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ABSTRACT

Aiming at the problems of high damage rate and loss rate of the existing safflower harvesting equipment, this
study designed a rotary cutting safflower harvesting end effector by combining the growth characteristics and
mechanical properties. Through force analysis of the cutting tool, the key factors, which affects the harvesting
performance, were clarified to be the blade inclination and the knife shaft speed. The Fluent software was used
to analyze the flow field of the harvesting chamber, which aims to determine the appropriate wind speed. To
improve the working performance of the rotary cutting safflower harvesting end effector, a three-factor, three-
level orthogonal test was carried out with the blade inclination, knife shaft speed and wind speed as the
influencing factors, and with the recovery rate, damage rate and loss rate as the response indexes. A
regression model for the three-factor interaction was developed and optimized based on the results of the Box-
Behnken test. The optimal parameter combination is: the blade inclination is 15°, the knife shaft speed is 1570,
and the wind speed is 6 m/s. A test of the optimization results showed that the recovery rate was 91.47%, the
damage rate was 7.51%, and the loss rate was 4.67%. This study can provide theoretical basis and technical
reference for the mechanized harvesting of safflower.
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INTRODUCTION

Safflower is an important cash crop in China, with extremely high value in medical, food and economy
(Ren et al., 2017; Wang et al., 2006; Xue et al. and Li, 2005). A survey shows that China's safflower planting
area has reached 33,300 hectares, and its origin is mainly concentrated in Xinjiang, Yunnan, Gansu, Ningxia,
Henan and other regions (Zhou et al., 2021).

Recently, the mechanized harvesting of crops has become a hot topic (Hu et al., 2020, 2021, 2022;
Joao et al., 2011; Jobbagy et al., 2021; Pu et al., 2023; Zhang et al., 2021). In terms of safflower harvesting,
scholars have carried out relevant research, and it mainly focus on the methods of pneumatic, pulling, combing,
cutting and so on (Zhang et al., 2019). Cao et al. (2019) developed a comb-type safflower harvesting machine,
which realized the plucked picking of filaments through the rotating action of the harvesting shaft. This way the
mechanized blind harvesting was realized and the efficiency of safflower harvesting was improved, but it had
a high rate of missed harvesting. Zhang et al. (2020) developed a portable roller-type safflower harvester,
where the manual hand-held picking head was aligned with the filaments so as to feed the filaments into the
rollers, and the pulling force generated by the high-speed rotation of the rollers picked the filaments, which
was able to reduce labor intensity and improve the harvesting efficiency. Zhang et al. (2022) designed a three-
finger pull-out safflower picking end effector, where the filaments were harvested by three harvesting fingers
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using pulling. Zhang et al. (2022) designed a double-acting opposite direction cutting end effector for safflower
harvester, which was driven by a cam to realize the low-speed clamping and cutting of filaments. It effectively
reduced the damage rate in harvesting, and realized the low-damage rate of the filaments harvesting.

Above all studies, the damage to the structure of the filaments is the greatest weakness of the existing
safflower harvesting devices. In this study, high recovery rate, low damage rate and low loss rate are the
design objectives to improve the quality of mechanized safflower harvesting. This study combined the growth
characteristics and mechanical properties of safflower to design a rotary cutting safflower harvesting end
effector. The structural and motion parameters of the key components were theoretically analyzed. The factors
of the performance indexes were determined and the prototype and the field test were carried out, which was
intended to provide reference for the design and optimization of safflower harvester.

MATERIALS AND METHODS
Safflower characteristics

Physical properties of safflower are the basis for the design of safflower harvesting end effector. The
measurement was carried out at Gongchuang Planting Specialized Cooperative, Yuanzhou District, Guyuan
City, Ningxia Hui Autonomous Region, from July 20 to 30, 2023. The main varieties are Yu Hong No. 3, as
shown in Figure 1. The five-point method was used for field sampling, and 20 safflower plants in full bloom were
selected from each sampling point to obtain the main characteristics of safflower, as is shown in Table 1.

