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Force-closure orchard dexterous hand grasping model
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Abstract: The digital orchard is an important trend for the future development of orchards towards intelligentization. The
current wide variety of orchard gripping objects with different sizes and material characteristics brings challenges for gripping
operations. In order to improve the versatility and dexterity of the orchard end-effector, a humanoid 14-degree-of-freedom
orchard dexterous hand is designed for agronomic operations. An optimal design scheme of the orchard dexterous hand
combining orchard gesture analysis and human hand structure is proposed, and the design of the modular fingers, palm, and
overall structure of the orchard dexterous hand is completed. The orthogonal and inverse kinematics model of the dexterous
hand is established to analyze the motion space of the fingertips, and the dexterity of the orchard dexterous hand is verified by
combining with the Kapandji test. The equivalent distribution model of the contact force is solved according to the Hertz
theory, and the grasping matrix is established based on the friction surface contact model to realize force-closure, which
describes the relationship between the finger and the object being grasped in the configuration. The experimental platform of
dexterous hand in the orchard is built, and the experiments of gesture formation, grasping, and contact force testing are carried
out. The results show that the dexterous hand can form all kinds of gestures commonly used in the orchard and can grasp
spherical fruit with diameters of 26-90 mm, masses of 11-238 g, and all kinds of orchard-specific working tools; for navel
oranges with masses of 234 g, the dexterous hand can realize stable grasping under different gestures. This provides a

theoretical basis and technical support for the realization of complex agronomy in orchards.
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1 Introduction

In order to promote the long-term development of the fruit
industry, it is crucial to minimize labor costs, reduce the
dependence on manual labor, and realize the mechanization and
intelligence of the whole orchard operation'?l. Among these, it is
essential to study end-effectors suitable for gripping fruits of
different sizes and performing various agronomic operations'*.

Different fruits have different shape characteristics and
different gripping mechanical properties, and the harvesting
methods required in agronomy vary widely™. At the same time,
different crops in the orchard at different stages of agronomic
indicators are diverse™'; for example, citrus, lychee, and other
evergreen fruit trees need thinning, pruning, and other agronomic
operations. In addition, the internal space of these fruit trees is
canopy closing, which is not conducive to mechanical orchard
operations. Therefore, at present these agronomic operations are
still primarily carried out with manually gripped tools'". Zhou et
al.' developed a pneumatic end-effector with three four-chamber
fingers, engineered according to the biophysical properties of

Received date: 2024-03-15  Accepted date: 2025-04-06
Biographies: Xiulan Bao, PhD, Associate Professor,
agricultural robot, Email: orchidbaoxl@mail.hzau.edu.cn; Mengtao Ren, MS,
research interest: Robot operation grasping and control, Email: 15736896186@
163.com; Xiaojie Ma, MS, research interest: Robot collaboration and control,
Email: mxj3023@163.com; Biyu Chen, MS, research interest: agricultural robot,
Email: 1669729408@qq.com; Yougang Bao, MS, research interest: agricultural
robot, Email: 19970039856@163.com.

*Corresponding author: Jincheng Mao, PhD, Associate Professor, research

research interest:

interest: Robotic Measurement Processing and Applications; Mailing address:
Tel: +86-13871229154, Email: 88971437@qq.com.

tomatoes. Lin et al.l”! designed an end-effector for real-time
harvesting and grading by collecting spectral signals. Gao et al.l'*
designed a pneumatic finger-type end-effector for cherry tomato
harvesting to improve operational efficiency. Wei et al.l'” designed
a three-finger underdriven end-effector for citrus picking. Zahid et
al.' developed a three-degree-of-freedom pruning end-effector for
cutting apple branches. Jongpyo et al.'”? developed a pneumatic
cutter end-effector for cutting the stems of cherry tomatoes. In
summary, most of the existing end-effectors are designed for
specific fruits and agronomy and suffer from low utilization and
high cost. Therefore, adopting a versatile end-effector to complete a
variety of precision agronomic operations will significantly improve
the utilization rate of end-effectors in orchards and is an effective
way to improve the mechanization level of orchard operations*.

