machinery, especially in the area of end-effectors*‘. However,
during the harvesting process of safflower, mechanical harvesting of
high moisture content safflower causes a high filament damage rate
sustainable

and damaged fruit balls, seriously limiting the

development of the safflower industry”™. Therefore, ensuring the
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removal rate while reducing the fruit ball and filament breakage has
become a technical difficulty that must be overcome in order to
improve the level of mechanized safflower harvesting.

In recent years, significant progress has been made in the field
of end-effector harvesting through a large number of studies by
scholars!*"! especially in the field of fruits and vegetables such as
tomatoes!*"”), oranges"*'”, peppers!"¥, and pumpkins"’. In research
on mechanized safflower harvesting, cutting safflower necking is
the most technically difficult part of the process. Safflower necking,
a filament bundle formed by the growth of filaments, reflects the
main biomechanical characteristics of safflower™. The existing
harvesting methods of mechanized safflower mainly include dual
rollers, comb-clamping, and cutting types. Among them, the dual
rollers type has the highest removal rate of filaments but also a high
damage rate. Ge et al.”?" used elastic rubber dual rollers rotating in
opposite directions to draw safflower filaments. However, the
filaments are easily damaged by the extrusion of the dual rollers
when they pass through the clearance between the dual rollers.
Zhang et al.” proposed a circular arc progressive method for
filament harvesting. A rotary blade was used to cut the roots of the
filaments, and the filaments were completely separated from the
fruit bulb. Filaments were collected by negative-pressure airflow
adsorption at a damage rate of 9.8%. Cao et al.”” proposed a comb-
clamping safflower filament harvesting device which used the
moving teeth and fixed teeth under the action of spring preload to
achieve the clamping of filaments, and completed the harvesting of
filaments through spindle rotation. Although the device realizes the
mechanized blind picking of filaments, the excessive impact of
comb closure is likely to cause filament damage. Sun et al.*!
proposed a vertical brush-roller picking device for dry safflower
harvesters. The safflower plants are gathered under the clamping
action of the clamping chain and the fence frame. Under the impact
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and collision of the brush-roller, the fruit balls are detached from
the filaments. Finally, the filament harvesting process is completed
by negative air pressure.

According to the definition of the safflower industry, safflower
with a moisture content of more than 70% is fresh®. However,
existing harvesting devices and end-effectors predominantly utilize
single-cutting or rolling methods, which are primarily designed for
relatively dry safflower plants. These methods struggle to
effectively harvest safflower with high moisture content.
Additionally, the challenges of handling fresh, fragile safflower
filaments with high moisture content further complicate the process,
making low-damage picking extremely difficult for most harvesting
devices. Therefore, the development of a new type of clamping and
root-cutting end-effector is of great significance, as it has the
potential to enhance the efficiency of fresh safflower harvesting
while ensuring the quality of the crop.

In this study, a suitable picking method for harvesting fresh
safflower was proposed. The clamping root-cutting end-effector has
been studied and designed. The end-effector first utilizes dual
rollers to pre-clamp the filaments, then a blade to root-cut the
safflower necking. The quality of safflower harvesting is ensured by
the smooth operation of clamping the safflower filaments and
cutting the safflower necking. On this basis, the mechanical models
of the dual rollers-filaments and blade-filaments were constructed.
A theoretical analysis of the clamping and cutting process was
carried out to determine the critical factors affecting the
performance of the end-effector. With the filament removal rate and
filament damage rate as evaluation indices, the optimal parameter
combination of the end-effector was obtained by carrying out the
central composite design and field tests. The results provide a
reference for harvesting safflower with high moisture content and
low-damage picking, and also contribute to the mechanized
harvesting of other similar crops.