Fig. 1 - The schematic diagram of physical properties of safflower

Table 1
Physical characteristics of safflower
Type Mean + standard deviation 95%.confidence P value (S-W)
interval

Filament banner(w;/mm) 3298 +3.7 31.92~34.04 0.38505
Filament length(w,/mm) 19.12 +2.59 18.38~19.86 0.37784
Safflower height(ws;/mm) 40.68 + 3.38 39.72~41.64 0.14341
Necking Diameter(d,/mm) 7.54 +1.05 7.24~7.84 0.07363
Flower bulb diameter(d,/mm) 30.58 +3.70 29.53~31.63 0.14108
Flower stem diameter(d;/mm) 3.024 £ 0.41 2.91~3.14 0.77226

Overall structure and principle

As is shown in Figure 2, the safflower harvester is mainly composed of an electronic control system,
binocular camera, three-axis robotic arm, rotary cutting safflower harvesting end effector, collection device and
walking device.

Fig. 2 - The safflower harvester structure schematic diagram
1 - electronic control system; 2 - three-axis robotic arm; 3 - binocular camera; 4 - rotary cutting safflower harvesting end effector;
5 - walking device; 6 - negative pressure fan; 7 - collection device

691



Vol. 71, No. 3 / 2023 INMATEH - Agricultural Engineering

After the binocular camera acquires the spatial position information of the safflower, the electronic
control system adjusts the three-axis robotic arm to align the end effector with the filaments for harvesting, and
the cut filaments are collected to the filament collection device through the conveying pipeline under negative
pressure fan.

Design and analysis of key components
® Rotary cutting end effector structural design

The structure of the rotary cutting end effector is shown in Figure 3, which mainly consists of stepping
motor, transmission gear set, filament feeding status monitoring device, cutting tool, conical feeding device,
negative pressure pipeline, cutting disk and housing. Its working principle is: the suction force generated by
the negative pressure fan sucks up the safflower filaments and keeps the vertical state. Then the safflower is
fed into the feeding device. Meanwhile, the filament feeding status monitoring device real-time monitors the
distance between the filaments and the device. When safflower arrives at the appropriate harvesting position,
the stepping motor is controlled to start to drive the cutting tool rotating to achieve rotary cutting, so that the
filaments and the ball of flower can be separated. Under negative pressure, the separated filaments are
adsorbed to the filament collection box through the negative pressure pipeline. The collection of filaments is
completed.

The rotary cutting tool is the key component of the filament harvesting mechanism. During operation,
the three knives rotate under the motor drive, and the knives hold the filaments to cut them off. Under the
adsorption force of the negative pressure fan, the filaments remain vertical and converge, which ensures the
integrity of the cut filaments, reduces the damage rate of the filaments and improves the recovery rate. Based
on the safflower characteristics, the parameters of the filament harvesting mechanism was designed, and the
key factors affecting the recovery rate were determined by analyzing the force and speed of filaments under
the action of the rotary cutting tool.

Fig. 3 - The diagram of the rotary cutting end effector
1 - stepping motor; 2 - transmission gear set; 3 - filament feeding status monitoring; 4 - cutting tool;
5 - conical feeding device; 6 - negative pressure pipeline; 7 - cutting disk; 8 - housing

The stepping motor is PM3505 head brushless motor, which is characterized by small size, high torque
and light weight. This motor can effectively reduce the volume of the end effector and is more suitable for the
field of safflower picking end effector. At the same time, the PM3505 motor is equipped with AS5600 encoder,
which can be controlled by the controller to reset the motor after each cutting operation. This function can
avoid blocking the flower feeding port, so as to ensure the smooth feeding of filaments for the next cutting. The
transmission gear set is connected to the PM3505 head brushless motor, which can adjust the rotation speed
of the cutting tool according to the operational requirements. During operation, three knives of the rotary cutting
set rotate from the outside to the inside to cut the filament, which can expand the cutting radius of the rotary
cutting set. The reset function of the motor and the filament feeding status monitoring device work together to
change the saffron filament cutting effect.
® Filament clamping cutting analysis