As an end-effector designed to mimic the human hand, the
dexterous hand can accomplish a variety of dexterous grasps and
perform complex operations'?. The research on dexterous hands is
relatively mature® ). Tao et al.”” designed a three-finger, nine-
degree-of-freedom dexterous hand based on gesture proto-language
analysis, simplifying the complex human-like five-finger hand
system. Kim et al. developed an integrated link-driven dexterous
hand by adopting a variety of drive modes such as direct motor
drive, tendon drive, and link drive™!. Some companies manufacture
commercialized multi-fingered dexterous hands, such as the
Shadow dexterous hand from Shadow Robot (UK)" and the SF5H
hand from SCHUNK (Germany)?”. In addition to industry
applications, multi-fingered dexterous hands have begun to be used
in rehabilitation training, life socialization, and other fields®.
However, the existing dexterous hand has a complex structure, a
precise mechanism, and poor anti-interference ability, leading to a
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high failure rate and increased production cost when directly
applied to orchards.

In order to improve the versatility and dexterity of the orchard
end-effector to realize specific grasping and manipulation tasks in
the orchard, we propose a design scheme that combines orchard
gesture analysis and human-like hand structure to design the
orchard dexterous hand, establish a kinematic model and grasping
model, analyze its working performance, and build an experimental
platform to carry out the functional verification of the orchard
dexterous hand as well as the contact force testing experiments.

2 Orchard dexterous hand gesture analysis and
structural design

2.1 Analysis of orchard gestures

First, a detailed record of the operational tasks in the orchard
that require human hands and their various gestures summarizes the
common gestures used in the orchard. There is a big difference in
the way different fruits are harvested. Apples, pears, etc., are mostly
lifted upward along the fruit stalk; kiwifruit are broken mainly by
gently pressing on the fruit stalk; peaches are mostly twisted by
gently grasping the fruit; and citrus are picked mainly by the two-
shear method. When thinning flowers, pruning, and performing
other agronomic operations, operating tools are usually used to
assist in the operation. The tools used for grasping the part are
essentially cylindrical, based on a stabilized grip, and operated
through the movement of the finger joints. Based on the commonly
used gestures in the orchard, combined with the Feix grasping
classification table®- ', they are merged, streamlined, and
categorized according to the number of fingers required to form the
gesture, as well as the category of the grasping task, to produce a
classification table of the orchard grasping gestures, as shown in
Figure 1. Table capture objects are common fruits and commonly
used tools in the orchard. There are a total of 13 gestures, which
cover the basis of the orchard operation gestures. Compared to the
Feix capture classification table, the gesture number is significantly
reduced, which is conducive to the analysis of the orchard gesture
characteristics.
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fingers fingers fingers

¢ ) .
Pinch ‘;';J \i é\{ Ii&
Grab g’ fQ i
Y 4
{

;
i
@ &

Figure 1 Orchard grasping gesture classification table

As shown in Figure 1, the four-finger and five-finger gestures
have similar functionalities, with the little finger in the five-finger
gesture serving only an auxiliary role. Therefore, the little finger is
omitted, and the design is optimized for a four-finger dexterous
hand. When forming gestures, each finger moves flexibly and in
coordination with the others. Based on the movement patterns of the
joints in human hands and fingers, the degrees of freedom of the
joints in dexterous hands and fingers are reproduced and

modularized. When the index finger and ring finger are used
together to form a pinching or grasping gesture, the lateral swing
angles of the two fingers are essentially the same. Coupling the
lateral swing of the index finger and ring finger while keeping the
middle finger stationary increases the grasping space of the orchard
dexterous hand and reduces system complexity. Based on the
analysis results, the structural design of the orchard dexterous hand
is carried out, with the joint structure layout shown in Figure 2.

Coupled lateral swing
base of the finger joint

Figure 2  Articular structure layout of orchard dexterous hand

2.2 Overall structural design

The orchard dexterous hand finger is arranged in an imitation
human hand style, and the freedom of the human hand is restored as
much as possible. The thumb is arranged on the side of the palm,
and the remaining three fingers are evenly spaced on the top of the
palm and opposite the thumb. The thumb, index finger, and ring
finger contain four joints: the base joint, the proximal joint, the
middle joint, and the distal joint, of which the base joint is a side-
swinging joint, and the base joints of the index and ring fingers are
coupled with the side-swinging joints. The middle finger contains
three joints with no base joints. The orchard dexterous hand has 14
degrees of freedom overall, with two sets of base joints for side-
swing freedom and the remaining 12 joints for bending freedom.
The orchard dexterous hand consists of four fingers and palms; the
main structure is shown in Figure 3. The orchard dexterous hand is
driven by 14 motors, which control the opening and closing of the
four fingers and the bending of each joint, respectively, to realize
the purpose of operation through gesture formation.

