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DESIGN OF AN END EFFECTOR FOR CRAWLING ROUNDLIKE
FRUITS
Yinggang Shi, Yang Guo, Li Liu, Jizheng Zhao, Jun Chen, Yongjie Cui
ABSTRACT: In order to improve the adaptability of the end effectors when crawling roundlike fruits such

as apples, pears and peachs in complex environment, a new design of the mechanical structure of the end
effectors was proposed through analyzing the characteristics of roundlike fruits, the end effectors having
the quasi hand five-finger structure was adopted to replace simple two-finger and three-finger structures.
At the same time, the mechanical strength of the finger was checked. Then with the help of robot
kinematics, the poses, speed and acceleration of the fingertip were analyzed. The finger movements were
planned through using the S curve speed planning method. And the action and force situation of the end
effectors were simulated to check the performances of the motor.
KEY WORDS: roundlike, the end effector, kinematics, trajectory planning.
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INTRODUCTION

Agricultural products are usually delicate and
difficult to handle [1]. Therefore, a high
requirement is placed on the mechanical control and
feedback of the end effectors. Among relevant
studies [2-13], the picking of a single type of fruit is
usually concerned, which lacks universality. Many
studies only consider the automatic gripping and
picking of a single fruit, while in practice, the end
effector can hardly work under the ideal
environment due to the limitations of agricultural
field, sheltering by the fruits and dense growth of
the fruits. Moreover, the fruits may have varying
shapes during the picking, grading and packaging
operations. The proper working of three- or fourfinger end effectors usually requires specific shape
and position of the fruits and a high gripping force.
To achieve this, the end effectors should have high
sensor precision and optimized control algorithm.
But few studies are devoted to the design of end
effector specialized for intermediates operations
such as fruit thinning and bagging.
Addressing the above problems, the paper
designed an end effector by mimicking human
hand’s to crawl roundlike fruits and vegetables,
which increases the contact area and friction with
the fruits and makes the gripping force more
uniform [14]. This gripper can adapt to various
environments and achieve flexible gripping and
picking of fruits at reduced mechanical injury to the
fruits. After design optimization, this end effector
can be applied to fruit grading, sorting and bagging
with higher agricultural automation and lower cost.

2

MECHANICAL DESIGN OF THE
END EFFECTOR

The roundlike fruits such as apples, pears,
peaches, kiwi fruits, tomatoes and round eggplant
are considered as round. The diameter of a tomato is
generally 50mm-70mm and the mass is 70-140kg;
the diameter of an apple is 60mm-100mm with
mass of about 0.25kg[15]. Apples, pears and kiwi
fruits have larger size and density among the above
roundlike fruits. The end effector is designed based
on the size and requirement for picking apples as
well as the planting area.
For the picking of supreme premium apples,
the total area of compression should not exceed
1cm2[16]. Thus the end effector that mimicks the
human hand is designed based on this requirement
[17]. In the new structure of robot gripper, the
thumb is located in the palm to assist the picking
operation of the other four fingers, as shown in Fig.
1.
The four fingers, forefinger, middle finger,
third finger and fourth finger, share the same
structure, each having 4 degrees of freedom. The 4
degrees of freedom refer to the tilting of distal
interphalangeal joint, middle joint and basal joint
and the lateral swinging of the basal joint. The
spacing between two adjacent fingers is 18mm. The
length and width of the distal interphalangeal joint
are 20mm and 18mm, respectively; the length and
width of the middle joint are 30mm and 24mm,
respectively; the length and width of the basal joint
are 40mm and 18mm, respectively. Since the thumb
does not swing laterally, the thumb has 3 degrees of
freedom in tilting. The length and width of the joint
of thumb are the same as those of the other four
fingers.
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The structures of forefinger, middle finger,
third finger and fourth finger are shown in Fig. 2.
Motor 1 and motor 2 drive the transmission belt,
delivering force to axle 1 and axle 2 of the
differential mechanism of the basal joint, as shown
in Fig. 3. The axles of motor 1 and motor 2 will turn
towards human, and the clockwise rotation of the
axles corresponds to the forward rotation of the
motor. Then, when motor 1 and motor 2 in Fig. 2
rotate in a forward or reverse direction
simultaneously, axle 1 and axle 2 in Fig. 3 also
rotate in a forward or reverse direction
simultaneously. They drive the rotation of the
driving bevel gear 1 and driving bevel gear 2 in the
reverse or forward direction simultaneously. Under
the action of moment of force with equal magnitude
and opposite direction, the driven bevel gear 3 and
driven bevel gear 4 maintain a dynamic balance
without rotation. The rotation of driving bevel gear
1 and driving bevel gear 2 will drive the tilting of
the entire fingers. When motor 1 and motor 2 in Fig.
2 rotate in different directions, the driving bevel
gear 1 and driving bevel gear 2 will rotate in the
corresponding directions under the action of axle 1
and axle 2 in Fig. 3. The driven bevel gear 3 and
driven bevel gear 4 are made to rotate in the reverse
and forward direction around axle 3 and axle 4
under the action of two times of torsional moment
in the reverse and forward direction, respectively.
As a result, the fingers swing laterally. In Fig. 2,
motor 3 and motor 4 drive the rotation of the middle
joint and distal interphalangeal joint, respectively.