To avoid the filament sliding out along the blade due to the excessive tilt angle, which can result in
uneven resistance to damage the filament (Pang, 1982), the force state of the filament during the cutting
process is analyzed to obtain the best cutting effect. As is shown in Figure 4, Take the necking center point O
as the object of study, the particle O is subjected to positive blade pressure Fa, Fp, Fc and blade friction Na, Ny,
N of the three knives. Since the initial position angle between each two of the three knives is 120°, both the
angle a and the angle B are 30° when all knives are tangent to the necking of the flower bulb (just when the
filament begins to be cut). Since the rotation speeds of knife A, knife B and knife C are the same, the positive
pressure on the cutting blades of the three are also equal, which means Fa = Fy, = F..

692



Vol. 71, No. 3 / 2023 INMATEH - Agricultural Engineering

According to the friction equation, the edge friction is shown in Equation (1).
N, =F f (1)

where: i - the number of knife (i =a, b, ¢, corresponding to the knives A, B, C);
f - friction coefficient of cutting tool on filament.
As the positive pressure F,, Fp, Fc of the cutting blade are equal, so the blade friction Na Np, N¢ of the
three are also equal. With the particle O as the origin, with the direction of the cutting blade curve and its
normal for the x, y axis respectively to establish a coordinate system, Equation (2), (3) are as follows.

N,cosa = N, cosj @)
N,sina+N,sin #=N, ©)

Fig.4 - Force analysis diagram for filament clamping and cutting
1 - knife C; 2 - knife A; 3 - flower bulb necking; 4 - knife B

Combined with the above analysis, the force on the particle O is in equilibrium, and the combined force
generated by the positive pressure Fa Fp, Fc and friction Na, No, N¢ is in the same straight line. The filaments
will remain relatively stable during the cutting process, and will not produce the phenomenon of slippage.

® Analysis of cutting resistance of blade

To reduce the filament damage and fragmentation caused by the impact of the knives, and to reduce
the filament damage rate, the composition of the blade cutting resistance force system and the force situation
were analyzed. To simplify the analysis model, the cutting force of the three knives is analyzed two by two.

The necking of the flower bulb is a collection of flaments wrapped in sepals, and when cutting filaments
from the necking, it is analyzed as a whole unit. When cutting filaments, the cutting blade of the knives and the
cutting surface are the main parts that cut off the filaments and withstand the cutting resistance. As is shown
in Figure 5, at the moment of cutoff, the cutting resistance of the blade mainly includes: reaction force of the
cut filament on the blade R, reaction force of the extruded filament on the lower blade Ry, reaction force of
the extruded filament on the lower blade Rqs, friction T1 and pressure of the cutting filament on the upper blade
surface mg, reaction force of the extruded filament on the upper blade R, reaction force of the extruded
filament on the lower blade Ry, friction T», just as the Equation (4)~(7) shows.

T,=1R 4)
R =R,,sind +R,, coss ®)
T, = f (R, +mg cos o) (6)
R, =R,,sind+Ry, 0085 (7)

where:
R; - reaction force of filaments on the lower blade, [N];
R: - reaction force of filaments on the upper blade, [N];
m - quality of filaments, [kg];
f - friction coefficient of blade to filaments.
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Fig. 5 - Cutting mechanics analysis of blade
1 - safflower filaments; 2 - blade

When extruded, the stress and strain of the filament conforms to the generalized Hooke's law, then the
stress-strain relationship when the filaments are extruded by the blade is shown in Equation (8).

g=-2r— ®)

where: ¢- relative density of filaments;

hyg - thickness of extruded filaments on one side of the knife, [mm];

h - total thickness of filaments on one side of the knife, [mm];

o- extrusion stress on filaments, [Pa];

E - modulus of elasticity of filaments, [Pa].