Figure 3 Structure of orchard dexterous hand

2.3 Finger modular design

In order to simplify the overall structural design of the orchard
dexterous hand, reduce the design and manufacturing costs, and
improve the ease of maintenance of the system, the fingers are
modularized, and the mechanical structure of the four fingers is the
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same. Take the index finger as an example. As shown in Figure 4,
modeled on the tip of a human finger, the lower surface and side of
the fingertip are designed with curved surface curvature to increase
the mating area so that the tip of the finger and the object fit each
other to achieve stable grasping. A DC motor is built into the
middle knuckle to drive the bending motion of the distal knuckle.
The proximal knuckle has two built-in DC motors, which are placed
oppositely close to each other in order to reduce the size of the
proximal knuckle and drive the bending motion of the middle and
proximal joints, respectively, which restores the bending motion of
the human finger and better forms the familiar gestures of the
orchard. The fixation of the middle and proximal knuckles is
designed as a removable snap fixation, which makes it easy to
remove the fingers for maintenance and replacement.

Distal finger

segment
Middle finger
segment
Joint
motor Close to the

finger segment

Close to the
finger joint

Figure 4 Orchard dexterous hand finger structure

2.4 Side pendulum coupling mechanism design

The drive mechanism of the base joints of the index and ring
fingers is coupled in the palm, and the lateral pendulum motion of
the two joints is controlled by a motor. The design of the coupling
structure is shown in Figure 5. The rotary motion of the motor is
converted into linear motion under the limitation of the driving
connecting rod and the bar groove. When the connecting rod moves
upward along the groove, the index finger and ring finger open
sideways at the same time, and vice versa: the index finger and ring
finger close at the same time, realizing the lateral pendulum motion
of the two fingers at the same time to reduce one degree of freedom.
The angle of the lateral pendulum is +20°.

Strip groove

Turntable

Base of the
finger joint

Figure 5 Lateral pendulum coupling motion schematic

3 Kinematics and dexterity analysis of orchard
dexterous hands
3.1 Positive kinematics modeling

Figure 6 shows the coordinate system of the orchard dexterous
hand. A global coordinate system H{x, y, z} is established at the

base joint of the middle finger, with the finger direction in the X-
direction and the direction from the base joint of the middle finger
to the base joint of the ring finger in the Z-direction. The base
coordinate system is established at the base joint of each finger, and
the thumb, index finger, middle finger, and ring finger base
coordinate systems are defined as T, /, M, and R in turn. A fingertip
coordinate system was established at the fingertip point in the order
of the base coordinate system (#0), the lateral pendulum base joint
(#1), the proximal joint (#2), the middle joint (#3), the distal joint
(#4), and the fingertip point (#5).

#5 Fingergip

#4 Distal finger segment

#3 Middle finger segment

#2 Close to the finger segment

#0/1 Base of the finger joint
/Lateral swing base joint

Figure 6 Kinematic model of orchard dexterous hand

Since the dexterous hand adopts a modular design and the joint
structure of each finger is similar, only the index finger is analyzed
kinematically. The D-H method establishes the kinematic equations
from the fingertip coordinate system to the reference coordinate
system, and the parameters of each linkage of the fingers are listed
in Table 1.

Table 1 Index finger D-H parameter

Coordinate No. i O;/rad d;/mm a;_/mm o, i/rad
1 on 0 0 0
2 012 11 4 /2
3 013 42 5.5 0
4 014 42 1 0
5 01s 30 5.5 0

The chi-square variation matrix between the two neighboring
coordinate systems of each finger was calculated from the D-H
parameter table as well as the following equation:

cO; —56; 0 a;_,
i sOca,, cOca_, —sa_, —dsa_, 1)
! sOsa;i.,  cOsa,  cai dica;_,
0 0 0 1

According to the right-multiplication rule, the order of the chi-
square transformation matrices between the joints represented is
multiplied together:

T =TT T 2)

Therefore, the positive kinematic equation of the index
fingertip concerning the global coordinate system is:

5T =TT ©)

Similarly, the positive kinematic equations for the other three
fingers can be derived, as well as the transformation matrices of the
base coordinate system of each finger concerning the global
coordinate system.
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3.2 Inverse kinematics modeling

Inverse kinematics of the index finger means that the spatial
coordinates of the fingertip point located under the reference
coordinate system of the index finger are known, and a series of
individual joint angles that satisfy the desired requirements are
computed, i.e., specific values of 6,, 6,, 65, and 6, are obtained.

ST =\T7(0,)5T = T(6,),T(65),T(0,);T(65) “)
The equation ¢T'(6,) can be obtained by multiplying the coord-
inate system between the index finger joints. Making the elements
at each end of the matrix equation correspondingly equal gives
=0, p,+cOip, = —d, —dy —d, — ds 5)
Solving the above equation gives

\/P?+Pz,—(dz+d3+d4+ds)2 (P)
6, = —arct + - ,) / + arct -
1 arctan ( ; . d4 d5 arctan

P«
(6)
According to the above method, the same method solves for 6,,
6, and 6,.

