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Abstract: The end-effector is an important part of the broccoli harvesting robot. Aiming at the physical characteristics of a
large broccoli head and thick stem, a spherical cutting tool broccoli harvesting end-effector was designed in this study. First, the
physical characteristics of broccoli were tested, and physical parameters such as the broccoli head diameter and stem diameter
of broccoli were measured. The maximum cutting force of broccoli stems under different cutting angles was tested. Second,
according to the physical characteristics and harvesting process of broccoli, the end-effector was designed, and the
mathematical model of kinematics and dynamics was established. Based on the results of dynamic analysis, the end-effector rod
was optimized, and the unilateral width of the slider was 40 mm, the length of the connecting rod was 120 mm, and the length
of the crank was 42 mm. The mechanism needed an external driving force of 140.54 N to cut the broccoli stem. Therefore, a
32 mm cylinder with a load rate of 50% was selected as the power source. Finally, the feasibility of the broccoli harvesting end-
effector was verified by the harvesting test. Experiments showed that the overall harvesting success rate of the end-effector is
93.3%, and the smoothness rate of the stem section is 83.3%. The harvesting performance of the broccoli end-effector was
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verified. This lays a foundation for agricultural robots to harvest broccoli.

Keywords: harvesting robot, broccoli, end-effector, dynamic analysis, mechanism optimization

DOI: 10.25165/j.ijabe.20241701.8110

Citation: Zhao X, Xu G J, Zhang P F, Yu G H, Xu Y D. Design and experimental study of the end-effector for broccoli

harvesting. Int J Agric & Biol Eng, 2024; 17(1): 137-144.

1 Introduction

China is a large country of broccoli planting. The total planting
area of broccoli and cauliflower is approximately 561 000 hm? and
the yield reaches 10.936 Mt!". The production process is usually
dominated by manual harvesting®™", which has the disadvantages of
low efficiency, high labour intensity and high cost!*?. The
development of agricultural harvesting robots provides a material
basis for improving production efficiency, changing the mode of
development and enhancing the comprehensive agricultural
production capacity’™”. As an important part of agricultural
harvesting robots, the harvesting performance of harvesting end-
effectors has an important influence on the overall efficiency and
performance of harvesting robots'*'?. Therefore, the development
and design of an end-effector is of great significance to broccoli
harvesting robots.

In recent years, domestic and foreign scholars have studied the
growth environment and fruit characteristics of different crops and
designed special harvesting actuators for the harvesting of round
fruits such as apple!™', citrus'", and tomato!”'*! and ‘strip’ fruits
such as cucumber” and green pepper”*?. According to the
different harvesting methods, the end-effector can be categorized
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into the force detachment type and cutting detachment type. The
force detachment type harvests by grasping the fruit and twisting
the stem. The end-effector generally adopts suction cup type,
multifinger type and other mechanisms. For example, Wei et al.'
proposed an underactuated citrus picking end-effector using a three-
finger structure to wrap the surface of the citrus and twist it for
harvesting. Guo et al.'"”’ proposed a bionic underactuated flexible
claw tomato end-harvesting end-effector based on the bionic
principle of the FRE structure and finger design. The bionic
principle makes the end finger more suitable for the outer surface of
the tomato. The surface coverage of tomato reached 23.6%-32.5%.
The cutting-off type is achieved by wrapping the fruitage and using
the cutting tool to cut the stem to achieve harvesting. Li et al.l"”
proposed a fruit-closing apple picking end-effector, and the blade
and the tooth-shaped fruit-closing device were used to cut the stem
to achieve harvesting. Wang et al."” proposed a bite-type end-
effector for citrus picking by simulating snake beak swallowing,
which realized citrus picking at different stem angles. There are
few studies on vegetable harvesting end-effectors for broccoli at
home and abroad. The head of broccoli is huge, the stem is thick,
and it is not suitable for harvesting in a force detachment type. The
general cutting-oft end-effector is not suitable for harvesting large
ground vegetables such as broccoli, but it provides some ideas for
research.