2 Materials and methods

2.1 Material features of safflower

The physical properties of safflower serve as a basis for the
design of safflower harvesting devices. Yunhong No. 6, a safflower
widely grown in China, was used as the test material. The samples
were obtained from the Yunguang Safflower Cultivation
Agricultural Cooperative in Ili Kazakh Autonomous Prefecture,
China. The structure of safflower consists mainly of filament,
necking, and fruit ball®, in which necking is defined as the position
of interaction with the shear mechanism, as shown in Figure 1a.

a. Composition of the
safflower

b. Safflowergeometric
parameters

Figure 1 Composition of safflower and its key

geometric parameters

The key geometric parameters of the safflower, including
filament width w,, safflower height %, fruit ball height 4,, fruit ball
diameter d|, and necking diameter d,, are shown in Figure 1b.The
three-dimensional parameters of safflower were measured using the
Vernier scale (DL92150P, range 0-150 mm, accuracy 0.01 mm,

developed by Deli Group Co., Ltd.). The average density of
safflower (wet basis) was 400 kg/m’ as measured by a measuring
cylinder (range 0-500 mL, accuracy 5 mL, developed by Fuzhou
North Glass Experimental Instrument Co., Ltd.) and an electronic
scale (I-2000, range 0-500 g, accuracy 0.01 g, developed by Deqing
Bayjie Electric Appliance Co., Ltd.). The measurement results are
listed in Table 1.

Table 1 Main material feature parameters of safflower

Parameters Range/mm Mean/mm
Wy 31.15-45.99 39.25+4.17
hy 35.89-46.52 41.73+3.07
hy 18.64-25.34 22.79+1.61
d, 22.40-29.55 25.46+1.85
d, 3.17-5.79 4.5240.71
p 385.45-432.77 400+11.07

2.2 Structure and working principle of the safflower
harvesting robot

As shown in Figure 2, the structure of the safflower harvesting
robot includes a moving system, a filament collection system, a
clamping root-cutting end-effector, a spatial positioning system, a
central control system, a power system, etc. The working principle
is as follows: The clamping and root-cutting end-effector is fixedly
connected to the spatial positioning system. The central control
system adjusts the position of the whole machine and the end-
effector after obtaining information about the spatial position of the
safflower plant. The spatial positioning system aligns the end-
effector with the safflower fruit ball. The end-effector utilizes dual
rollers to pre-clamp the filaments and the blades to root-cut the
safflower necking. Finally, the cut filaments are collected under the
negative pressure airflow of the filament collection system.

As shown in Figure 3, the end-effector consists of a clamping
mechanism, a root-cutting mechanism, a slide mechanism, a
machine casing, a rack mechanism, a stepping motor, etc.
According to the filament movement state, the safflower harvesting
process is divided into four working stages. In the first stage, the
central control system adjusts the position of the end-effector. The
spatial positioning system moves the end-effector to the top of the
safflower fruit ball, as shown in Figure 2a. In the second stage, the
spatial positioning system continues to move downward. The
filaments are rolled and kept in a vertical state by the action of
negative pressure airflow. At the same time, the filament spreading
decreases significantly. The filaments are rolled into the clamping
mechanism, and the root-cutting mechanism is in the open state, as
shown in Figure 2b. In the third stage, the central control system
activates the stepping motor of the root-cutting mechanism. The
root-cutting mechanism cuts the safflower necking, and the
filaments are separated from the fruit bulb, as shown in Figure 2c.
In the final stage, the filaments are entirely rolled into the clamping
mechanism. Finally, the filaments enter the filament collection box
under the influence of the negative airflow, as shown in Figure 2d.
2.3 Design of key components
2.3.1 Method of picking safflower

Selecting the proper picking method is one of the critical
factors in improving operational efficiency and harvest success. The
picking method for safflower is the basis and prerequisite for
designing the end-effector™”’
according to the morphological characteristics of safflower, and the
mechanical structure design of the end-effector is provided for

1. The picking method is determined

reference %,
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Spatial positioning
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] Clamping and root
| cutting end-effector

Filaments collection
system

Moving system

(a) Positioning stage

Figure 2 Structure of the safflower harvesting robot

(b) Clamping stage

1 2 3 4 5 6

1. Clamping mechanism 2. Root-cutting mechanism 3. Slide mechanism
4. Machine casing 5. Rack mechanism 6. Stepping motor
Figure 3  Structure of the clamping root-cutting end-effector