3.3 Fingertip workspace analysis

Based on the dexterous hand multi-finger kinematic equations
and the positional relationship of the fingertips concerning the
global coordinate system, the spatial positions of the fingertips at
each joint angle are analyzed to obtain the workspace described by
the set of positional points. Combined with the joint angle range of
motion, Matlab software is used to solve and simulate the
workspace of the fingertips of each finger of the dexterous hand,
and the movement space of the dexterous hand in the orchard is
obtained, as shown in Figure 7. The thumb, index, middle, and ring
finger position points are shown in blue, red, green, and yellow,
respectively. As can be seen, there is an extensive range of
movement of the fingertips of each finger, the blue dots overlap
with all other colors, and the tips of the thumbs are in contact with
the tips of the other fingers. The index finger is coupled to the ring
finger with the same lateral swing angle, which shows the same
workspace in the plane, while the lateral swing of the fingers forms
the fingertip spatial position overlap point. The middle finger has no
lateral swing angle, and the fingertip point workspace in the plane
shows a planar shape in the plane and a straight line in the plane.

150} Index finger Middle finger 150 F 150
100 | Thumb # Ring finger 100 F 100 F
g 50t £ 50f g 50t
£ £ £
= ol = ol =~ o}
—50r -50 -50
L L L L L —100

—100 =5 0 -100  —-50

Y/mm

1 L PRI
50 100-250 —150 750
7/mm

a. Orchard dexterous fingertip
movement space

b. Hand XOY workspace

-150 -100 -50 0O 50
Z/mm
c. Hand XOZ workspace

0 50 100

Y/mm

Figure 7 Orchard dexterous hand movement space

4 Orchard dexterous hand grip model analysis

In order to achieve force-closure grasping with dexterous
hands, the problem of finger-object contact needs to be modeled. A
friction surface contact model is used, and appropriate mathematical
tools describe the relationship between the finger and the grasped
object in the configuration during grasping.

Combining the Kapandji test™” with the resulting workspace
allows for visualizing the gesture formation ability of orchard
dexterity and assessing the dexterity manipulation ability of
dexterous hands. The fit of each finger can be derived from the
dexterity fingertip workspace calculated in the previous section.
From the overlap of the fingertip space of each finger in Figure 8c,
it can be seen that the workspace of the thumb intersects with the
workspaces of the index, middle, and ring fingers, which indicates
that the thumb fingertip and the other fingertips can contact each
other. This also indicates that it has obtained a class rating of level 5
in the Kapandji test, and that it can perform the grasping gestures in
the table of classification of the commonly used gestures in the
orchard under this rating. Moreover, in Figure 8c, the spatial point
of the thumb tip is in contact with the proximal phalangeal joint of
the ring finger. A grade rating of 9 can be obtained in the Kapandji
test, which indicates that the thumb has excellent mobility and that
the orchard dexterous hand has a high degree of dexterity, can form
many manipulative gestures, and has a good working ability. The
results show that the designed orchard dexterous hand has similar
dexterity to a human hand, and the end can reach all points of the

designed workspace to meet the gripping requirements for different
types of fruits and specialized tools.

Middle
t of th o
S?E;r:(nﬁg ere Ring Base qut
¢ fingertip {8 of the ring
Fingertip finger
of thumb .« Fingertp
. P of thumb
a. Level 1 b. Level 5 ¢c. Level 9

Figure 8 Orchard dexterous hand Kapandji test

4.1 Force-closure determination

In the process of grasping objects with dexterous hands, force-
closure is the process of driving reasonable joint torques with
dexterous hands to exert certain contact forces, so that a force
balance state is formed between the dexterous hands and fruits and
vegetables. This ensures that in the process of grasping and picking
fruits and vegetables, the objects can be stably grasped in the
dexterous hands without slipping, shaking, or damage due to uneven
force. It is generally believed that force-closure must meet two
conditions. The first is stability. The force of each finger should
satisfy the contact model constraints to ensure that the contact
position between the finger and the object does not slide relative to
each other. The second is anti-interference. The combined force of
the dexterous hand on the object can balance any external force
interference on the object. The judgment of grasping in this paper is
all satisfied with force-closure. The necessary and sufficient
conditions for force-closure are:


https://www.ijabe.org

August, 2025

Bao X L, etal. Force-closure orchard dexterous hand grasping model

Vol. 18 No.4 143

1) Grasping matrix G has full row rank;

2) Contact force satisfies the contact model constraints.
4.2 Simplification and modeling of the problem

The contact surface between the citrus peel and the finger has
unique geometrical and material properties, and the contact area
varies with the course of the contact force and is a region of variable
shape and size. Therefore, the citrus peel cannot be considered as a
rigid object to constrain, and the contact region cannot be reduced
to a single contact point.