Aiming at the physical characteristics of large fruits and stout
stems of broccoli, this paper designs and develops a shear-detached
broccoli harvesting end-effector. The end-effector adopts a four-bar
mechanism as the configuration, and the spherical cutting tool is
used as the harvesting cutting tool. According to the physical
characteristics test results of the broccoli stem, the genetic
algorithm rod length is optimized by dynamic analysis under the
condition of minimum end driving force.
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2 Physical characteristics test of broccoli

2.1 Mechanical characteristics test materials and equipment
2.1.1 Testing material

In this study, ‘ZheQing 161’ broccoli was selected as the
research object. After picking, it was preserved and transported to
the laboratory for testing. To ensure the freshness of broccoli, the
diameter of broccoli head D, height of broccoli head H, diameter of
stem d, and weight of broccoli head W were measured, and the
mechanical properties of stem were tested. Broccoli includes
broccoli buds, lateral leaves, and stems. The mature broccoli is
shown in Figure 1. The broccoli head is full, compact and dark
green. The broccoli cutting figure is shown in Figure 2. The stem
can be divided into two parts: the external cortex and internal tissue.
The external cortex contains mechanical structures such as the
epidermis and phloem, with high cellulose content and thick cell
walls, so it has strong toughness and high hardness. The internal
tissue contains medullary tissue, the cell wall is thin, the internal
water is sufficient, the overall toughness is poor, and the brittleness
is high.

Figure 1 Mature field broccoli

Buds

Lateral
leaves

External
cortex

Internal
tissue

Figure 2 Broccoli cutting figure

2.1.2 Testing equipment

In this experiment, the diameter D, height H, stem diameter d
and weight W of broccoli heads were measured by a precision ‘n’
ruler (range 100-225 mm), steel ruler (range 30 cm), Vernier
calliper and electronic scale (range 1 kg). The mechanical properties
of broccoli stems were tested on the test bench shown in Figure 3,
which included a microcomputer-controlled electronic universal
material testing machine (Model: LDW-1; Maximum load: 50 kg;

Power: 12 kW; Manufacturer: Shanghai Songton Machinery
Equipment Co., Ltd., China), spherical cutting tool (blade angle of
30°, outer diameter of 160 mm, blade thickness of 4 mm) and
cutting platform. The stem of broccoli is strong and has a certain
degree of lignification. Therefore, the blade angle of the tool is 30°.
The spherical cutting tool and cutting platform were fixed and
installed on the test bench through the test bench fixture, and the
cutting angle of the cutting tool could be adjusted by adjusting the
bolts on both sides of the cutting platform.

1. Microcomputer-controlled electronic universal material testing machine
2. Spherical cutting tool 3. Cutting platform 4. Broccoli
Figure 3 Schematic diagram of straw cutting force test bench

2.2 Mechanical characteristics test scheme design

In this experiment, diameter D, height H, stem diameter d and
weight W of broccoli were measured as the physical characteristic
parameters of broccoli. The measurement process is shown in
Figure 4.