Substitute equation (8) into equations (5) and (7), according to Pusytgin correlation theory (Li, B., 2005),
Rzg1 and Ry, Ra1 and Ryz are approximately equal respectively. Integrate the unit width dh,g and unit force
dRzg1, dR,g2 yields Equation (9).
h,
Ry =Ry, = E tan 5J.0 "h,dh,, = %hzgz tan o )

292 F
The unit reaction force dR;; caused by the lateral pressure of the blade is shown in Equation (10).

dR,, = dR,, = usEdh,

(10)
where: u - filaments Poisson ratio.

E hzg E 2

Rdl:Rd2=/uFJ.0 hzgdhzg :/u%hzg (11)
To realize the cutting process, the cutting force P of the blade has to be satisfied with Equation (12)~(13).
P>2R + Ry + Ry +T 4T, 12)
R =Alo

c 2>s (1 3)

where: A- thickness of the blade, [mm];
[, - effective length of the blade, [mm)].

Cutting resistance is maximized at the point where the neckdown is about to be completely severed,
which means h;q = h. The cutting force P can be obtained as Equation (14).

P=Al,o, +EH[tans + f (sinStan & + ucos )|+ mgf coss (14)

According to the physical characteristics of filaments, the modulus of elasticity of filaments is
2.5 X 10°Pa, and the Poisson ratio of filaments is 0.25. Substituting the characteristic parameters of filaments
into Equation (14), it can be seen that the cutting force P increases with the increase of the inclination angle of
the blade, and the trend of the increase is smaller when & is satisfied with 10°< 6 <20°. Combined with the
above analysis, to reduce the cutting force required for separation and to reduce the harvesting damage rate,
10°< 6 <20°was selected as the test factor for filament cutting performance.
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® Analysis of cutting speed

To effectively reduce the filament damage rate, the cutting speed of rotary cutting tool was analyzed (Li
et al., 2020). Since the blade is straight, the radius of rotation at each point of the blade is different when the
tool rotates to cut, so the linear velocity Vv is also different. During operation, the safflower was fed by the robotic
arm to the appropriate position after the cutting tool rotates and cuts at high speed. The linear velocity v can
be calculated by Equation (15).

v =27nr (15)
where: n - knife rotational shaft speed, [rpm];
I - actual cutting tool radius, [mm].

Combined with the characteristics of safflower, the actual cutting radius of the tool r ranges from 26 to
40 mm. According to the previous test, knife shaft speed ranges between 1200-1800 rpm. With the Equation
(15) for calculating, the blade linear velocity v is 3.27~7.54 m s~ 1. The larger the knife shaft speed n is, the
larger the blade linear velocity v is. Comprehensive analysis of the above, the knife shaft speed n was selected
as the key factor affecting the effect of harvesting, and the value range is rounded to 1200~1800 rpm.

® Design of filament feeding status monitoring device

The precision of filament cutting position is the key to reduce filament breakage (Zhang et al., 2022).
The current harvesting method is difficult to meet the demand for accurate positioning, which is easy to cause
damage to filament. In this study, a method of infrared sensor to monitor the filament cutting position was
proposed. The filament feeding status monitoring device is schematically shown in Figure 6, which consists of
detection component, transmitting component and receiving component. According to the real-time monitoring
of safflower filaments and infrared sensor distance, it is possible to determine whether the end effector has
reached the proper harvesting position (Zhang et al., 2022).

Fig. 6 - Schematic structure of filament feeding status monitoring device
1 - detection component; 2 - transmitting component; 3 - receiving component; 4 - safflower

® Simulation analysis of flow field in harvesting chamber

The flow field generated by the negative pressure collection system is the key to the filament recovery
rate. The flow field carries the lightweight filaments through the harvesting chamber and reaches the filament
collection box through the conveying pipeline. Fluent software was used to analyze the flow field inside the
harvesting chamber to find out the characteristics of the airflow inside the chamber, and the key factors
affecting the filament harvesting effect were determined, which provides a theoretical basis for the optimization
of the structural parameters of the rotary cutting end effector.