The dexterous hand takes an envelope grasp to constrain the
object, and there are a total of N contact regions between the
dexterous hand and the citrus. These contact areas can transmit
three forces: the normal pressure P, the frictional forces Oy and Qy
in both directions, and the rotational moments My, My, and M,
around the X, ¥, and Z axes, as shown in Figure 9.

Figure 9 Schematic representation of the contact area

When a friction surface contact constraint is between a finger
and a mandarin orange, we make the following assumptions in order
to make the analytical problem relatively simple, ignoring some of
the uncertainties:

Assumption 1: The contact region can be approximately
equated to a circle;

Assumption 2: The contact region changes during the wide
range of changes in the external load and is constant during the
small perturbation of the external load.

The kinematic and mechanical constraints are investigated
regarding the kinematic constraints and force relationships between
the dexterous hand and the citrus peel surface contact, respectively.
The corresponding coordinate schematic is established as shown in
Figure 10, where U is the global coordinate system; W is the citrus
coordinate system, located at the center of gravity of the citrus; F;
is the dexterous hand finger coordinate system; and Cy, and Cy; are
contact coordinate systems, respectively located at the centers of the
contact areas of the citrus and the dexterous hand.

Figure 10 Schematic of coordinates between contacting objects

Suppose Xy =[v, ®,]" and X, =[v;; w]" are the motion
spirals of the origin in the global coordinate system in the citadel
coordinate system and the dexterity coordinate system, respectively,
where v, and w, are the velocities and angular velocities of the
origin in the citadel coordinate system in the global coordinate
system, and v;; and wy; are the velocities and angular velocities of
the origin in the dexterity coordinate system in the global coordinate
system. Then the velocity and angular velocity of the origin in the
contact coordinate system with respect to the global coordinate
system can be expressed as:

WX, = A (Tye,) A (Tpy) Xu 7

C"'Xc,,r, =A (TI'UC,:,) A (T;/lm) X, ®)

Keeping the contact coordinate system on the dexterous hand
and the contact coordinate system on the citrus coincident at the
time of contact, the velocity constraint can be expressed as:

H (%X, ~ X, ) 20 )

where, H=[0 0 1 0 0 0].

Assuming that a coordinate system is established at any point
of contact in the contact area, the position vector is p, the coordinate
system attitude and the contact area center coordinate system are
identical, and the velocity at any point of the contact area can be
expressed as:

K= H - X, (10)

x,,=H,-“"Xe, (11)

where, H) =[I p]".

4.3 Rational equivalence of distributed contact forces
Assuming that the contact is in the elastic deformation stage,

the pressure distribution in the contact region is parabolic in shape,

the horizontal distance of p from the force F at any point in the

contact region is r, the curvature of the dexterous hand in the

1
contact surface is the curvature of the citrus peel is 5, the
2

E s
depth of indentation is d, and the radius of the contact is a, which
will be equated to the contact of a sphere with a flat surface, which
has the curvature of the sphere:
11 1
—=—+— 12
R R R (12)
The contact region force F is related to the plunging depth d as:
4
F = EE"R”Zd”2 (13)

I 1=y 1-v2
— = +
E* E, E,
clasticity of the dexterous hand and citrus epidermis, respectively,
and v, and v, are the Poisson’s ratios of the dexterous hand and
citrus epidermis. Take E, =1404.70 MPa, E,=9.84 MPa, v, =
0.30, v, =0.47.

The contact radius a is:

where, , E,, and E, are the modulus of

a= VRd (14)
Then the positive pressure at r is:
1 (6FE2\" ( . ) &
F,=-- 1-— 15
() (- a9

4.4 Obtain the equilibrium equation
The mass of the mandarin is m, and due to the deformation of
the mandarin and the dexterous hand, the dexterous hand and the
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mandarin are constrained by 13 face contacts. Assuming that the
equivalent contact points are C; (where i = 1, 2, ..., 13), U is the
inertial coordinate system, and coordinate systems B and F,,
j=1,2 in citrus and dexterous hands, respectively. The citrus
contact coordinate system Cy is defined at the contact point C;; n;
is the inner normal vector direction at the contact point; #,7; is the
tangent direction at the contact point C;; and Cy; is the dexterous
hand contact coordinate system on the dexterous hand surface,
defining z; as the normal vector direction at the dexterous hand
contact point C;, and x;,y; as the tangent direction at the contact
point C;.