b. Broccoli head height measurement

c. Stem diameter measurement d. Weight measurement

Figure 4 Measurement of physical characteristics of broccoli

During harvesting, the broccoli roots are rooted in the field, the
position and posture remain unchanged, and the tools evenly
distributed on both sides of the stem are used to cut the stem at the
same time during harvesting. When the tool acts on the cutting point
of the broccoli root, the position and posture of the broccoli change
slightly and tend to be stable rapidly due to the relative force
between the broccoli and the tool. Therefore, the process of broccoli
stem cutting can be regarded as the cutting effect of the fixed tool at
one end. During the experiment, the broccoli stalks were placed on
two semi hollow cylindrical supports of the cutting test bench.
There was 1 cm spacing between the two supports, and the flower
heads were placed naturally. The spherical tool was fixed to the
universal material testing machine through the fixture. The tool was
lifted with the universal testing machine to cut the stalks at the
support spacing to simulate the shear effect of the two tools on
broccoli stalks in actual production. By adjusting the nut height of
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the right support, changes in the right support height can be
realized, thus changing the size of the cutting angle 8. The cutting
angle g is the angle between the centerline direction of the stem and
the tool movement direction. In the actual harvesting process, the
cutting angle is generally between 70° and 90°. These angles are
considered on the basis of the blade angle of 30 degrees, which is
generally related to the uprightness of plant growth and the
neutrality of tool cutting. Therefore, in the experiment, cutting
angles of 70°, 80° and 90° were selected to test the cutting force of
broccoli stalk to compare the cutting force of the tool and the
maximum cutting force of the stalk under different cutting angles.
The maximum cutting force in the cutting process is obtained,
which provides a reliable mechanical data for the follow-up study.
The force sensor on the universal material testing machine and its
own processing software can obtain the curve diagram and peak
value of the relationship between load and displacement during the
test. The load obtained by the sensor can be regarded as the cutting
force of the tool. The peak value of the curve during the cutting
process of the broccoli stem is used as the maximum cutting force
Fr that the broccoli stem can withstand.

2.3 Mechanical characteristics test scheme design

2.3.1 Physical characteristics measurement results

In this experiment, 400 ‘Zheqing 161 broccoli were measured
and counted. The main measurement contents were broccoli head
diameter D, height H, stem diameter d and weight . The four data
were used as the physical characteristic parameters of broccoli. The
diameter D of the mature broccoli ‘Zheqing 161’ is mainly
distributed from 135-150 mm, with a total of 344, accounting for
86% of the total measured. The height of broccoli H is mainly
distributed from 145-160 mm, a total of 351, accounting for 87.75%
of the total measured. The stem diameter d is mainly distributed
from 40-45 mm, a total of 267, accounting for 66.75% of the total
measured. The broccoli weight /7 is mainly distributed from 350-
500 g, a total of 400, accounting for 100% of the total measured.
2.3.2 Cutting force characteristic test results

In order to obtain the maximum cutting force of the stem, this
experiment carried out a slow cutting test under the condition of
keeping the water content of broccoli relatively sufficient. In this
study, 20 broccolis were randomly selected from 400 broccolis for
the stem cutting force test. To study the change in cutting force of
the same broccoli at different cutting angles, the cutting force
characteristics of 70°, 80°, and 90° were tested at 110 mm, 120 mm,
and 130 mm below the flower head. Through the force sensor on the
universal testing machine and its own processing software, the
curve diagram and peak value of the relationship between load and
displacement during the test can be obtained, as shown in Figure 5,
which shows three cutting force curves with different cutting angles
in the same set of tests. From the curve, it can be seen that the
cutting force in the cutting process of broccoli roughly presents two
ups and downs with the displacement, and the two ups and downs
are generated in the cutting process of the upper and lower
epidermis, respectively. Between the two ups and downs is the
cutting process of the internal tissue, and the curve remains
relatively stable compared to the beginning and end.

Twenty groups of cutting test results are listed in Table 1.
When the cutting angle is 70°-90°, the larger the cutting angle, the
greater the cutting force required to cut the broccoli stem. When the
cutting angle is 90°, the maximum cutting force is 90-120 N; when
the cutting angle is 80°, the cutting force is 85-100 N; and when the
cutting angle is 70°, the cutting force is 80-95 N. Comparing the
diameter of broccoli stems in each group, the greater the diameter of

broccoli stems, the greater the cutting force needed. The diameter
and cutting force of the seventh group were the largest, with a
diameter of 48 mm and maximum cutting force of 113.2 N.

