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Abstract: In Southeast Asia, many varieties of citrus are grown in hilly areas. Compared with plain
orchards, it is difficult for large spraying equipment to move in hilly orchards. Small spraying
equipment can enter hilly orchards, but their spraying power cannot make droplets penetrate into
the canopy, resulting in low deposition rates within the canopy. As a kind of unstructured narrow
space, the branches within the canopy are interlaced, thus a flexible manipulator that can move
within the canopy is required. In this paper, a novel remote-controlled, cable-driven target spray
robot (CDTSR) was designed to achieve a precise spray within the canopy. It consisted of a small
tracked vehicle, a cable-driven flexible manipulator (CDFM), and a spray system. The CDFM had
six degrees of freedom driven by a cable tendon. The forward and inverse kinematics model of the
CDFM were established and then the semispherical workspace was calculated. Furthermore, while
considering precise control requirements, the dynamics equations were derived. The experimental
results demonstrated that the CFDM could move dexterously within the canopy with interlacing
branches to reach pests and diseases areas in the canopy. The entire operation took 3.5 s. This study
solved the problem of a low spray deposition rate within a canopy and has potential applications in
agricultural plant protection.

Keywords: hilly orchards; target spray; spray robot; cable-driven manipulator; kinematics; design

1. Introduction

In orchard management, orchard plant protection is the key link to ensure stable and
increased fruit production, and its workload accounts for about 25% of the total workload
of orchard management [1]. Although frequent chemical control can effectively control the
occurrence of pests and diseases, it also causes many problems such as excessive applica-
tion dosage, serious pollution, and pesticide residues [2]. The realization of on-demand,
accurate, and intelligent pesticide application technology and equipment guarantees the
improvement of the pesticide utilization rate, and it is also an important measure to en-
sure food safety and reduce farmers’ labor intensity, which was the focus of the current
research [3].

The vast majority of citrus is planted in mountainous and hilly areas [4] with complex
terrain and scattered planting. The orchard row spacing is generally 4.0-5.0 m and the
seed spacing is 3.0-4.0 m. The canopy is mostly of the open-centered type with dense
leaves and thick branches. Due to the lack of consideration of mechanized operations in the
establishment of orchards, it is easy to form interlaminar closures [5]. At present, orchard
pesticide application technology mainly consists of pipeline spraying [6-9], air-assisted
spraying [10,11], variable-rate spraying [12-15], electrostatic spraying [16], recycling spray-
ing [17,18], and aerial spraying [19,20]. In pesticide spraying, it is expected that the droplets
of the pesticide liquid should be deposited and attached to the foliage as much as possi-
ble [21]. Among these pesticide application technologies, the pipeline spraying technology
is widely used in orchards, and compared with the vehicle-mounted spraying technology,
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it saves more time and labor. However, this kind of technology still has some problems
such as frequent pipe explosions caused by uneven distribution of the pipeline pressure,
corrosion by the residual pesticide liquid in the pipeline, and easy poisoning of operators
who are applying a pesticide in a closed orchard. Spraying machinery based on air-assisted
spraying, electrostatic spraying, variable-rate spraying, recycling spraying, and other pesti-
cide application technologies are mostly connected to the rear of the tractor in a pull type
or suspension type. In addition, these spraying technologies can be combined to further
improve the deposition rate of the pesticide liquid and reduce the spray drift. Among them,
compared with an air-assisted quantitative sprayer, the laser target variable-rate sprayer
takes the canopy as the spray target, which reduces spray drift in the air by 70% to 100%
and reduces spray volume by 47% to 73% [22]. It promotes reductions in both pesticide
wastes and pollution of the environment by pesticides. However, due to the small row
distances of fruit trees and a lack of transfer agricultural machinery road in hilly orchards,
a conventional spraying machine is too large to move in such orchards. Based on aerial
application technology, plant protection UAV is flexible in pesticide application and is not
limited by terrain and crop growth, but its droplet deposition distribution is uneven and
the droplet penetration is poor [23]. All of the above orchard-spraying technologies spray
from the outer layer to the inner layer of the canopy. With a gradual increase in leaf density,
the deposition rate in the canopy will gradually decrease [24] and the deposition rate on
the back of leaves will be much lower than that on the front of leaves.