The wind speed is the key parameter that determines whether the filaments can be kept in a vertical
state. It also influences whether the cut filaments can be transported to the collection box smoothly. The value
is determined by the operating air volume of the negative pressure fan. According to the replacement principle
(Dai, 2008), the air volume of the fan should be the volume of the inner chamber of the harvesting device, as
is shown in Equation (16).

Q
VTS (16)
Where: Q - rated air volume of fan, [m3];
S - inlet cross-section of feeding device, [m?];
T - the time it takes to cut a safflower down, [s];
K - coefficients that take into account the attenuation of the airflow and losses along the way
(K=1.3~1.6).
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It was experimentally determined that S = 0.1m? and T = 1s. Combined with Equation (16), the wind
speed ranges from 3to 7 ms™1.

According to the calculated wind speed, numerical simulation of the chamber flow field under the action
of the negative pressure fan was carried out. The velocity distribution vector diagram of the chamber flow field
was obtained, as shown in Figure 7. The airflow forms a high-speed area with a large area at the chamber
entrance and chamber exit. Due to the existence of the guide port, the flow field layout is relatively straight,
which is beneficial to the efficient collection of filaments. The analysis shows that the harvesting end effector
chamber and the rotary cutting tool are the key structures affecting the distribution of the flow field for filament
harvesting. The fluid motion characteristics inside the chamber is in line with the expected effect, which can
realize the function of efficiently collecting safflower.
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Fig. 7 - Vector diagram of flow field velocity in the harvesting chamber

Experimental materials and equipment

The orthogonal test of cutting end effector was carried out in July 2023 in the laboratory of Northwest
Agriculture and Forestry University (NWAFU), and the test safflower was "Yu Hong No. 3" planted by
Gongchuang Planting Specialized Cooperative, Yuanzhou District, Guyuan City, Ningxia Hui Autonomous
Region. The test equipment is the designed rotary cutting end effector and the collection device, which consists
of a centrifugal fan, a lithium battery, a collection box and a collection hose. The test instruments mainly include
electronic balance (Suzhou Jutian Instrument and Equipment Co., Ltd., range: 0-3000g, precision 0.01g), SW-
6234C tachometer (Speed Group Co., Ltd., range 2.5~99999rpm, precision 0.1rpm) and so on.

Experimental methods
® Determination of influencing factors

Based on the previous analysis, combined with the structure and working parameters of the designed
rotary cutting safflower harvesting end effector, the three key factors affecting the harvesting effect were
selected as blade inclination, knife shaft speed and wind speed.

(1) Blade inclination: According to the preliminary calculations, the larger the blade inclination, the more
unstable the cutting process, which is more likely to push down the filament and cause greater damage to the
filament. On the contrary, the smaller the blade inclination, the service life of the cutting tool will be reduced,
making the knife easy to break. According to the pre-test, the blade inclination selection range is more suitable
within 10°~20°.

(2) Knife shaft speed: The knife shaft speed determines whether the filaments can be cut down smoothly.
If the knife shaft speed is too high, the knife will cut the filaments excessively, which will cause some damage
to the filaments and make the quality of the harvested filaments poor. If the knife shaft speed is too low, the
filaments will be difficult to be cut down smoothly. According to the pre-test, the knife shaft speed is suitable in
the range of 1200~1800 rpm.