700
120 ;80
100 - . 90°
% \
g 80
Eﬂ 60
S 40
20
0 n n n n 1
0 10 20 30 40 50
Displacement/mm
Figure 5 Cutting force-displacement curve
Table 1 Maximum cutting force Fr (N) of stem at different
cutting angles
Test No. Stem diameter/ Cutting angle
mm 90° 80° 70°
1 42 93.5 87.2 81.6
2 43 97.9 93.4 88.3
3 44 102.4 95.7 89.7
4 42 94.2 87.9 82.2
5 39 923 86.8 80.5
6 44 103.6 96.1 90.4
7 48 113.2 101.3 93.8
8 45 106.3 98.2 91.4
9 44 98.8 93.6 88.6
10 40 932 87.0 81.4
11 47 108.6 99.1 91.9
12 44 102.3 95.7 89.6
13 44 99.3 93.8 88.9
14 43 97.2 932 88.1
15 43 96.4 92.7 87.3
16 41 943 90.2 84.8
17 45 104.1 96.8 90.9
18 47 109.3 99.6 923
19 45 104.7 96.9 91.1
20 45 106.5 98.4 91.5

3 Design and optimization of end-effector

The agronomic requirements of broccoli harvesting are related
to the design of the harvesting end-effector. Mature broccoli head
plump, compact and dark green. The broccoli harvest needs to be
carried out when the broccoli head is fully grown and has not
flowered. Generally, the diameter of the head is 13-15 cm, and
some stems need to be retained when harvesting the head. The
length from the top of the head to the bottom of the stem needs to be
14 cm.

3.1 End-effector mechanism design

The broccoli harvesting end-effector is mainly responsible for
stem cutting and flower heads recovery during the harvesting
process. According to the growth environment of broccoli in the
field and the agronomic requirements of harvesting, combined with
the maximum load of the end of the harvesting manipulator is 5 kg
and the quality of broccoli is generally 350-500 g, a broccoli
harvesting end-effector needs to meet the following requirements:

1) During the harvesting process, the end-effector will not
interfere with the broccoli, and the harvesting process will not cause



140  February, 2024 Int J Agric & Biol Eng

Open Access at https://www.ijabe.org

Vol. 17 No. 1

mechanical damage to the flower head.

2) The end-effector harvesting tool has good shear capacity and
rigidity.

3) The overall weight of the end-effector is light and remains
below 4 kg.

According to the broccoli field growth conditions, the end-
effector needs to be harvested from above the broccoli head and
should not be cut from the stem side. According to the end-effector
harvesting method and cutting tool requirements, this paper uses a
spherical cutting tool as the cutting tool for the harvesting end-
effector. The spherical cutting tool has a good cutting ability during
the shearing process and has good rigidity and strength®!. In the
process of actual mechanical harvesting, the end-effector moves
downward in the direction of the flower head, reaching a position
50 mm below the lower plane of the flower head, so that the blade
of the spherical cutter removes part of the leaves wrapped in the
flower head downward, so as to achieve the purpose of no blade
blocking shear at the stem. Then the tool is raised to the highest
horizontal plane of the spherical surface of the flower head, and the
tool is closed to complete the cutting of the broccoli stem to achieve
harvesting. According to the measurement of the physical
characteristics of broccoli, the diameter of the mature broccoli head
is 130-150 mm. Therefore, the inner diameter of the cutting tool on
the left side of the end-effector is 156 mm, the outer diameter of the
cutting tool on the right side of the end-effector is 156 mm, and the
two cutting tools are both unilaterally cut. The thickness of the
cutting tool is 4 mm, the installation distance of the two cutting
tools is 40 mm, and the overcut of the cutting tool is 4 mm. When
the tool is fully open, the width between the cutting edges is enough
to wrap the flower head, and the stem rotates downward and cuts off
until the tool is completely closed. To ensure that the end-effector
has a lighter weight, this paper selects the crank-slider mechanism
as the main structure of the end-effector. A structural diagram is
shown in Figure 6. The end-effector takes the slider as the driving
part and drives the connecting rod to rotate downward in the plane
during the downward movement of the slider so that the crank
rotates around the frame and drives the spherical cutting tool fixed
at the crank to realize the closing of the left and right cutting tools
to achieve the shearing effect.