The current spraying machines are all aimed at the entire canopy in spraying op-
erations, but the spray actuator cannot reach into the canopy. With flexible kinematic
performance in complex working environments [25,26], the cable-driven flexible robot
has shown a good capability for obstacle avoidance in narrow spaces [27] by dexterously
avoiding the trunk and going deep into the pest-infested and diseased areas within the
canopy, and is suitable for hilly orchards with closed rows and dense leaves. However, this
robot has no driving actuator located in its joints, which leads to the rather intractable issue
of kinematics [28,29]. Continuum robots have a great degree of kinematic redundancy [30],
the degree of which can be used to simultaneously deal with singularity, obstacle avoidance,
and joint torque optimization [31], but their kinematic analysis is more complex than that
of traditional rigid-link robots [32]. In order to solve the difficult issue of kinematic model-
ing of continuum robots simply and effectively, reduce computational effort, and achieve
real-time control, scholars proposed the segmental constant curvature assumption [33-36],
in which the arm segment has a constant curvature pattern when the tendon is tensioned,
which can be applied in obstacle avoidance and trajectory planning.

In this paper, a dexterous robot was designed to solve the problems of difficult entrance
to hilly orchards for a large spraying machine, mechanical damage to fruit trees, and the
low deposition rate inside the fruit tree canopy. With a compact structure and small
size, this robot could shuttle through dense hilly orchards and drive under the canopy
of fruit trees. Based on the segmental constant curvature assumption, the joint constant
curvature assumption was put forward and the forward and inverse kinematics model of
CDEM of this robot was established to meet real-time control. The CDFM could avoid the
branches and reach into the pest-infested and diseased area within the canopy and only
spray the area that needed to be sprayed, thus providing a reference for the promotion of
target spraying technology research and the research and development of small intelligent
pesticide application equipment.

2. Mechanical Design and Working Environment Analysis
2.1. Working Environment Analysis

This spray robot was designed with dwarf citrus trees frequently planted in hilly areas
as the research object. As shown in Figure 1, the average height of dwarf citrus trees is
1.5-3.5 m, the canopy height is 1.0-2.5 m, and the canopy radius is 1.25-2.5 m. The average
width and length of citrus leaves are 4.5 cm and 8 cm, respectively.



Appl. Sci. 2022,12, 9379

30f16

SRS Canop
e hcight B

Work area
within canopy §4

Canopy radius

Figure 1. Example of a single dwarf citrus tree.

2.2. Mechanism Design of CDTSR

The CDTSR was designed in view of the above working environment. As shown
in Figure 2, it mainly consisted of a tracked mobile platform, CDFM, and spray system.
In addition, the manipulator and spray system were an integrated structure that can be
directly installed on appropriate mobile platforms. The nozzle of the spray system was
equipped at the end of the manipulator, the spray angle and distance of which could
be adjusted.

(a) (b)

Figure 2. (a) The overall model of the CDTSR: (1) nozzle; (2) cable-driven manipulator control box;
(3) pesticide box; (4) diaphragm pump; (5) inlet pipe; (6) track vehicle control box; (7) track vehicle;
(8) outlet pipe; (9) cable-driven manipulator. (b) CAD drawings with different viewing angles of the
CDTSR (the unit is mm).

The CDFM was a concentric tubular manipulator with six degrees of freedom. As
shown in Figure 3, it consisted of a control box, a proximal arm segment, and a distal
arm segment. Each arm segment was controlled by a motor that was equipped with a
reel. Two cables were wound clockwise and counterclockwise on each reel, respectively,
and were fixed on the last connecting rod of the arm segment through the cable locking.
The proximal arm segment and the distal arm segment were connected by a connecting
rod with a torsion angle of 90° to achieve a bending motion in the horizontal plane and
in the vertical plane, respectively. With the cooperation of these two arm segments, this
manipulator could reach any position in three-dimensional space.
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Figure 3. (a) The overall model of the CDFM: (1) tendon; (2) support; (3) graphite copper sleeve;

(4) shaft; (5) reel; (6) pulley; (7) cooling fan; (8) coupling; (9) stepper motor; (10)flange base; (11) con-
necting rod; (12) proximal arm segment; (13) distal arm segment; (14) cable locking. (b) CAD
drawings with different viewing angles of the CDFM (the unit is mm).