(3) Wind speed: The higher the wind speed, the more the filaments will be kept in a vertical state into
the harvesting chamber, so that the cutting tool will cut down the filaments completely. In this way, the filaments
can be collected into the collecting device smoothly, so as to improve the quality of the filaments harvested. If
the wind speed is too low, the filaments are more scattered, which will make the cut down filaments more
fragmented. The filaments are prone to be retained in the chamber of the end effector, which will result in the
loss of filaments, thus making the quality of the collected filaments poorer. According to the pre-test, the wind
speed selection range of 3~7m s~ is more appropriate.
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® Response indicators

— ml
Y, = Tx100% an
m,
=—=x100%
Y, m, X 0 (18)
— m3

where, Y1 - recovery rate, is the percentage of the mass of filaments harvested to the total mass of filaments;

y> - damage rate, is the percentage of the mass of filaments that produced damage versus the mass
of filaments that were harvested;

Y3 - loss rate, is the percentage of the mass of dropped filaments to the total mass of filaments;

m - the total mass of the filaments, [g];

m; - the filaments harvested, [q];

m; - the mass of filaments that produced damage, [g];

ms - the mass of dropped filaments, [g].

According to the working performance requirements of the rotary cutting safflower harvesting end

effector, the test selected the recovery rate y,, the damage rate y, and the loss rate y; as the evaluation
indexes of the harvesting effect (Zhang et al., 2022), which can be obtained by Equation (17)~(19).

® Test design
To analyze the effects of different blade inclination, knife shaft speed and wind speed of rotary cutting
safflower harvesting end effector on the performance of safflower harvesting operation, and to find the optimal
parameter combination, according to Box-Behnken test theory, three-factor and three-level analysis test was
designed, which analyzes the values of test factors. The test factors and levels are shown in Table 2.
Table 2
Test factors and levels

Levels Blade inclination x1(°) | Knife shaft speed x2(rpm) wind speed x3 (m s™1)
-1 10 1200 3
0 15 1500 5
1 20 1800 7
RESULTS

The test scheme and results are shown in Table 3, with a total of 17 groups of tests, including 12
analytical factors and 5 zero-point estimation errors, with groups 1 to 12 being analytic factorial design tests,
and groups 13 to 17 being central design tests (Wang et al., 2020).

Test results and analysis

® Test program and results

Table 3
Test results
blade inclination knife shaft . recovery rate damage rate
number wind speed x3 loss rate y;3
X1 speed x,; Y1 Y2
1 10 1200 5 90.62 9.11 5.8
2 20 1200 5 87.25 7.32 7.5
3 10 1800 5 91.93 10.21 5.4
4 20 1800 5 91.11 9.62 5.9
5 10 1500 3 90.35 9.44 7.2
6 20 1500 3 89.62 8.53 8.5
7 10 1500 7 92.63 8.72 4.7
8 20 1500 7 90.22 7.65 4.9
9 15 1200 3 86.71 7.72 8.3
10 15 1800 3 88.15 8.64 8.8
11 15 1200 7 86.84 6.46 7.5
12 15 1800 7 91.92 8.52 5.7
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blade inclination knife shaft . recovery rate damage rate
number wind speed x3 loss rate y3
X1 speed x, V1 Y2
13 15 1500 5 89.01 7.44 6.3
14 15 1500 5 89.24 7.85 6.2
15 15 1500 5 88.86 7.54 55
16 15 1500 5 89.07 7.41 5.9
17 15 1500 5 89.42 7.56 5.6

® Regression modeling and significance analysis

The analysis of variance was performed by Design-Expert 8.0 software to establish the coded regression
mathematical model of recovery rate, damage rate and loss rate on blade inclination, knife shaft speed and
wind speed. Table 4 shows the analysis of variance and significance test of the test results.