X [0)

Figure 6 Structure diagram of end-effector

3.2 Kinematics analysis of end-effector
For the end-effector mechanism diagram shown in Figure 6, the
kinematics analysis of the whole mechanism is carried out with the

slider as the prime mover to study the trajectory of the tool and the
speed of the contact point during the tool movement. Because the
mechanism is symmetrical and the difference between the left and
right cutting tools is almost negligible, this paper only analyses the
speed of the left side of the mechanism. In this study, the kinematics
analysis of the mechanism is carried out using an analytical method.
The Cartesian coordinate system shown in Figure 6 is established
with the O point of the centerline as the origin. The vector angle
takes the X-axis as the starting edge and the rod as the end edge, and
the counter clockwise direction is defined as the positive direction
of the angle. The mathematical model of the end-effector of
broccoli harvesting is established. To facilitate the expression and
review, the parameter symbols and meanings used in kinematics are
listed in Table 2.

Table 2 Kinematic parameter symbols and description
of end-effector

Sign Explanation

o) Displacement of the sliding-block

I,/m Distance between slider centre and hinge point 4

L/m Length of connecting rod 4B

I/m Length of crank BC

Iy/m Distance between fixed hinge C and central axis
(x3, ) Moving hinge B point coordinates

6,/(°) Angle between rod 4B and X-axis
6,/(°) Angle between rod CD and X-axis

r/m Left cutting tool radius
7'/m Distance between left tool centroid and centre of circle
(X010 Point 4 coordinate of moving hinge

(xc, yo) Fixed hinge C point coordinates

3.2.1 Position analysis

According to the established coordinate system and rod length
conditions, the 4, B, and C three-point coordinates can be
expressed as,

=l (1)
Ya =Yo(t)

Xz = x, +1,c086,
Vg =Y +1,8in6,

@)

Xe = xp+1l;cos6, =1,

)

Ye =Yg +13sin6, = y,(0) + \/lg_(ﬁ13/2_ll +l4)2+ ‘/513/2

According to the rod length condition |1ﬁ| =1, |B_C>' | =1, the
constraint equation of the end mechanism is

(x5 =x)" + s =ya)' = L3

(xp— )Cc)2 + (s —yc)z = 1§

4)

Because the position of hinge points 4 and C is determined, the
simultaneous Equations (1)-(4) can be obtained.

a,— \/a+bi-¢c

0, = 2arctan !
b, +c,
a+ \/aa+b—c
6, = 2arctan — Y 2~ 2 2 (5)
b, + ¢,

x5 =1, +1,cos6,

Vs = Yo(t) + 1, 5in 6,

where,
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ar =2(yc—ynh
by =2(xc —x))l,
1= (e =X+ Qe =) +6 -1
ay =2(yc —ya)ls
by =2(xc— X))

(6)

€ ==X +Ge—ya) — li + l§

3.2.2  Velocity analysis

The slider moves downward at a constant speed of v,. A
derivation of Equation (2) and Equation (3) is calculated with
respect to time. The angular velocity w; of the rod connecting rod
AB, angular velocity w, of crank BC and velocity vz of point B can
be obtained by simultaneous equations as follows:

Y sind,
“ =, in(, - 6,)
v, sing,
“re = Sin(6,— 6,) (7

Vi = —wWyl, SInG,

Vi, = Vo + wypl, cOs 6,

3.2.3 Acceleration analysis

Because the slider moves downward at a constant speed of v,
the acceleration of the slider is 0. A derivation of Equation (7) was
calculated with respect to time. The angular acceleration a,; of
connecting rod AB, angular acceleration a@yc of crank BC and
acceleration a; of point B are obtained as,

= (Wil cos(6) — 0,) + wiely)

1
" L sin(8, - 6,)

Qe = (Wil cos(8, —0)) + wll) (8)