1. Groove for installing the fingers; 2.
Transmission belt; 3. Differential mechanism of
basal joint; 4. Middle joint; 5. Distal interphalangeal
joint; 6. Motor 1; 7. Transmission belt; 8. Motor 2;
9. Proximal interphalangeal joint; 10. Motor 3; 11.
Motor 4
For the basal joints of each finger, a total of 16
pairs of curved tooth bevel gears with the same
structure are designed. The design parameters are
shown in Table 1. The middle joints and distal
interphalangeal joints of forefinger, middle finger,
third finger and fourth finger are directly driven by
the motors; the basal joints are driven by the
transmission belt powered by the motor. The
TRUM-30 type ultrasonic motor developed by
Precision Driving Institute of Nanjing University of
Aeronautics and Astronautics is used. The diameter
of the stator is 30mm and the rated torsional
moment is 50N·mm; the maximum output torsional
moment is 200N·mm, the maximum rotational
speed 250r/min, and dead weight 40g[18].

1.Axle 3; 2. Axle 1; 3. Driving bevel gear 1; 4.
Driven bevel gear 4; 5. Driving bevel gear 2; 6.
Axle 2; 7. Driven bevel gear 3
(a) Basal joint

Figure 1. Mechanical design of end effector
1. Fourth finger; 2. Third finger; 3. Middle finger; 4.
Forefinger; 5. Palm; 6. Thumb

(b) Transmission mechanism of basal joint
Figure 2. Structure of forefinger, middle finger, third
finger and fourth finger

Figure 3. Force transmission to the differential
mechanism of basal joint
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The thumb has 3 degrees of freedom
correspond the rotation of the 3 joints. The motor
driving the gear and the basal joint is located
beneath the palm, as shown in Fig. 4.

satisfies the requirement, and so
mechanical strength of other fingers.

does

the

Table 1. Parameters of curved tooth bevel gear

Modulus m
Tooth number z
Pressure angle α
Width of gear b
Addendum coefficient ha*
Tooth clearance coefficient
c*
Modification coefficient
Helical angleβ

0.5mm
20
20°
3mm
1
0.02

a) Loading pattern of middle finger

0
35°

b) Displacement of middle finger

1. Motor of basal joints and big gear; 2. Small gear; 3.
Motor 2; 4. Motor 3

c) Strain of middle finger

Figure 4. Sectional view of thumb

In extreme conditions, the finger tips bear all
the weight of the fruits. Consider an apple with
maximum mass of about 0.25kg. When distributed
to each finger, the load is about 0.7N. The middle
finger bears the largest load during picking. For
simulation of the mechanical strength of the finger,
the load of 1N is imposed on the tip of the middle
finger with its basal joint fixed. The end effector is
made of 1060 aluminum alloy, with shear modulus
of 2.7*1010N/m2, density of 2700Kg/m3, yield
strength of 27574200N/m2, elastic modulus of
6.9*1010N/m2 and Poisson’s ratio of 0.33. The
loading pattern, stress, displacement, strain and
stress of the middle finger are shown in Fig. 5a, b, c
and d, respectively. The simulation indicates that
the minimum shear stress is 63.8523N/m2 and the
maximum is 375964N/m2; the minimum
displacement is 0mm and the maximum is
1.09785×10-3mm; the minimum strain is
1.40987×10-9 and the maximum is 3.75547×10-6.
The mechanical strength of the middle finger
48

d) Stress of middle finger
Figure. 5 Simulation of mechanical strength of
middle finger