As can be seen from Table 4, the fit of the regression model of each factor on recovery rate y1, damage
rate y» and loss rate ys; was highly significant (P < 0.01). For the misfit term, the P value of the three models
was greater than 0.05, which was not significant, indicating that the regression model was not misfit. After
eliminating the insignificant factors, the regression model of each factor on recovery rate y1, damage rate y»
and loss rate ys was obtained as Equation (20)~(22).

y, =89.12-0.92X, +1.46X, +0.85X, +0.64 X, X, -0.42X X, +

0.91X,X, +1.70X > —0.60X,> —0.12X 2 (20)
y, =7.56—0.54X, +0.80X, —0.37 X, +0.30X, X, —0.040X, X, +
0.28X,X, +1.13X,” +0.38X,> —0.10X,’ (21)
y, =5.90+0.46X, —0.41X, —1.25X, —0.30X, X, —0.28X, X, —

(22)

0.57X,X, —0.50X % +0.75X,% +0.93X 2

From the analysis of F value of each factor in Table 4, it can be seen that the three factors affecting the
recovery rate are knife shaft speed, blade inclination, and wind speed in descending order of importance. The
damage rate is affected by knife shaft speed, blade inclination, and wind speed in descending order of
importance. And the loss rate is affected by wind speed, knife shaft speed, and blade inclination in descending
order of importance.

Table 4
Analysis of variance of the test results

arigin recovery rate damage rate loss rate
F value P value F value P value F value P value
model 55.30 <0.0001 70.78 <0.0001 15.56 0.0008
Xy 68.91 <0.0001 98.13 <0.0001 8.46 0.0168
X, 175.26 <0.0001 210.13 <0.0001 8.86 0.0271
X3 58.95 0.0001 45.84 0.0003 71.28 <0.0001
X.. X, 16.68 0.0047 14.87 0.0062 2.05 0.1950
X1.X3 7.24 0.0311 0.26 0.6230 1.73 0.2305
X,.X3 33.98 0.0006 13.42 0.0080 7.54 0.0287
X2 125.40 <0.0001 221.05 <0.0001 6.00 0.0441
X3 15.36 0.0058 24.78 0.0016 13.51 0.0079
X2 0.61 0.4607 1.83 0.2185 20.54 0.0027
lost proposal 3.54 0.1267 0.53 0.6864 1.94 0.2650

highly significant (P <0.01); insignificant (P=0.05); X; is the level value of x;, i=1,2,3.

® Effect of interaction factors on response functions

The effects of the three-factor interaction on the recovery rate are shown in Figure 8(a)~(c). From Figure
8(a), it can be seen that when the wind speed is fixed at 0 level (x3 = 5 m s~ 1), the response surface curve
changes faster along the direction of the blade inclination, which means the effect of the blade inclination on
the recovery rate is more significant. From Figure 8(b), it can be seen that when the knife shaft speed is fixed
at 0 level (x2 = 1500 rpm), the response surface curve changes faster along the direction of the blade inclination,
which means the effect of the blade inclination on the recovery rate is more significant.
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From Figure 8(c), it can be seen that when the blade inclination is fixed at 0 level (x1 = 15°), the response
surface curve changes faster along the direction of the knife shaft speed, which means the effect of the knife
shaft speed on the recovery rate is more significant. Therefore, under the premise of meeting the requirements
of the recovery rate, a higher knife shaft speed is selected.

The effects of the three-factor interaction on the damage rate are shown in Figure 8(d)~(f). From Figure
8(d), it can be seen that when the wind speed is fixed at O level (xs = 5 m s™1), the response surface curve
changes faster along the direction of the blade inclination, which means the effect of the blade inclination on
the damage rate is more significant.

From Figure 8(e), it can be seen that when the knife shaft speed is fixed at 0 level (x2 = 1500 rpm), the
response surface curve changes faster along the direction of the blade inclination, which means the effect of
the blade inclination on the damage rate is more significant. From Figure 8(f), it can be seen that when the
blade inclination is fixed at 0 level (x; = 15°), the response surface curve changes faster along the direction of
the knife shaft speed, which means the effect of the knife shaft speed on the damage rate is more significant.
Therefore, under the premise of meeting the requirements of the damage rate, a smaller blade inclination is
selected.