The spin of the contact force on the citrus at the contact point
C; is defined as:
feo
TZ"’ } =Ufe fo fu T Tu 7] (16)

G

Cpi _
Fo' =

Mapping between the contact point coordinate system on the
citrus to the global coordinate system:

SR 1§
(r=irr=| f e | (7

Take the adjoint matrix to map the force spins in the local
coordinate system to the global coordinate system:

Fl! =A" (C:T") Fgr (18)

UR 0
AT UTfl ={ Cpi :| 19
R R (1

U Cpi
o RIC

[
G aU U Bi U Cai
{ Pepon RIS + cp RTC,

Bi

(20)

The mechanical equilibrium equation for citrus can be listed as:

13
ZFg +w=0 1)
=1

The grasp matrix is derived as:
Gl+w=0 (22)
where,
G=[G G Gy |,
a=[ 4 A a ]
_ { t; T; n 0O 0 O }
' rXt, Xt rnxmn ot Ton

T
T Tai Tui]

A=F=[ fi fu [
4.5 Contact deformation about hand-citrus movement
Assuming that no sliding or rolling occurs at the point of
contact between the dexterous hand and the object, it is considered
that they are bonded small contact surfaces that can transmit three
directional forces and three directional moments and that the
dexterous hand and the mandarin orange move relative to each other
through the deformation of the point of contact.
The mapping relationship between the two contact coordinates
is:
T =7 TyTST T (23)

In the ideal state where no deformation occurs, the two contact
coordinates at the point of contact are coincident with each other:

al=1 24

After localized deformation of the mandarin in the contact area,
the mandarin position and dexterous hand joint angle are adjusted
accordingly to keep the contact position unchanged:

oiT = THTALTSTAST P TAPT =1 (25)
Gives a first-order approximation there:
AET+AUT+A LT =0 (26)

Change in attitude of citrus contact coordinate system due to
contact deformation:

AXP =[Ax,; Ays Az A0 A, AG..1" 27
The differential motion of the contact coordinate system maps

to the global coordinate system there:
R 7R

AXS = A(T)AXS = {
ct ( ) ct 0 R

} AXC (28)

The citrus gesture produces small changes assuming that:

AX® =[Ax, Ay, Az, A6, A8

yw

Ag, 1" 29)

The change in the contact coordinate system position due to the
change in citrus attitude is:

AXP = GTAX® (30)

Dexterous hand joints will produce small movement changes,
joint micro-movements for:

Aq=[Aq, Aq, Agq; Agq]" 3D
The change in attitude that causes the citrus coordinate system
is assumed to be:

AXy; = [AxFi Ayri Azr ABp; AGpy AazFi]T (32)

where, [Ax;; Ay Azn]" = JAq, A =0, A0,r; = 0,A0., = Aq,+
Aq,, AOy, = Aqs + Ag,.

The change in attitude from citrus leads to a change in the
attitude of the dexterous hand touching the coordinate system as:

AXp; = LTAX (33)
L= , X; /y,- , Zi 0o 0 O (34)
FiXx;, riXy. r;Xz, X Y Zi

To simplify the research problem, it is assumed earlier that
there is no sliding or contact disengagement problem at the contact,
and the two contact coordinate systems are always consistent:

AXS +AX,

Bei Bei

=AXy. (3%5)
Therefore, the deformation generated at the contact position is:

AXC (36)

Bei

= AXp - AX,

Bei

M =47 () (OAX ) )

5 Prototype experiment

The orchard dexterous hand prototype is shown in Figure 11,
and the main body is 3D printed from SZUV-WS8001P
photosensitive resin.

The orchard dexterous hand experimental platform is shown in
Figure 12, mounted on the end of a four-degree-of-freedom robotic
arm. The control system of the orchard dexterous hand is shown in
Figure 13; a feed-forward-based PID control system controls the
orchard dexterous hand. Firstly, the control program is written in
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the upper computer with Arduino software, and then it is
downloaded to the lower computer, running the real-time system for

execution through the CAN interface. The RDC501 rotary position
sensor acquires finger joint signals and inputs them to the upper
computer, which gets the deviation angle, transmits the data, and
controls the N20-1218 DC geared motor to rotate to the desired
angle through the L9110S four-channel motor driver board to
complete the control system of the orchard dexterous hand.