3

REQUIREMENTS FOR THE PAPER

Kinematic analysis of the end effector is
performed with respect to the posture, speed and
acceleration of finger tips.
To stably grip the fruits, the end effector must
have accurate gripping posture based on the contour
of the fruits. Through inverse kinematic analysis of
the robot, the rotation angle of each joint can be
obtained for a given posture. Through forward
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kinematic analysis, the rotation angle of each
joint and the relationship with the posture of the
finger tips are obtained. Thus, the desired rotation
angle of the joint is achieved by the control
algorithm. By analyzing the robot Jacobian, the
gripping force exerted by the finger tip is
calculated. The kinematic parameters of the finger
point are then converted into the kinematic
parameters of each joint. The motion of each joint is
constantly adjusted during picking so as to reduce
the damage of the gripper to the fruits.

3.1 Forward kinematic analysis
Using D-H method[19], the kinematic
coordinates of the middle finger are established, as
shown in Fig. 6. The D-H parameters of the middle
finger are given in Table 2.
x2
y2
Z2

y1

x3
Z3

θ3

θ4
a4

a3

θ2

x1

y3

θ1

a2

Z1

m

Z0

a1=0

(1)
The transformation matrix of the finger tip
with respect to the reference coordinate system is
expressed as follows:
(2)
The values of
are given, and by
substituting the length of each joint, the position
and posture of the tip of the middle finger are
calculated according to formula (1) and (2),
respectively.
The calculation is the same with forefinger,
third finger and fourth finger and the details are not
repeated here.
Since the thumb has only 3 degrees of
freedom, let
,
. Thus, the
transformation matrix of the tip of the thumb with
respect to the reference coordinate system is as
follows:

y0

Figure. 6 Structural parameters
coordinates of the middle finger

and

Table 2 D-H parameter of the middle finger
Connecting rod
ai (mm) di αi(°)
i

Range

1
2
3
4

-5～5
-90～90
-90～90
-90～90

0
40
30
20

1
2
3
4

0
0
0
0

90
0
0
0

(3)

3.2 Inverse kinematic analysis
Given the posture of the finger tips, the
rotation angle of each joint can be known. From
，it is obtained that

Suppose
(4)

, then the rotation matrices A1, A2, A3 and A4 are
are
，

，

(5)
(6)

，

Hence
Let
be the homogeneous coordinate
transformation matrix of the finger tip with respect
to coordinate 0, then

Let

, then

,

i.e.,
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3.3 Jacobian analysis
Let

, and according to formula

(4), (5) and (6)

The Jacobian of the forefinger, middle finger,
third finger and fourth finger can be expressed as
follows:
where

(7)
From formula (7),
and
are calculated.
From formula (4), (5) and (6), it is obtained
that

(11)
where
is the transformation matrix of
in coordinate system {i-1} with respect to
the reference coordinate system {0}:

Let

，

and
, thus

，
，

, ,
and
are the rotation angles of the
joints of middle finger, forefinger, third finger and
fourth finger, respectively, given the posture of the
finger tips. The calculations of the rotation angles of
the joints of forefinger, third finger and fourth
finger are the same as that with the forefinger.
Similarly, the rotation angles ,
and
of
the joints of the thumb are obtained.

is the representation of the origin of
coordinate system {n} in the reference coordinate
system with respect to the coordinate system {i-1}:
i.e.,
，

Let

，
(8)
，
(9)

From (8) and (9), it is known that
(10)
The values of
and
calculated by formula
(10) are substituted into formula (8) to get . The
values of ,
and
correspond to ,
and
in the coordinate system of the thumb,
respectively.
The inverse kinematic equations of the fingers
have several solutions, from which the appropriate
one is chosen based on specific need and steadiness
requirement of motion.

50

Zi-1 is the unit vector of z axis in the coordinate
system {i-1}.
，

Substituting
(11) will produce

，

，

,

and Zi-1 into formula

(12)
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,

(13)

,
,
(14)

By substituting the above formula in to
formula (8), the Jacobian matrix of the thumb is
expressed as follows:
where the Jacobian of each joint of the thumb
is given by

(15)
where is the speed of finger tip;
speed of the joint, thus

is the

From formula (12), (13), (14) and (15), the
relations of joint speed and acceleration to finger tip
speed and acceleration can be obtained, thus
achieving the mapping of the joint space to the
operating space.
Similarly, the transformation matrices of the
thumb are calculated:
,
,

4

,

TRAJECTORY PLANNING OF THE
FINGER

To ensure the steadiness of the fingers and to
reduce the impact to the fruits, the trajectory of the
fingers is planned by using the S-shaped velocity
profile.