The clamping mechanism and root-cutting mechanism are the
core components of the end-effector. The key components that
determine the effect of filament clamping and root-cutting are shown
in the structure of Figure 4. It mainly consists of dual rollers, a root-
cutting blade, a blade holder, a blade slide, and a support plate.
During the harvesting operation, the clamping mechanism realizes
safflower pre-clamping. Subsequently, the root-cutting blade of the
root-cutting mechanism moves along the blade slide to realize the
safflower filament cutting. Finally, the filament collection system
collects the safflower filaments through a negative-pressure airflow.

1. Dual rollers 2. Blade 3. Blade holder 4. Holder slide 5. Support plate
6. Safflower
Figure 4 Structure of the clamping and root-cutting mechanism

2.3.2 Design of clamping components

The clamping mechanism is the key working component to
realize safflower clamping, which determines the clamping effect of
the end-effector and the damage to the safflower filaments. The
clamping mechanism mainly consists of a pair of rubber rollers, and

Central control
system

Safflower plant

Power system

(c) Root-cutting stage ~ (d) Collecting stage

each of them rotates in the opposite direction at the same speed. As
the end-effector moves over the safflower plant, the blooming
filaments are rolled into the clamping mechanism and constrained
together to form a filament bundle. The filament bundle is assumed
as an ellipsoidal rigid body with uniform mass. During the
movement of the filament bundle, it is not interfered with by outside
factors, and the external forces are all acting on the center of
mass™. With the center of mass of the filament bundle as the
origin, a plane right-angle coordinate system is established. In this
case, the horizontal direction to the right is the positive direction of
the x-axis, and the vertical direction up is the positive direction of
the y-axis.

The mechanical analysis of the dual rollers-filament bundle is
shown in Figure 5. Combining kinematics and dynamics theories, a
mechanical model of the dual rollers-filament bundle interaction is
established. The filament bundle motion is taken as a fixed-axis
movement, ignoring the centrifugal and Cole forces generated by
the rotating pair of dual rollers. According to D’Alembert’s
principle, the following equations are established by mechanical
analyses:

ZFX = F,sina+N,cosa—N,cos—F,sinf=0

ZF, =F,cosff+ F,cosa—N,sin—N,sina—G =0

G =mg (1)
F1=N1f
F, =N2f

When the filament bundle is rolled between dual rollers for self-
rotation, the filament bundle is not moved along the x-axis in the
positive and negative directions. The following equations are

established:
Z M, >0
()
Z M, <0
> M, =Fasin [90° = (@ +f)] — N,acos [90° — (a+ )] -
Gacosa >0
3)

> My =Fbsin [90° (@ +p)| ~ Nabcos [90° —a+p] -
GbcosB<0
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Note: w is the dual rollers speed, r/min; O is the center of mass of the filament
bundle; O, and O, are the center points of the left and right rollers, respectively;
F and F, are the left and right friction forces between the filament bundle and the
dual rollers, respectively, N; N, and N, are the left and right normal forces of the
filament acting on the dual rollers, respectively, N; G is filament bundle gravity,
N; a is the angle between line 0,0, and line OO, (°); f is the angle between line
0,0, and line 00,, (°); A and B are the left and right contact points of the
filament bundle on the dual rollers, respectively; a is the distance between point 4
and point O, mm; b is the distance between point B and point O, mm.

Figure 5 Mechanical analysis of the dual rollers-filament bundle

Simplifying Equation (3) establishes the following Equation
4):
N < — Gceosa
sin(a +8)— fcos(a+pf)
(4)
N> Gceosf
*= sin(a@+8) — fcos(a+p)

In summary, the mechanical analyses show that the normal
force of the filament bundle is related to the shape, gravity, roller
clearance, and coefficient of friction between the safflower and the
material. Of the above factors, the roller clearance can be adjusted
independently. Therefore, the roller clearance is selected as the key
influencing factor.