The manipulator had six joints, each with the same structure; a single joint structure is
shown in Figure 4a. The adjacent connecting rod was connected using a spring and hinge
structure, which could transfer force through the spring. Therefore, it only needed to apply
tension on the last connecting rod in the arm segment to make each joint rotate, thereby
reducing the number of driving motors required and the difficulty of control. The shaft
hole and shaft of the support were connected with a graphite copper sleeve to reduce the
friction at the joint. The CAD drawings of the connecting rod are shown in Figure 4b.
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Figure 4. (a) The model of two adjacent joints and cable rope arrangement on a disc. (b) CAD
drawings with different viewing angles of the connecting rod (the unit is mm).
3. Kinematic Analysis of CDFM
3.1. Multilevel Mapping Relationship of CDFM

The CDFM had six revolute joints but no joint motors. As shown in Figure 5, there
was a multilevel mapping relationship between the motor and the end nozzle of the
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manipulator. The multilevel mapping relationship of the CDFM could be divided into the
mapping relationship between the motor and the cable, the mapping relationship between
the cable and the joint, and the relationship between the joint and the end. By establishing
the multilevel mapping relationship of the manipulator, the pose of the end nozzle could
be obtained under the condition of a known motor rotation angle.

Transformation matrix

Motor-Cable Cable-Joint Joint-Nozzle

Y

mapping mapping mapping

Motor Cable Joint Nozzle pose(6-
angles(IN) [~ lengths(2N) | 7] angles(3N) [ DOF)

t ot Pt

Arc length formula Constant curvature Inverse transformation

Figure 5. Multilevel mapping relationship of CDFM.

3.2. Mapping between Motor and Cable

The motion of the driving cable was realized by the rotation of the motor. The mapping
relationship between the cable length variable and the motor rotation angle was as follows:

ALy; = AgR @

where Ag and ALy ; respectively denote the variations in the motor angle and cable length,
and R is the winding radius of the cable (here, R = 32 mm).

3.3. Mapping between Cable and Joint

To describe the kinematic relation between the cable and the joint of the CDFM, the
tendon joint was assumed to have a constant curvature, thus allowing us to create a
geometric model based on a constant-curvature assumption, as shown in Figure 6. The
coordinate systems {O ;} and {O; ;.1} existed in the center of the two discs with their Y-axes
in the normal direction of the disc and X-axes and Z-axes in the radial direction of the disk.
The coordinate system {O]-,i} was in the center of the hinge with the same posture as the
coordinate system {Oy ;}.

Plane i+1

Plane i

d

Figure 6. The kinematic model of a single joint.

The length of each driving cable could be derived by using (3), including the length
inside the tubular structure and at the joint. The driving cable length inside the tubular
structure was a constant that was equal to the length of the tubular structure, while the
length of the cable at the joint was equal to the length of the spring. The spring at the joint
bent when the joint rotated, and the bending curvature was a constant. There were two
driving cables at each joint; one made the joint bend the active one, while the other was the
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slave. The relationship between the driving cable length and the joint angle at the i-th joint
could be derived as follows:

2h7dtan(%)9' k=13
2 tan( Y !

|

o~
NS
> —

. @
2h+d ta (7’)9' k=24
2tan(+4) v ’

| 2

6
Lix =Y (lix+H) 3)
i=1

where [ is the length of the k-th (k = 1, 2, 3, 4) cable at the i-th joint; 0; is the joint ang]le;
h and d are constants that respectively denote the length of the bracket and the diameter
of the rigid tubular structure (according to (2), when the joint angle was zero, the length
of the driving cable at each joint was 2 h (2 h = 40 mm)); L; ; is the total length of the k-th
driving cable for the first i joints; and H is the length of the rigid tubular structure.