Controller

Driver

Dexterous
hand
Figure 11  Orchard dexterous hand prototype Figure 12 Orchard dexterous hand experiment platform
N20-1218 DC geared motor
x4 x4 %3 %3
[ [ [ [
I I I I
L900 drive Drives the index L900 drive L900 drive
board drives the finger and side board drives the board drives the
thumb swing joints thumb ring finger
T T T T Upper
| pwm computer
Power _J\ Power . | Gesture
supply adapter Arduino Mega 2560 K—> library angle Q E
data
Control system
Angle-date
RDC501 rotary

position sensor

Figure 13 Orchard dexterous hand control system

5.1 Orchard gesture formation and grasping experiments

In order to verify the dexterous hand’s ability to form all the
gestures in the classification table of common gestures in the
orchard and realize the stable grasping of typical fruits and tools,
the orchard gesture formation and grasping experiments were
conducted. Stable grasping ability is defined as the dexterous hand
maintains contact with the target object without slipping in the
contact area in the orchard operation scenario. Stable grasping
ability is evaluated by two quantitative indices: static stability is the
grasping ability of the dexterous hand to maintain the target object
without slipping in the stationary state, and dynamic stability is the
grasping ability of the dexterous hand to resist external
perturbations and maintain the target object. The test methods and
judgment bases of the two quantitative indices are as follows:

1) Static stability: The magnitude of the motor current of each
joint of the dexterous hand is obtained in real time within one
minute after grasping. When there exists a joint motor current
exceeding |I +0.21], it is judged to be slippage and does not satisfy

static stability, where I is the initial moment current.

2) Dynamic stability: The robotic arm in the horizontal, long-
itudinal, and vertical directions, respectively, should maintain 1.8 m/s?
acceleration throughout a movement of 0.3 m. If the target object
does not slip or slip down, it is considered to meet dynamic stability.

The specific parameters of the target objects are listed in
Table 2, including different sizes of fruits and tools commonly
found in orchards.

Table 2 Object parameters

Grasping gesture Target object Size/mm Mass/g
Two fingers pinch cherry tomato D:26 11
Three fingers pinch Small citrus D:38 40
Four fingers pinch Large citrus D:61 138
Three finger grasp Large citrus D:61 138
Four finger grasp ugly orange D:90 283
Palm grasp Small citrus D:58 132
Four finger grasp dendrite D:8 150
Three finger grasping tool scissor L:170, W12, H:100 69
Four finger grasping tool  pruning shears ~ L:200, W:19, H:110 159

In Table 2, D is the diameter of the target, L is the length of the
target, W is the width of the target, and H is the height of the target.

As shown in Figure 14, the corresponding gesture library
information is formed corresponding to the nine groups of grasping
gestures. Each group of gestures goes through three repetitions of
the test. Each test contains a static and dynamic stability test. N is
the number of tests, and N, is the number of grasping successes. The
grasping success rate reflects the ability of the dexterous hand under
different gestures to stabilize the grasping. The grasping success
rate can be expressed as:

s = % X 100% (38)
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Table 3 Knuckle contact force under different
grasping gestures

PII}Ch PH.lCh Three-finger Four-finger
Serial with with enveloping envelopin,
Finger Finger segment three  four veloping - enveloping
number f grasp/ grasp/
ingers/fingers/ N N
N N
Fingertip 1 192 213 0.73 0.89
Thumb Distal digital segment 2 0.72 0.56
Proximal digital segment 3 1.71 3.64
Fingertip 4 037 035 0.53 0.94
Index ;o digital segment 5 0.34 0.63
finger
Proximal digital segment 6 0.54 0.87
) Fingertip 7 0.76  0.64 1.61 0.91
Middle ool digital segment 8 0.62 0.47
finger
Proximal digital segment 9 0.47 0.43
Fingertip 10 0.43 0.56
Ring il digital segment 11 1.92
finger :
Proximal digital segment 12 0.25
Palm Palm 13 1.21 2.20

a. Two fingers pinch b. Three fingers pinch c. Four finger spinch

d. There fingers grab e. Four fingers grab

h. Three fingers
gripping tool

g. Four fingers grip

i. Four fingers
gripping tool

Figure 14 Experiment on gesture formation of dexterous hand

The experimental results show that only group g had a 0%
success rate in gesture branch grasping, while the rest of the groups
had a 100% success rate in branch grasping. The reason for the
failure of group g is that the diameter of the branch is only 8 mm,
and due to the limitation of the angle range of some finger joints,
the fingers could not effectively contact the main body of the
branch, but only touched the leaves on the branch, which formed a
potentially unstable grasping state. The unstable gripping state is
easily broken by wind interference and machine movement in
unstructured agricultural environments, which ultimately leads to
gripping failure. The dexterous hand can grasp a diameter of 26-