2.3.3 Design of root-cutting components

The safflower-cutting operation directly affects the removal
rate and damage rate of filaments. The safflower necking denotes
the formation of an overflow of filament bundle, which reflects the
main mechanical characteristics of safflower. Through the
mechanical analysis of the root-cutting blade-safflower necking
interaction, the mechanical model of the safflower-cutting process is
established to provide theoretical support for the design of the root-
cutting mechanism.

During the movement of the filament bundle, it is assumed that
it is not disturbed by external factors, and the external forces are
acting on the center of mass of the safflower necking. The safflower
necking acquires the velocity imparted by the root-cutting blade,
generating acceleration and inertial forces in opposite directions.
Considering the different accelerations and inertial forces at each
point on the safflower necking, the combined force of all inertial
forces can be regarded as concentrated at the center of mass.
According to the blade cutting theory, the cutting process of
safflower necking is shown in Figure 6. The following equations are
established.

FT=ZFg+FW+FN

Fy=Fcose

)

F,= (ZFg+FW+FN)cos<p (6)

where, Fr is the cutting force on the safflower necking, N; Z Fy is

the resultant force of the inertial forces of the safflower filaments,
N; F,, is the bending reaction force of safflower necking, N; Fy is
the friction force between the safflower necking and the blade, N;
F, is the cutting force that cuts off the necking, N; ¢ is the angle
between the cutting direction and the horizontal direction, (°).

Figure 6 Cutting process of safflower necking

According to Equations (5) and (6), the safflower filament is
cut off as the product of the cutting force, and the cosine value ¢ is
greater than the cutting force on the necking (Fr-cosp=>F,). To
deeply analyze the cutting process of the blade, assume the cross-
section of the cutting of safflower necking is either a square circle
or an ellipse. In the process of cutting the safflower necking with a
root-cutting blade, the safflower necking is parallel to the plane of
the blade, and the cutting cross-section is a square circle. The
safflower necking is at an angle to the plane of the blade, and the
cutting cross-section is elliptical. During the operation of the root-
cutting mechanism, the filaments are rolled into the dual rollers.
With the root-cutting mechanism driven, the root-cutting blade
moves along the blade slide, colliding with the safflower necking
and cutting it off. According to the momentum theorem, the
safflower necking is impacted by the root-cutting blade. The
following Equation (7) is established:

Fit=mv @)

where, ¢ is cutting time, s; m is the mass of filament bundle, kg; v is
the blade feed speed, mm/s.

Since both safflower filaments and fruit balls are elastic
materials, the safflower necking will be elastically deformed when
subjected to the impact force. The contact area between the root-
cutting blade and the safflower necking increases after local
deformation. Using the right root-cutting blade as an example, the
contact point of the root-cutting blade with the safflower necking is
set to point Q. With the contact point Q as the origin, a plane right-
angle coordinate system is established. The horizontal direction to
the left is the positive direction of the x-axis, and the vertical
direction up is the positive direction of the y-axis, as shown in
Figure 7. The blade feed speed is kept constant during the cutting
process. The following Equation (8) is established:

Note: ¢ is inclination angle of the blade, (°); #; is thickness of the blade, mm.
Figure 7 Mechanical analysis of root-cutting
blade-safflower necking interaction
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L=w (8)

where, L is the depth of the blade feed, mm.

Assuming that the root-cutting blade impact load is acting
entirely on the safflower necking, the critical conditions for
safflower filament cutting separation can be given by Equation (9):

Fr>0A, 9

where, o, is the maximum stress of safflower necking separation,
Pa; A4, is the area of blade cutting necking, mm?.

Ignoring the curvature of the contact surface between the root-
cutting blade and the safflower necking, the action area of the
safflower filament is given by Equation (10):

0
tan -

A, = 2hL—2 (10)
cos ¢

The separation critical Equation (11) for safflower necking was
obtained by combining Equations (8), (9), and (10):

2
AE = M 5o, (11)
! 2h3L2tan§

From Equation (11), it can be seen that the separation condition
of safflower necking is related to the blade feed speed. To achieve
safflower necking separation and reduce the filament damage rate, it
is essential to choose the right blade feed speed. The approximate
calculation of the ultimate stress leads to Equation (12):
_ Fm
=

o, (12)
where, Fr, is the maximum cutting force of blade to cut necking, N;
A, 1s the maximum area of blade cutting necking, mm?.