1
~ sin(6, - 6,)
ag, = =yl 8in 6, — W’ 41, cos 6,

ag, = @ypl, 080, — W, 1, sin 6,

3.3 Dynamic analysis of end-effector

Because the cutting tool has speed during the movement, the
cutting tool has an impact on the broccoli stem during the shearing
process, which makes the smaller driving force cut off the broccoli
stem. In this paper, the end mechanism is divided into two parts, as
shown in Figure 7. Dynamic analysis of the crank and cutting tool
parts based on the impulse distance theorem is carried out, and the
remaining parts are analysed by the principle of dynamic virtual
work to realize the dynamic analysis of the whole mechanism. In
the dynamic analysis, some parameter symbols are shown in
Figure 7. The parameter symbols and meanings used in kinematics
are listed in Table 3.

Figure 7 Dynamic analysis of the end-effector

Table 3 End-effector dynamics parameter symbols
and instructions

Sign Explanation

Slider mass
Crank BC mass
P/N Driving force at slider

my/kg
m3/kg

J2/kg-m?  Moment of inertia at centroid of connecting rod 4B
Jr/kg'm?
(Fap,Fpa) A pair of interaction forces at point B

Moment of inertia of cutting tool rotating around point C
my /kg Connecting rod AB mass

my/kg Cutting tool mass

F,/N Cutting force
Jpc/kg'm>  Moment of inertia of crank BC at C point
Map/N-m Inertia moment of connecting rod 4B

(Fy2x, Fs2y) Inertia force in x-, y-direction at centroid of connecting rod 4B

Because the structure is symmetrical, only the left side of the
mechanism is analysed. By analysing the crank-cutting tool
mechanism and applying the impulse distance theorem, the
following equation can be obtained:

(Ipe + I )Wy — wg)/d, = Faglysin(6, — ;) + m,gr’ cos6,,—
5
Fr— T‘/_m3gl3 cos(6 - 26.6%) 9)

where, d, is the collision time between the cutting tool and the
broccoli stem, generally 10#-10° s, and 6,, is the cutting angle of
the tool, generally 70°-90°.

Simplifying Equation (9), the acting force F, of connecting
rod AB on the crank at point B is

Fap = [(Jpc + )Wy —wp)/dt —m,gr' cosb,, + F.r+
gimgl} c05(6, —26.6")1/[1; sin(6, - 0,)] (10)

Dynamic analysis of the structure of the slider connecting rod
based on the virtual work principle is carried out. The dynamic
problem is transformed into a static problem by the D’Alembert
principle, and the virtual work principle is used to solve the
problem. Now, the vertical downward virtual displacement ¢ is
added at the driving force P, the direction of each active force
(moment) is shown in Figure 6, and the virtual displacement at each
active force (moment) is listed in Table 4. According to the above
virtual displacement, the driving force P can be expressed as,

P =2F,sin6, + m,a,,, sin6, sinb,/ sin(0, — 6,)—
my(g — ay,)(1 —siné, cos b,/ sin(6, — 6,))—
2Jpa,5i00,/(1, sin(6, — 6,)) —m, g (1 1)

where,

1 1
Ay = E(aAX +ag) = 5(‘%4312 sinf, — wiBIZ cos#é,)

1 1
Agpy = E(aA_v + aBy) = E(Q’Aglz Cos 9[ - wialz sin 91)

Table 4 Virtual displacement of each driving force (moment)

Sign Value Direction
Os1 § Vertical

60 osinby /(I sin(6> —61)) Clockwise
Os2x 6sinf; sinf; /2sin(6y — ;) Horizontal left
052y d(sin(@p — 61) —sinf; cos 6»)/2sin(6> — 0;) Vertical
OAB dsin6, Down along 4B
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3.4 End-effector structure optimization

According to the results of the kinematics and dynamics
analysis, this study optimized the structure of the end-effector. The
optimization object is the length [ =[l,,/,,1;] of the three-bar rod.
The optimization goal is that the external driving force P of the end-
effector is the lowest, and the driving force can be calculated by
Equation (11). 1) Connecting rod and crank transmission angle
greater than 45° during movement. 2) B point and 4 point in the X-
axis direction distance greater than 10 mm. 3) Crank x-direction
movement displacement difference within 10-40 mm. 4) The
vertical distance between point C and point 4 at the initial position
is 2.5 times greater than the slider stroke 4. 5) Three rod length
range is [, € [40,80]; I, € [100,200]; /; € [30,70].