Such continuum-style robots are typically composed of multiple arm segments with
each consisting of multiple rigid rods and elastic elements such as springs [37]. Assuming
approximately equal angles between the adjacent rods within each segment, the constant
curvature was approximately valid for the robot without external loads and gravity [28].
Each arm segment of the manipulator designed in this paper was composed of multiple
rigid rods and springs with the proximal segment moving in the horizontal direction, thus
the influence of gravity could be ignored. Without considering the external load, the joint
angles between the adjacent rods in the segment were equal. The relationship between
each joint angle in the first segment is shown as follows:

6 =6, =63 4)

The distal arm segment moved in the vertical direction while only considering the
external gravity load; the force is shown below in Figure 7.
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Figure 7. Static analysis of CDFM.

According to formula (2), the relationship between the spring 2i and the elastic force
2i — 1 at the same joint i can be obtained as (5):

N

le' _ li,3 _ 2h — dtan( i)
Fi1  lia 2h4dtan(%)
Assuming that the mass of each rod was concentrated in the centroid, the influence of
gravity on spring deformation was derived by using the centralized mass method and the
holistic method, for which there exists the following system of equations:

(Gs+ Gs + Go)Hy = (Fyi + Fai1)4
(Gs + Go)Ha = (Fy(it1) + Fagis1)-1)4 ©
GeHs = (Fy(is2) + Fai12)-1)4

©)

(TS
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where Fy; is the elastic force of the spring 2i; G4, G5, and Gg respectively represent the
gravity of rods 4, 5, and 6; H; is the distance vector of the gravity-resultant force point of
rods 4, 5, and 6; H is that of rods 5 and 6; and Hj is the distance vector of the gravity point
of rod 6. Based on formulas (2), (5), and (6), the relationship of the joint angles between the
adjacent rods in the same segment was as follows:

b, — (my + ms + meg)Hy tan946 _ (my + ms + meg)Hy tan646 @)
4 (W’l5 + m6)H2 tan 65 > meHy tan 6 6

where my, ms, and mg respectively denote the mass of rod 4, rod 5, and rod 6.

3.4. Kinematics between Joint and End
3.4.1. Forward Kinematics

To obtain the position and attitude of the end of the CDFM, the kinematics model
was established based on the D-H method using a transformation matrix. The coordinate
system of the flange foundation Oy was named as the base frame {Op} and the coordinate
system of each joint was named as {O1}, {O3}, {Os}, {O4}, {Os}, and {Og}, as shown in Figure 8.
The origin of the coordinate system was the centroid of the joint. When the joint angle of
each joint was 0°, the coordinate systems {O1}, {O2}, and {O3} were completely in the same
direction and the coordinate systems {O4}, {Os}, {Og} were completely in the same direction.

Oy

Zy

Figure 8. The coordinate transformation from base coordinate to end coordinate.

The kinematic equation between the joint variable and the end pose of the CDFM
was derived from Equation (8) by multiplying the transformation matrix from the based
coordinate system {Op} to the end coordinate system {Og}.

Nxe Ox6 Ax6 Px6
0 0l 23 5 Nye Oye Aye  Py6
T=T3r3rireT = |"v6 "v6 Tv6 Py 8
6 273747576 Nz 0z6 Oz6 Pz6 ®
0 0 0 1

The D-H parameters of the CDFM are shown in Table 1.

3.4.2. Inverse Kinematics

According to the known end pose of the CDEM, each joint angle could be calculated
by using the inverse transformation method. The joint angles 61, 6,, 65 of the first segment
were equal, with their closed solution being deduced as follows:

0 =0,=03=a tal’lz(i’ly6 — 02606, 0z60y6 + Txe) 9)
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Table 1. The D-H parameters of CDFM.

Linkage (1) a;_1 (mm) w1 (°) d; (mm) 0; (°)
1 108 0 0 01
2 108 0 0 (2
3 108 0 0 05
4 108 90 0 04
5 108 0 0 05
6 73 0 0 06

The closed joint of joint angles 6, 65, 65 of the distal arm segment was derived
as follows:

(mg + ms + mg)Hy tan649 _ (mg +ms5 + me)Hy tan 6y 1

0 = satan2(—044,14) (10)

(ms+me)Hy tanfs ° meHy tan 6, 3

According to formulas (1), (2), (3), (9), and (10), the corresponding motor rotation
angle at any position could be obtained. Then, the CDFM could be controlled in real time
according to the established kinematics model.