According to Equations (11) and (12), the blade feed speed
should satisfy Equation (13) to cut off the safflower necking:

2h,L*Fy,, tan g
— (13)
Agmcosp

In summary, the blade feed speed directly affects the operating
effect on safflower filaments and necking. With the increase of the
blade feed speed, the cutting force required for safflower necking
cutting decreases. However, increasing the blade feed speed also led
to an increased impact on the safflower necking, resulting in a
higher rate of filament damage. In addition, the determination of the
blade feed speed is also related to the cutting edge, blade thickness,
and other factors. Therefore, when designing the root-cutting
mechanism, the relationship between the blade feed speed and
structural parameters should be considered comprehensively.
2.4 Test methods
2.4.1 Pre-tests indoors

Before the field trials, pre-tests of key components and related
parameters were conducted indoors. The test equipment was a
safflower harvesting robot (made by the team), which mainly
included a moving system, a filament collection system, a clamping
root-cutting end-effector, a spatial positioning system, a central
control system, a power system, etc., as shown in Figure 8. The test
instruments mainly included LA114 electronic analytical balance
(Shanghai Zanwei Weighing Instrument Co., Ltd., range 0-110 g,
accuracy 0.1 mg), Vernier calipers (Wenzhou Maikelen Electric
Co., Ltd., range 0-150 mm, accuracy 0.02 mm), TMS-TM, and
DLY-2301 tachometer (Dexerial Group Co., Ltd., range 2.5-99 999
rpm, accuracy 0.1 r/min), and so on.

1. Moving system 2. Filament collection system 3. Safflower plant 4. Clamping
and root-cutting end-effector 5. Spatial positioning system 6. Computer 7. Vision
camera 8. Central control system 9. Power system

Figure 8 Fresh safflower harvesting robot

2.4.2 Test factors

(1) Rotation speed X;

When the dual rollers rotate at high speed, the air is moving at a
higher speed and the pressure is smaller. Therefore, a negative
pressure airflow field is formed, which produces an adsorption
effect on the safflower. The higher the speed of the dual rollers, the
stronger the adsorption capacity of safflower. Through the pre-test,
the safflower can be picked when the speed of the dual rollers is
greater than or equal to 250 r/min. Considering the stability and
reliability of mechanical work, the speed of the dual rollers was
selected as 250-400 r/min.

(2) Roller clearance X,

The roller clearance directly affects the feeding speed and the
separation effect of safflower and fruit balls. The larger the roller
clearance, the more the safflower effective feeding speed increases.
However, the positive pressure and friction of the rollers on the
safflower are reduced accordingly. A roller clearance that is too
large causes the safflower to fail to separate from the fruit ball. The
smaller the clearance between the rollers, the more the safflower is
subjected to the squeezing force and friction of the dual rollers.
According to the measurements of the safflower necking in Table 1,
the roller clearance was selected as 0.4-0.8 mm.

(3) Blade feed speed X;

The blade feed speed is the key factor affecting the damage rate
of safflower filament. The faster the blade feed speed, the higher the
filament damage rate. Through the pre-tests, the cutting speed v was
at 20-40 mm/s, which has a better harvesting effect. In this test
device, considering the stability and reliability of mechanical work,
the blade feed speed was selected as 20 mm/s and 40 mm/s.

2.4.3 Response index

(1) Filament removal rate y,

For a random group of 10 safflowers, the percentage of the
mass of filaments picked to the total mass of filaments was defined
as the filament removal rate. The Equation (14) is as follows:

y= % 100% (14)
m, +m,
where, m, is the mass of filaments picked from a single group of
fruit balls, g; m, is the mass of filaments not picked on a single
group of fruit balls, g.