90 mm, a mass of 11-238 g spherical fruit, and all kinds of special
orchard work tools. The orchard dexterous hand can grasp different
types of objects with gestures similar to those of a human hand, and
the design of independent actuation of each joint enables the
orchard dexterous hand to present a wider variety of grasping
postures. At the same time, fingers not involved in gesture
formation can be positionally controlled as needed, allowing the
orchard dexterous hand to grasp in a more appropriate spatial
stance, reducing interference in gesture formation. By grasping
objects of different shapes and different grasping requirements in
the orchard, it can be seen that the dexterous hand has stable
grasping ability and high flexibility, reflecting good versatility and
adaptability.

5.2 Contact force test experiment

In the process of fruit picking, the dexterous hand first grasps
and fixes the fruit to provide sufficient friction for the separation of
fruit stalks and, at the same time, to avoid fruit damage, so the
normal pressure of the dexterous hand on the fruit needs to satisfy
certain conditions. Different regular forces are generated for
grasping gestures, and separate measurements of the normal forces
allow for finger contact force analysis.

The FSR402 resistive thin-film pressure sensor measures the
amount of contact force by placing it against the knuckle. The
experimental grasping target is a navel orange from the citrus base
of Huazhong Agricultural University. The shape is nearly oval, the
mass is 234 g, the long diameter is 79 mm, the short diameter is
71 mm, the grasping position is the navel orange long diameter axis
pointing to the palm of the dexterous hand, the grasping point is
distributed in the maximum cross-section perpendicular to the long
axis when pinching accurately, and the thumb and the middle finger
are in the opposite to top pinching posture when enveloping
grasping. The orchard dexterous hand contact force test experiment
is shown in Figure 15.

Grab the target

navel orange T

Thin film
pressure sensor

Figure 15 Orchard dexterous hand experiment platform

Designed to grasp the same navel orange under four different
gestures, the data from the knuckle pressure sensors were collected
three times and averaged. The magnitude of the contact force of
each knuckle under different grasping gestures of the dexterous
hand is listed in Table 3, while Figure 16 shows the comparison of
contact forces.

The contact force of the thumb tip was the largest under the
pinching gesture, followed by the middle finger. The rest of the
knuckles played an auxiliary role because the thumb and the index
finger formed an opposable grip. The maximum knuckle contact
force under the envelope grasping gesture was more significant than
that under the pinching gesture because the contact force of each
knuckle was mainly used to overcome the gravity of the navel
orange during pinching. In contrast, the number of contacting
knuckles increased in envelope grasping, which resulted in a greater
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contact force and a more stable grasp. However, the location of
contact points under envelope grasping is not easy to determine, and
it is challenging to realize precise grasping, while pinch gesture is
suitable for precise pinching due to fewer contact points and a

simple mechanical model.
401 —— Three fingers pinch
— Four fingers pinch
— Three fingers grab
—— Four fingers grab

3.5
3.0
2.5
2.0
1.5

Contact force/N

1.0
0.5
0

5 6 7 8 9 10 11 12 13

1 2 3 4

Finger segment
Figure 16 Comparison of contact forces

6 Conclusions

In order to improve the versatility and dexterity of the orchard
end actuator, the common gestures in orchard were summarized,
and a classification table of orchard grasping gestures was formed.
A 14-DOF orchard dexterous hand modeled after the human hand
was designed. The dexterous hand has a reasonable structure design,
high flexibility, and strong reliability. The forward and inverse
kinematics of the finger and the multi-finger kinematics equation
were solved, and the fingertip motion space was further calculated,
which verified the flexibility of the dexterous hand. Based on the
Hertz elastic theory, the equivalent distribution model of the contact
force is solved, the gripping matrix is established based on the
contact model of the friction surface, and the relationship between
the finger and the grasped object is described. The experimental
platform of orchard dexterous hand was established, and gesture
formation experiment, gripping experiment, and contact force test
were carried out. The results showed that the dexterous hand could
form various gestures commonly used in orchards, grasp spherical
fruits with a diameter of 26-90 mm and a mass of 11-238 g, as well
as various special orchard working tools. For a navel orange with a
mass of 234 g, the dexterous hand can achieve a stable grasp with
different gestures. This provides a theoretical basis and technical
support for the realization of orchard compound agronomy.
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