4. Dynamic Analysis of CDFM

A dynamic analysis was conducted to obtain the relation between the motor torque
and the speed of the manipulator end. Without considering the energy of friction loss, the
energy generated by the motor was equal to the sum of the kinetic energy and potential
energy of the system. In the operating space, the dynamic equation established according
to energy conservation law is shown as follows:

W=E +E, (11)

where Ej is the total kinetic energy of the CDFM system, E, is the total potential en-
ergy of the CDFM system, and W is the work done by the motor. The CDFM had six

rods with 6 = (61,602,603, ..., 96} representing the angular velocity of the rod centroid and
Vi = [Uc1,Ve2, U3, -, Ueg) denoting the linear velocity of the rod centroid. The kinetic energy
of the first n rods of the system could be derived according to formula (12):

Eiw = 53 mivg + 5 Lzif; (12)

where I,,; is the rotational inertia of rod (i) around the Z-axis and m; denotes the mass
of rod (i). The mass and centroid coordinates of each rod of the CDFM are shown below
in Table 2.

Table 2. The mass and centroid coordinates of each rod of the CDFM.

Rod (i) Mass of Rods (kg) Centroid Coordinates 7, Centroid Coordinates Centroid Coordinates
(mm) ry (mm) r, (mm)
1 0.191 0 61.056 0
2 0.191 0 169.056 0
3 0.187 0 276.826 0
4 0.191 0 385.056 0
5 0.191 0 493.056 0
6 0.092 0 575.818 0
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The inertia tensor of each rod of the CDFM was as follows (the unit is kg x mm?).

205.093  0.071 0
[ =, =T, =°Ts= | 0071 111425 0.190
0 0.190 194.877
[ 199522 0.010 0
‘Iy=| 0010 108268 0.094
0 0.094  190.308
[ 44973 —0.033 0
Io= | —0.033 54498 0
0 0 43812

The potential energy of the system was composed of gravity potential energy and
elastic potential energy. The potential energy of the first n (n < 6) connecting rod of the
system could be determined as follows:

1 < :
Epy = 5 Y K2i—1Axi>1 + Y miHgsin6; (13)
i=1 i=3

where Axi.i , represents the deformation quantity of the spring 2i—1; H,; represents the
distance between the centroid of connecting rod (i) and the shaft; and Ky; 1 (i=1, ... ,6)
represents the stiffness coefficient of the spring 2i—1, which could be calculated using the
following equation:

_ Gd*
~ 8D%n
where G is the stiffness coefficient; d and D represent the cable diameter and mean diameter
of the spring, respectively; and # is the number of effective cycles. The motor torques could
be determined as follows:

Kai—q (14)

a = Bt Epn
9

where M is the motor torque and ¢ is the motor turning angle.

(15)

5. Prototype and Experiments
5.1. Prototype Building and Performance Testing
As shown in Figure 9, the prototype used in this experiment was composed mainly

of a CDFM, an automatic spray-control system, and a tracked mobile platform. The main
technical parameters of the prototype are shown in Table 3.

Controlbox

Pesticide case ]

Tubular s, @ 2N e

unit Tube gl |
= Diaphragm pump
2 .