(2) Filament damage rate y,

For a random group of 10 safflowers, the percentage of the
mass of filaments picked and broken to the total mass of filaments
was defined as the filament damage rate. The Equation (15) is as
follows:

¥, = 2 % 100% (15)

m,
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where, m; is the mass of broken filaments in a single group of
harvested filaments, g.
2.4.4 The central composite design

To reduce experimental errors and clarify the interrelationships
among factors, the central composite design was adopted. The test
parameter codes are shown in Table 2. Each numeric factor was set
to five levels, plus and minus alpha (axial points), plus and minus 1
(factorial points), the center points, and the bonding parameter code.

the response indices was highly significant. The p-values of the lack
of fit terms for the filament removal rate and filament damage rate
were 0.67 and 0.43, respectively. These values are both greater than
0.05, indicating that the lack of fit terms were not significant and
the regression equations were not fitted.

Table 3 Results of the central composite design

Test parameters and levels Response indices

No. Rotation speed Roller clearance Blade feed speed Removal — Damage
Table 2 Parameter codes of the test design X/rmin” Xpfmm Ayfmm-s ratey/% _ rate ya/%
Parameter 1 250 0.4 20 88.76 5.36
Code Rotation speed Roller clearance Blade feed speed 2 400 0.4 20 91.29 7.01
X)/(r'min™) X/(mm) Xy/(mm-s™) 3 250 0.8 20 86.87 4.81
—1.682 198.87 0.26 13.18 4 400 0.8 20 90.09 5.67
B 250.00 0.40 20.00 5 250 0.4 40 90.75 5.74
0 325.00 0.60 30.00 6 400 0.4 40 92.75 7.42
! 400.00 0.80 40.00 7 250 0.8 40 87.54 485
1.682 451.13 0.94 46.82 ] 400 08 40 90.77 6.02
3 Results and discussion ’ 218.93 06 30 8736 473
10 431.06 0.6 30 91.18 6.77
3.1 Results of the central composite design 11 325 0.263 641 30 91.54 6.88
The test program and results are shown in Table 3, with a total 12 325 0.936 359 30 87.81 4.9
of 21 groups of tests. These included 14 analytical factors and 7 null 13 125 06 13.1821 39.55 491
estimation errors, with groups 1 to 14 being analytic factor design 14 15 06 46.8179 91.44 54
tests and groups 15-21 be?ng central de.sign testst'. . 15 325 0.6 30 91.15 5.02
Th.e results .Of variance .analys1s are shown .1n Table 4. 16 125 0.6 30 90031 505
Analyzing the variance by Design-Expert, the regression models of
R 17 325 0.6 30 90.68 5.16
filament removal rate y, and filament damage rate y, on the rotation 8 15 06 30 9026 536
speed X, the roller clearance X,, and the blade feed speed X; were ' ' '
established. The p-values of the regression models for the filament 19 325 06 30 9039 525
removal rate and filament damage rate were less than 0.01, 20 325 06 30 90.89 331
indicating that the relationship between the regression equations and 2 325 06 30 9%0.72 4.99
Table 4 Variance analysis of experimental results
Source of Degree of Removal rate y, Damage rate y,
variation freedom Quadratic sum Mean square F-value p-value Quadratic sum Mean square F-value p-value
Model 9 46.72 5.19 56.83 <0.01" 12.41 1.38 34.57 <0.01"
X, 1 21.33 21.33 233.53 <0.01" 5.62 5.62 140.81 <0.01"
X, 1 15.51 15.51 169.78 <0.01" 4.13 4.13 103.55 <0.01"
X; 1 4.66 4.66 51.03 <0.01" 0.2941 0.2941 7.37 0.0201°
XX 1 0.4608 0.4608 5.04 0.0462° 0.2113 0.2113 5.30 0.0419°
XX 1 0.0338 0.0338 0.3700 0.5553 0.0144 0.0144 0.3623 0.5594
XX 1 0.5513 0.5513 6.03 0.0319° 0.0200 0.0200 0.5015 0.4936
X% 1 2.82 2.82 30.92 0.0002™ 0.9375 0.9375 23.51 0.0005™
X% 1 1.59 1.59 17.46 0.0015" 1.31 1.31 32.95 0.0001™
X% 1 0.0195 0.0195 0.2138 0.6528 0.0195 0.0195 0.4882 0.4992
Residual 11 1.00 0.0913 0.4387 0.0399
Lack of fit 5 0.3593 0.0719 0.6680 0.6627 0.2144 0.0429 1.15 0.4286
Pure error 6 0.6455 0.1076 0.2243 0.0374
Total 20 47.73 12.85