The effects of the three-factor interaction on the loss rate are shown in Figure 8(g)~(i). From Figure 8(g),
it can be seen that when the wind speed is fixed at 0 level (xs = 5 m s~ 1), the response surface curve changes
faster along the direction of the knife shaft speed, which means the effect of the knife shaft speed on the loss
rate is more significant. From Figure 8(h), it can be seen that when the knife shaft speed is fixed at 0 level (x2
= 1500 rpm), the response surface curve changes faster along the direction of the wind speed, which means
the effect of the wind speed on the loss rate is more significant. From Figure 8(i), it can be seen that when the
blade inclination is fixed at O level (x; = 15°), the response surface curve changes faster along the direction of
the wind speed, which means the effect of the wind speed on the loss rate is more significant. Therefore, under
the premise of meeting the requirements of the loss rate, a higher wind speed is selected.
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Parameter optimization and validation
® Parameter optimization

To ensure that the rotary cutting safflower harvesting end effector has better working performance,
according to the objectives of high recovery rate, low damage rate and low loss rate, the structure and working
parameters of the end effector were optimized.

The optimization solution was carried out by using the Optimization-Numerical module in Design-Expert
8.0. The objective function and constraints are shown in Equation (23).

max y, (%, Xz %)

min Y, (%, %, X;)

min y; (X, %, X;) (23)
15<x,<20

1200 < x, <1800

3<X, <7

After optimization, the best parameter combinations of influencing factors were obtained as follows:
blade inclination is 15.31°, knife shaft speed is 1566.63 rpm, wind speed is 6.13 m s~ 1. At this time, the model
predicted that the recovery rate was 92.88%, the damage rate was 7.79%, and the loss rate was 4.88%.

® Verification test

The test validation was carried out in July 2023 in Gongchuang Planting Specialized Cooperative,
Yuanzhou District, Guyuan City, Ningxia Hui Autonomous Region, rounding the optimized parameter
combinations to blade inclination of 15°, knife shaft speed of 1570 rpm, and wind speed of 6 ms~1. The test
site is shown in Figure 9.

4 4
eld trial validation

Fig.9 - Fi

To eliminate random errors, the test was repeated 10 times under this parameter combination. And the

results were averaged. The recovery rate was 91.47%, the damage rate was 7.51%, and the loss rate was

4.67%. The relative errors with the theoretical optimized values were 0.6%, 0.9%, and 1.5%, respectively,

which indicated that the resulting optimal parameter combinations could satisfy the requirements of practical
applications.

CONCLUSIONS

(1) Aiming at the problems of high damage rate and low recovery rate during safflower harvesting, this
study designed a rotary cutting safflower harvesting end effector. After the filament feeding status monitoring
device monitors that the filament arrives at the suitable cutting position, the motor drives the three knives to
rotate to realize the cutting of the filament, which can effectively reduce the filament damage rate and improve
the recovery rate.

(2) By establishing the mechanical model of tool-filament cutting, the dynamics of filament cutting
process was analyzed. According to the theoretical analysis and calculation, it was determined that the blade
inclination and the knife shaft speed were the key factors affecting the harvesting effect. Simulation was carried
out to analyze the characteristics of the flow field inside the harvesting chamber, and the inlet wind speed was
determined as the key factor affecting the harvesting effect.
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(3) The Design-Expert software was used to analyze the effects of blade inclination, knife shaft speed
and wind speed of the harvesting device on the recovery rate, damage rate and loss rate, respectively. A cubic
regression model was constructed to optimize the structure and working parameters of the harvesting device,
S0 as to obtain the optimal parameter combinations of blade inclination of 15 °, knife shaft speed of 1570 rpm
and wind speed of 6 m s~*. The validation test was carried out in the field. The recovery rate, damage rate and
loss rate are 91.47%, 7.51% and 4.67%, respectively, which can meet the requirements of parameter
optimization of rotary cutting safflower harvesting end effector.
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