Cable-driven
- flexible manipulator
s
Crawler
——

Figure 9. The prototype of the CDTSR.
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Table 3. Main technical parameters of the CDTSR.
Components Parameters Values Name Model Company (Country)
Distance Wenzhou Pufeide
between adjacent 40 mm Stepper motors 86BYG250D-14 Electric Co., LTD.
end plate (Wenzhou, China)
. . Wenzhou Pufeide
tialj;‘fu‘;fi . 32 mm M;Crricv’itrep MA860H Electric Co., LTD.
Cable-driven (Wenzhou, China)
flexible s Dongguan QiSuo
manipulator Length Of. 68 mm Lithium DC-24V Electronics Co., LTD.
tubular unit battery (Dongguan, China)
Number of . STMicroelectronic
tubular units 6 Microcontroller STM32 (Geneva, Switzerland)
Dimension of Jiangsu Langshan
control box 350 x 350 x 350 mm Cable 1x7 Wire Rope Co., LTD.
envelope (Nantong, China)
. s Dongguan QiSuo
i\:t‘i‘;‘ﬁ‘ig q 55L ]ﬁ‘tle‘im DC-12V Electronics Co., LTD.
Automatic P y (Dongguan, China)
spray-control Taizhou Sprayer Plant
system Diaphragm 60W Diaphragm FD-G4000Z Protection Machinery
pump power pimp Co., LTD. (Taizhou,
China)
Beijing Times
Boundary Brushless DC Chaoqun Electric
dimension 860 > 850 > 500 mm motor 86BL 130578-430 Technology Co., LTD.
(Beijing, China)
Tracked mobile Beijing Times.
platform Velocity 0.5m/s Speed reducer PXKW Te(cj}}:r?(())lcig}lf ]élthElC“D
(Beijing, China)
. Dongguan QiSuo
Maximum 35° Battery QS-48V Electronics Co., LTD.

(Dongguan, China)

The radius of the tubular unit was 40 mm and the distance from the adjacent end plate
was 32 mm. Based on the established kinematics equation, the reachable space of the robot
was obtained by using the Monte Carlo random point method, as shown in Figure 10. From
a fixed base, the reachable workspace was semispherical.

The deformation of the cable will affect the accuracy of the manipulator, thus 304 stain-
less steel cable with better rigidity and flexibility was chosen. The spring was composed of
carbon steel while the tubular unit was composed of resin and created via 3D printing. The
control box required a sufficient strength and a light weight, so we choose aluminum to
manufacture the control box.

The repeated location accuracy measured by using the dial gauge was 0.532. To test
the flexibility of the CDFM, a branch obstacle avoidance experiment was designed. The
CDFM needed to circumvent the branches and enter into the tree canopy to achieve target
spraying. The reachable space and position of the manipulator to the model tree are shown
in Figure 11a; the size of the model tree is shown in Figure 11b. The 3D model of the
model tree was established by using a Ready Scan B11 3D scanner and placing the model
tree and the manipulator under the same coordinate system. According to the coordinate
position of the obstacles, the motor rotation angle was obtained by using the established
kinematics model. Through programming of the upper machine, the motion trajectory of
the manipulator was determined. Then the manipulator could avoid obstacles according to
predetermined trajectory. The sensor and camera could also be installed to realize automatic
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obstacle avoidance. However, a method to achieve a more effective automatic obstacle
avoidance remains to be explored.

3D view XOoY

700
200 600
100 500

= £
£ 0 £ 400

N_100 >
300

-200
600 200
100
y(mm) =000
Z0X

200 200

100 £

z(mm)

~100 ({25

—-200

Reachable space of
manipulator

Figure 11. (a) The reachable space and position of the CDFM; (b) dimensions of the model tree.

The experimental process is demonstrated in Figure 12. After placing the model tree
into the workspace of the manipulator, the manipulator firstly avoided obstacle 2, then
passes through the narrow space between obstacles 1 and 2, and finally avoided obstacle
1 and entered into the canopy. The experimental results proved that the manipulator had a
good obstacle avoidance performance that could avoid the branches and reach the inner
part of the tree canopy.
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Figure 12. The operations in the narrow space between branches: (a) initial state; (b) intermediate
state one; () intermediate state two; (d) final state.

5.2. Spraying Experiment

The pest-affected areas of the tree canopy were the targets of the spraying. To verify
the effects of the cable-driven flexible spray manipulator, a target-spraying experiment was
performed on target 1 in the middle of the canopy and target 2 in the inner canopy in turn,
as shown in Figure 13. The height of the model tree was 1.67 m. The canopy height ranged
from 0.69 m to 1.67 m and its diameter was 1.53 m. The mass of the nozzle was 10.6 g. The
end of our manipulator did not have an extra load and the tube was evenly distributed on
the manipulator. The manipulator moved smoothly throughout the entire operation.

(b)

Figure 13. The three states of the spray manipulator in spraying operations: (a) initial state of the
spray manipulator; (b) spraying state of the spray manipulator for target 1; (c) spraying state of the
spray manipulator for target 2.