Note: highly significant (p < 0.01), significant (0.01 <p < 0.05).

The analysis of variance for the filament removal rate y,
showed that the effects of factors X, X,, Xz, X}, and X; were highly
significant (p<0.01). The effects of factors XX, and X,X; were
significant (0.01<p<0.05), and the rest of the factors were not
significant. The analysis of variance for the filament damage rate y,
showed that the effects of factors X;, X5, X7, and X? were highly
significant (p<0.01). The effects of factors X; and XX, were
significant (0.01<p<0.05), and the rest of the factors were non-
significant. To ensure the accuracy of the response surface, the

significant factors were retained. The regression equations for the
filament removal rate y, and filament damage rate y, are shown in
Equations (16) and (17), respectively:

i =75.16+0.06X, +3.12X, +0.19X; + 0.02X, X,—

0.13X,X; —8.15X2 (16)

¥, =9.29-0.02X, —7.36X, - 0.01X; — 0.01X, X, — 0.03X,X; + 7.4X2
(17
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3.2 Discussion of the central composite design

According to the regression Equations (16) and (17), the
response surfaces of the test factors on the filament removal rate y,
and filament damage rate y, were established. The steepness of the
response surface reflects the influence degree of interaction terms
on the response values. The steeper the response surface, the greater
the influence of the interaction term on the response valuet®” .

The response surface of significant factor interactions on the
filament removal rate was established. As shown in Figure 9a, the
filament removal rate increases with the increase of the rotation
speed. However, the roller clearance is opposite to the rotation
speed. The increasing trend of rotation speed is steeper than roller
clearance. This indicates that increasing the rotation speed and
decreasing the roller clearance increased the removal rate. The
significance of rotation speed is significantly greater than roller
clearance.

Removal rate/%

275

. . et
O}/o . 0.45 Q,O\

250 0.40°
a. Effects of X and X,

Removal rate/%

b. Effects of X, and X;

Figure 9 Interaction effects of significant factors on filament
removal rate

As shown in Figure 9b, the filament removal rate increases as
the blade feed speed increases. The increasing trend of roller
clearance is steeper than the blade feed speed. This indicates that
increasing blade feed speed also increased the removal rate. The
significance of roller clearance was significantly greater than blade
feed speed. Considering the three parameters together, the sequence
of influence for the removal rate, from greatest to least, is rotation
speed, roller clearance, and blade feed speed. To satisfy the

requirement of a filament removal rate over 91%, the blade feed
speed is more than 25 mm/s, the rotation speed is more than 300
r/min, and the roller clearance is less than 0.7 mm.

The response surface of significant factor interactions on the
filament damage rate was established, as shown in Figure 10. The
faster the blade feed speed, the higher the filament damage rate.
However, the roller clearance is opposite to the rotation speed. The
increasing trend of rotation speed is steeper than roller clearance.
The observed trend was similar to Figure 9a, but the response
surface of Figure 10 was higher in steepness. This indicates that
both decreasing the rotation speed and increasing the roller
clearance decreased the filament removal rate. The significance of
the rotation speed was also greater than the roller clearance for the
filament damage rate. To satisfy the requirement of a filament
damage rate under 6%, the rotation speed is less than 325 r/min and
the roller clearance is more than 0.5 mm.