,

,

4.1 Linear interpolation using parabola
transition curve
Cubic polynomial interpolation is adopted to fit
the trajectory of the fingers.
(16)
Derivation of θ(t) is done to obtain the
function of speed and acceleration with respect to
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time. Considering the requirements on motor
performance and fruit picking, the gripper is closed
for 5s. The rotation angle of the basal joint of the
middle finger varies from 0 to 70°, and the initial
and final speeds are both 0, thus
，

,

，

(17)

Speed time image
20
18
16
14
12
10
8
6
4

Matlab is run using the above parameters to
obtain the acceleration curve of basal joint of
middle finger, as shown in Fig. 7.
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Figure. 8 Speed curve fitted by parabolic
interpolation
The acceleration time image
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Figure. 7 Acceleration curve of basal joint of
middle finger
It can be seen from Fig. 7 that there exists a jump of
acceleration at the beginning, causing certain shock
to the end effector. Thus the S-shaped speed curve
is fitted by parabolic interpolation [20].
For each joint, let t=5s and =70 degrees,
maximum acceleration amax=20rad/s2 and maximum
speed=20rad/s. At the start, the variable acceleration
lasts for 1.5s, constant acceleration for 2s and
variable deceleration for 1.5s, followed by constant
speed movement for 2s. Substituting these
parameters into formula (18), (19) and (20) will
result in formula (21). The speed curve and
acceleration curve of the basal joint of the middle
finger fitted by parabolic interpolation are given in
Fig. (8) and (9), respectively.
(18)
(19)
(20)

-20

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

Figure. 9 Acceleration curve fitted by parabolic
interpolation

It can be seen from Fig. 8 and Fig. 9 that there is no
jump of acceleration and the speed curve is smooth,
hence ensuring the steadiness of end effector.

4.2 Kinematic Simulation
The maximum rotation speed of the TRUM-30
type ultrasonic motor is 250r/min. In this case, the
gripper is closed for 3s. During this time period, the
basal joint of the middle finger rotates by 70
degrees, the middle joint by 22 degrees and the
distal interphalangeal joint by 10 degrees. Using
these parameters, the stress and motion of the
fingers during picking are simulated with
SolidWorks software. Kinematic simulation is
carried out on the basal joint, middle joint and distal
interphalangeal joint of the middle finger. The
simulation results are shown in Fig. 10, Fig. 11 and
12.

(21)
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applied perpendicular to each joint of the middle
finger. By reference to the results of kinematic
simulation in Fig. 10, 11 and 12, the moment of
force is obtained for each joint (see Fig. 13, 14 and
15).

Figure. 10 Kinematic simulation of basal joint of
middle finger

Fig. 13 Moment of force of basal joint of middle
finger

Fig. 14 Moment of force of middle joint of middle
finger

Figure. 11 Kinematic simulation of middle joint of
middle finger
Fig. 15 Moment of force of distal interphalangeal
joint of middle finger

It can be seen from the above figure that the
maximum moment of force is 74 N•mm for each
joint. The maximum torsional moment of TRUM30 type ultrasonic motor is 200 N•mm, which
satisfies the requirement.

Figure12 Kinematic simulation of distal
interphalangeal joint of middle finger

4.3 Calibration of Mechanical Performance
of Motor
To achieve high-efficiency fruit picking, the
moment of force of the motor has to satisfy relevant
performance standards. According to the simulation
results in Fig. 10, 11 and 12, the moment of force of
the motor is calculated and the motor performance
is calibrated.
An apple has a maximum mass of about 0.25kg
or 2.45N. That means each finger bears the load of
about 0.5N. Since the middle finger bears the
largest load in gripping, the stress of the middle
finger is calibrated. An external load of 1N is

5

CONCLUSION

The paper designed an end effector for
crawling roundlike fruits such as apples, pears and
peaches by mimicking the handling of human hand.
This gripper is modularized and had low cost and
high interchangeability. To reduce the volume of
the end effector, the joints of the fingers were
designed as differential mechanisms. The fingers
were endowed with degrees of freedom in tilting
and lateral swinging. By kinematic analysis and
trajectory planning of a single finger, the control of
the end effector was realized. Finally, kinematic
simulation was carried out using SolidWorks. The
paper tested for the motor performance through
motion path analysis and confirm that the motion
trajectory of the fingers of end effector satisfies the
requirement.
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