According to the actual cutting situation, the initial position
6, = 135° of the mechanism is set in the optimization process, the
end position 6, = 225°, cutting angle 6,, of the tool is set to 80°,
initial speed of the slider is 0.115 m/s, speed after collision is
0.1 m/s, maximum cutting force of the stem is 135 N (The
maximum cutting force of 113.2 N is expanded by 1.2 times) and
collision time is 107 s. Through dynamic analysis, the size of the
external driving force P is related to the mass, length and angle of
the rod. The mass of the rod is transformed by the linear density and
the length of the rod so that the external driving force P is a
function of only the length [ =[/,,1,,;] of the three rods. The mass
conversion formula is

m=Al (12)

where, A is the linear density of the rod, and the linear density of
each rod is listed in Table 5.

Table 5 Linear density of each bar

Name Slider [; Connecting rod /» Crank I3
Linear density/kg-m™ 0.500 0.312 0.442

According to the optimization function and constraint
conditions, the genetic algorithm function in the MATLAB library
is used to optimize the rod length. The optimization convergence
process is shown in Figure 8, and the optimization results are listed
in Table 6.

Best: 140.539 Mean: 142.327

350 ¢
. - Best fitness
300 | - Mean fitness
2
= 250+
>
5]
£ 200}
59}
150 I Tty el T es ettt tes 2ttt ien
100 1 1 1 1
0 10 20 30 40

Generation

Figure 8 Optimization convergence process diagram

Table 6 Optimization results of rod length

Name Slider I
40.0014

Crank /3
42.4401

Connecting rod I»
120.4704

Length/mm

According to the optimization results, the slider width /; is
40 mm, connecting rod length /, is 120 mm, and crank length /; is
42 mm. Substituting the rod length condition into Equation (11), the
external driving force P is 140.54 N. The power source of the end-

effector needs good load capacity and fast speed. In this study, the
cylinder is selected as the power source of the end-effector. The
cylinder load rate is 50%, so the cylinder is required to provide
power of at least 281.08 N. Therefore, the cylinder diameter is
32 mm.

4 Harvesting performance test of end-effector

4.1 Construction and experimental design of harvesting test
platform

According to the results of structural optimization, the end-
effector is processed and assembled. The physical prototype is
shown in Figure 9. The harvesting test platform of the end-effector
is built, and a harvesting performance test of the end-effector is
carried out. The test platform is shown in Figure 10. The end-
effector is fixed on the moving platform of the Delta manipulator,
and the broccoli head is fixed on the fixed platform. The robot
controller can realize the end-effector to feed the cutting tool from
the top of the broccoli head, and the broccoli movement is placed in
the harvesting basket after the tool is harvested. In the test, the
cylinder pressure of the end-effector was 0.6 MPa, and broccoli of
‘ZheQing 161” was selected as the test target. The cylinder moves at
a pressure of 0.6 MPa, thus driving the tool to rotate through the
connecting rod and cutting the broccoli.

a. 3D model b. Physical prototype

Figure 9 Broccoli harvesting end-effector

1. Robot control Panel 2. End-effector 3. Broccoli 4. Fixed platform 5. Storage
basket
Figure 10  Broccoli harvesting test platform

The test process is as follows: the broccoli head is placed
upwards, and the stem is fixed on the fastening device of the test
platform. The end-effector moves slowly to the top of the broccoli
head through the Delta manipulator and controls the cylinder to
make the tool open and close. In this experiment, 30 groups of
broccoli were randomly selected from 400 broccoli used in the test
of Section 2.2, and the cutting effect of the test was recorded. The
cutting performance of the end-effector was evaluated by observing
the cutting surface of the broccoli stem.