Removal rate/%

0.
250 0.40

Figure 10 Interaction effect of X; and X, on filament damage rate

3.3 Parameter optimization and test validation
3.3.1 Parameter optimization

According to the response analysis, the factors had different
effects on the filament removal rate and filament damage rate.
Therefore, the optimal combination of parameters required for
filament harvesting performance was obtained by a multi-objective
optimization approach. The requirements of the highest filament
removal rate and the lowest filament damage rate were taken as the
optimization objectives. The objective function and constraints for
planning are shown in Equation (18):

maxy;(X,,X,,X3)
miny,(X;, X5, X3)

300 r/min < X, <325 r/min
s.t.¢ 05<X,<0.7

25 mm/s < X; < 40 mm/s

(18)

Using Design-Expert software to solve Equation (18), the best
parameter combination of the influencing factors was obtained as
follows: a rotation speed of 318 r/min, a roller clearance of 0.6 mm,
and a blade feed speed of 40 mm/s. In this case, the optimized
parameters of the filament removal rate and filament damage rate
were obtained as 91.06% and 5.31%, respectively.

3.3.2 Test validation

The field verification test was conducted from July 26 to July
30, 2024, at the Yunguang Safflower Cultivation Agricultural
Cooperative in Xinjiang, China, as shown in Figure 11. The test
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operating conditions and methods are the same as the above tests.
The test was conducted with a rotation speed of 318 r/min, a roller
clearance of 0.6 mm, and a blade feed speed of 40 mm/s. To
eliminate random errors, the test was repeated five times for each
parameter combination. The end-effector and harvesting effects are
shown in Figs. 11a and 11b, respectively. The average values of the
five groups of tests were taken as the test results, which were a
filament removal rate of 91.25% and a filament damage rate of
5.57%. The relative errors with the predicted values were not more
than 5%, and the theoretical values were similar to the actual values.
The accuracy of the model was verified, and the optimal parameter
combination could meet the practical application requirements.

Figure 11 Field verification test

4 Conclusions

To solve the problems of the harvesting of fresh safflower with
high moisture content, a new type of clamping root-cutting end-
effector for fresh safflower filament harvesting was studied and
designed. Through theoretical analyses and calculations, a
mechanical model of roller-blade-filament cutting was constructed.
The end-effector utilizes the dual rollers to pre-clamp the filaments,
then the blade to root-cut the safflower necking. The quality of
safflower harvesting is ensured by the smooth operation of
clamping the safflower filaments and cutting the safflower necking.
Accordingly, the following conclusions are drawn:

(1) Based on the design of dual rollers for clamping and a blade
for root-cutting, a clamping and root-cutting end-effector for
harvesting fresh safflower was developed. It utilizes the dual rollers
to pre-clamp the filaments, then the blade to root-cut the safflower
necking. Through theoretical analysis of the clamping and cutting
process, a mechanical model of roller-tool-filament cutting was
constructed. The results of the analysis can be used as a reference
for improving the end-effector structure and optimizing the
operating parameters.

(2) The central composite design was performed on a self-
constructed safflower harvesting robot. Using Design-Expert
software to establish the response surface, the effects of rotation
speed, roller clearance, and blade feed speed on the filament
removal rate and filament damage rate, respectively, were analyzed.
The optimized parameters of the filament removal rate and filament
damage rate were 91.06% and 5.31%, respectively. In this case, the
rotation speed is 318 r/min, the roller clearance is 0.6 mm, and the
blade feed speed is 40 mm/s.

(3) Under the optimal parameter combination, the field
verification test was carried out. The results showed that the
filament removal rate and filament damage rate were 91.25% and
5.57%, respectively. The relative errors with the predicted values
were not more than 5%. The measured and predicted values of each

index were relatively consistent, indicating that the results of
parameter optimization were reliable.

This study provides a reference for harvesting safflower with
high moisture content and low-damage picking. It is also helpful for
the mechanized harvesting of other similar crops. In the field
harvesting process, the optimization parameters were adjusted and
optimized based on actual application scenarios. Further studies are
needed to address the disturbing factors affecting safflower plants,
such as different filament morphologies and the growth attitudes of
safflower plants.
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