The spray manipulator was operated via remote control. The length of the nozzle was
about 3 cm and the distance between the nozzle and the water-sensitive paper directly in
front of it was 16 cm. After 0.5 s, the spray system began spraying; the entire spraying
process lasted for 3.5 s. The manipulator had a variable stiffness manipulator; the stiffness
was related to the spring of the manipulator. The interference generated by the spray was
along the axial direction of the manipulator in the spray without a large amount of shaking,
which ensured the accuracy of the spray. During the entire operation, the manipulator
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moved smoothly and rarely vibrated when the spraying system was working. Although
the manipulator could avoid tree branches in its movement process, it also was obstructed
by the leaves. The external interference force from the leaves also affected the accuracy
of the manipulator, the workspace for which was not large enough, thus it is necessary to
increase its workspace and multiple-orientation abilities in the future.

As shown in Figure 14, the droplet size was tested using a laser granularity analyzer.
The spray angle was 60° and the diameter of the spray hole was 0.8 mm. When the spray
flow rate was 4.0 mL/s, the droplet diameter was 97.617 um. The droplets were collected
on water-sensitive paper and data processing was conducted to obtain the deposition and
coverage rate of the droplets, as shown in Table 4.

%/Noozlc o -
I

aser granularity analyzer

Figure 14. The measurement experiment to test the droplet diameter.

Table 4. The results of the spraying experiment.

Spray Flow Rate o, o Coverage Rate of Coverage Rate of .
(mL/s) Deposition Rate (%) Spraying Center (%) Spraying Margin (%) Droplet Diameter (um)
4.0 88.0 98.4 64.3 97.671

The droplet coverage rate of each piece of water-sensitive paper was measured using
image processing. The water-sensitive paper changed from a light yellow to grayish when
exposed to water. When the spray flow rate was 4.0 mL/s, the center coverage rate and
edge coverage rate were 98.4% and 64.3%, respectively, as shown in the sample images
in Figure 15. Therefore, the experimental results showed that the droplet coverage rate
descended gradually from the spraying center to the outside.

Droplet

(@) (b)

Figure 15. Samples of coverage rates: (a) the coverage rate of the spraying center was 98.4%; (b) the
coverage rate of the spraying margin was 64.3%.
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The average coverage within the canopy of conventional spraying equipment is
32.8% [11]. The CDTSR improved coverage within the canopy compared to conventional
spraying equipment. The working space and dexterity also were enhanced. In the future,
we will reduce the weight of the CDFM and the ability of the manipulator to achieve
multiple orientations will be improved. Meanwhile, the CDTSR can work in collaboration
with plant protection UAVs and small spraying equipment in the future.

6. Conclusions

In this article, a CDTSR that could be driven below the canopy was designed. The
target spray robot had a dexterity CDFM that could avoid branches and penetrate into the
canopy to achieve precise spraying without causing mechanical damage to the fruit trees.

In addition, a kinematics analysis of the CDFM was carried out and the arc length
formula was used to solve the mapping relationship between the motor and the driving
cable. According to the geometric model of the manipulator, the mapping relationship
between the length of the driving cable and the joint angle was established based on the
constant curvature assumption. The kinematics model between the manipulator joint
and the end actuator was established by using the transformation matrix. Therefore, the
multilevel mapping relationship among the motor, driving cable, joint, and end actuator
could be clearly described. The workspace of the manipulator was calculated using the
Monte Carlo random point method; the calculation results verified the correctness of the
kinematics model. To obtain the relationship between the position and velocity of the
manipulator end and the motor torque, a dynamic equation for the manipulator was
established. In the spraying experiment, the cable was tightened at a constant speed
of 0.2 m/s and the manipulator could move steadily from the initial state to any target
in the workspace within 3.5 s and stop steadily. The spraying experiment showed an
88.0% droplet deposition rate and a 64.3% coverage rate within the canopy. The average
coverage within the canopy was increased by 31.5% compared to the conventional spraying
equipment. In the future work, a visual system and more sensors will be added to the spray
robot to target acquisition and obstacle avoidance path planning automatically.
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