4.2 Analysis of harvest test results

In the process of broccoli harvesting, the broccoli head is not
easily damaged, so the success rate of stem cutting is particularly
important for the performance of the harvesting end-effector. In this
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study, the harvesting performance of the end-effector was evaluated
by the success rate of whole cutting and the cutting condition of the
stalk section. The calculation formula of the cutting success rate is
shown in Equation (13), and the cutting effect of the end-effector on
the broccoli stem is divided into three types: smooth section, uneven
section and no section. The specific cutting end effect diagram is
shown in Figures 11a-11c, and broccoli with a section is defined as
successful cutting.

c¢. No section

b. Uneven section

a. Smooth section

Figure 11  Cutting section effect of broccoli stem

P, = T2 100% (13)
Ng
where, P, is the stem cutting success rate, %; T, is the number of
broccoli cut successfully; N, is the total number of broccoli cut.
In this study, 30 groups of broccoli were harvested, and cutting
sections of broccoli stems were measured and observed. The
experimental data are listed in Table 7. In the experiment, the

Table 7 Statistics of broccoli stem cutting data

Number Cut-off status (Y/N) Stem diameter/mm Sectional effect
1 Y 42 I
2 Y 39 I
3 Y 40 I
4 Y 39 I
5 Y 40 I
6 Y 38 I
7 Y 41 I
8 N 47 11
9 Y 42 I

10 Y 40 I
11 Y 41 I
12 Y 45 I
13 Y 44 I
14 Y 38 I
15 Y 45 I
16 Y 41 I
17 Y 43 I
18 Y 42 I
19 Y 41 I
20 N 48 11
21 Y 45 I
22 Y 39 I
23 Y 41 I
24 Y 44 I
25 Y 46 I
26 Y 42 I
27 Y 41 I
28 Y 40 I
29 Y 37 I
30 Y 36 I

Note: [ : section is smooth, II: section is uneven, and IlII: section is not cut and
no section is produced.

number of cutting effects of the three stems was 25, 3, and 2,
respectively. The cutting success rate of the end-effector for
broccoli stems was 93.3%, and most of them were completely cut
off, with smooth sections accounting for 83.3% of the total. Some
sections had an uneven feeling, accounting for 10.0% of the total.
This was because the broccoli stem was not completely cut off by
the cutting tool but was ripped off during the upward movement of
the manipulator. The remaining portion, which accounted for 6.7%
of the total, did not produce a cut because the stem was thick and
uncut by the cutter.

According to the test results, the shorter the diameter of the
broccoli stem, the easier it is to be completely cut off by the cutting
tool during the cutting process. Smooth sections of broccoli stem
diameter are below 45 mm, not completely cut off the broccoli stem
diameter is generally 45-46 mm, and not cut off the two groups of
broccoli stem diameter were 47 mm and 48 mm. During the cutting
process, because the stem is too thick, the outer epidermis of the
stem has strong toughness and deep lignification, and the cutting
tool cannot break through the outer epidermis of the stem, resulting
in cutting failure.

5 Conclusions

1) The physical and mechanical characteristics of broccoli
‘ZheQing 161° were tested. The diameter of the broccoli head was
135-150 mm, height was 145-160 mm, weight was 350-500 g,
diameter of the stem was 40-45 mm, and maximum cutting force of
the stem was 80-115 N.

2) A broccoli harvesting end-effector was designed, and its
kinematics, dynamics analysis and mechanism optimization were
carried out. The slider width was 40 mm, connecting rod length was
120 mm, and crank length was 42 mm. According to the general
harvesting condition, the required external driving force was
calculated to be 140.54 N, and a 32 mm cylinder with a load rate of
50% was selected as the power source.

3) A harvesting test of the end-effector was completed. The
overall harvesting success rate of the end-effector was 93.3%, and
the stem section smoothness rate was 83.3%, which verified the
harvesting performance of the broccoli end-effector.
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