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Abstract: The mechanical design of a novel robot
system for apple harvest in orchards is introduced in this
paper. A description of the working environment is first
provided. The robot system is operated in a master—slave
manner, which is widely used in surgical robots. The
robot makes use of human judgment and the precise
positioning, stable, and tireless manipulability of the slave
robot to mechanize apple harvest. The slave robot is
constructed with an under-actuated end effector and a
modified Selective Compliance Assembly Robot Arm
(SCARA) manipulator. Two passive joints are set at the
end effector to adjust its capture gesture according to the
branch of the target apple. An additional joint is set at the
SCARA arm to point the end effector at the tree trunk
during harvest period. The dexterity of the manipulator is
analyzed with the geometrical method, and a preferred
initial harvest position is obtained. A joystick is employed
as the master device for the operator to generate the
control command, which is utilized to control the motion
of the slave arm and end effector. A PC-based control
system is established to integrate the pieces of
equipment. Initial test results validate the design concept
of this apple harvest robot system.
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INTRODUCTION

In China, large amounts of apples and pears are
produced in orchards. These fruits play an important role
in the fruit economy. Total apple production reached 35
million tons in 2014. An unavoidable social course in
China at present is that a decreasing number of laborers
stay in the countryside. This phenomenon affects
agriculture and the fruit industry. Labor in orchards is in
serious demand, especially during harvest season.
Hence, mechanization of fruit harvest is required.

With the development of machine vision, robots, and
artificial intelligence, many important achievements have
been obtained in the automation of fruit cultivation and
harvest. Schertz first proposed the concept of harvest
robot in 1968 [11]. The success rate of this robot when
used in harvesting was approximately 70%. Kondo
developed a tomato harvest robot in 1993 [8]. The robot
comprised a manipulator, an end effector, a vehicle unit,
and a vision and control system. Its success rate was
approximately 70%. Zhou presented a 7-DOF robot for
cucumber harvest in greenhouses in 1998 [16]. A
Charge-Coupled Device (CCD) was embedded inside the
end effector for quick and precise positioning. The
harvest speed was approximately 10 s for each target.
Edan presented a robot system for melon harvesting in
2000 [2]. The robot body was set on a mobile platform,
and a black and white image was utilized to locate the
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target fruit; the success rate was about 85%. Van
introduced an autonomous robot for cucumber harvest in
greenhouses in 2002 [14]. The robot had 7 DOF, and the
end effector was equipped with a hot cut unit for
antivirus. In 1994, Setiawan designed an apple gripper
that is highly capable of picking up an apple without
scratching its skin [12]. Foglia introduced a cost-effective
robotic arm for the harvest of radicchio; the robotic arm
employed visual localization of the plants in the field [3].
The harvester was composed of a double four-bar
linkage manipulator and a gripper, which fulfilled the
requirement for a plant cut approximately 10 mm
underground. Han proposed a fruit and vegetable picking
robot in 2007 [6]. The robot was jointed with 4 DOF and
fulfilled the requirements for eggplant picking in
greenhouses. Baur developed a redundant modular
multipurpose agriculture robot for the harvest of sweet
pepper, apple, and so on [1].

The uncertainty and non-structural environment in
orchards, the random and complicated distribution of
apples in a tree, illumination variation, and other factors
significantly affect the efficiency of the vision system,
amount of time consumed, and success rate of robot
harvest. The amount of time required for a robot to
harvest a single fruit varies from 7 s to 55 s [10, 13], and
the success rate is approximately 43% to 95% [7, 15].

Robots for fruit harvest have been investigated for
decades. Most of the studies mentioned above are based
on the vision-navigated autonomous robot method. To
date, no commercial products for orchards are available.
The concept of master—slave robot for the mechanization
of apple harvest was presented in 2013 [5]; this work is
developed in the present study. The master—slave robot
was first employed in a radioactive station in the 1950s in
the USA [4]. It was widely used in surgery robots by the
end of the 1990s [9]. The similarities of surgery and fruit
harvest are the complexity of the environment and the
uncertainty of target manipulation. The task for fruit
harvest is less difficult compared with that in surgery; this
fact may reduce the cost and difficulty involved in
introducing the master—slave robot to fruit harvest.

(a) Apple tree in orchard

(b) Apple distribution
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(c) Top view of tree

Fig.1- Orchard and apple distribution

MATERIALS AND METHODS
Working environment of a harvest robot

With several exceptions excluded, apple trees in
China are typically grown in orchards with a similar
layout. Apple trees are planted in lines at a distance D1
of about 4 m to 4.6 m; the trees are maintained within the
same line at a distance D2 of about 3.3 m to 3.8 m, as
shown in Figure 1(a). The space around the trees is for
laborers to cultivate the apple trees and harvest their
fruits; it also allows a vehicle to cross the orchard.
Sufficient space between trees also benefits
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photosynthesis for better production. An ordinary mature
apple fruit is 80 mm to 100 mm in diameter, with a weight
of 0.18 kg to 0.25 kg. Fruits are distributed on almost all
branches of an apple tree in different height layers, as
shown in Figure 1(b). Most of the branches radially
extend from the center of the tree trunk to the outer edge
direction, providing an apple tree a nearly spheroid
shape. The body of an apple tree is likely to point toward
the ground direction because of gravity. When the apple
fruits are mature, laborers pick them from around a tree
along sector areas |, Il, and Ill, as shown in top view in
Figure 1(c). The preferred harvest sequence is from the
bottom of a tree to its top and from the outside circle to
the center tree trunk; in this manner, laborers encounter
the least obstacle from radially structured branches and
avoid unnecessary damage to other apples.

Mechanical design and analysis of the slave robot
1). Manipulator of the harvest robot

A master—slave robot for apple harvest is proposed.
The slave robot is meant to be set on a common vehicle
in an orchard, which is not discussed in this paper. The
slave robot for apple harvest is composed of a modified
SCARA manipulator and an under-actuated end effector,
as shown in Fig. 2(a). The manipulator of the robot is
from an ordinary SCARA robot with a third rotation joint
R3 added to its distal. The end effector is connected to
joint R3. The manipulator has a vertical translational joint
Z set inside the base column. Joint Z is driven by a screw
mechanism (KA140A-C5) and lifts the robot arm up and
down. Joints R1, R2, and R3 are driven by servo motors
(YZ-ACSD60) to move the end effector on a plane.

(a) Modified SCARA manipulator
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(b) Pointing at tree trunk

Fig.2- Slave manipulator for apple harvest

To reduce the obstacle from branches and damage to
other mature apples in sectors |, Il, and Il of the apple
tree, joint R3 must align the end effector to the center of
the tree trunk all the time during harvest, as shown in
Figure 2(b). The origin of coordinate O is set on point J,
of joint R1, and the positions of joints R2 and R3 are
marked as J, and J,. The coordination of the tree trunk
(o) is (OL), and the location of the target apple is
labeled with P, by radial r and angle « of the branch,
as shown in Figure 2(b). Thus, lines J,p, and PO, are
expected to be collinear all the time.

With joint angle variations ¢,6,,6, and arm lengths

l,,1,,1, of the manipulator, we have:

87

TR BB N T UGS RS, [RIE S T IR X
T HAb AR S A, AR SRR B IX I T, IT A T1T
B, mE 2 (b fs, HUWERRT R B R IKE) K b
T BAE KA TAE 1A 4 i 2 o g 244 1) SRAF AR F 7 1)
THIALFR F 0-XY M A5 0 BEAESCTT R 3, #L, K R
Ry AL EARIE A 3, 1 3, o SRAGXT GBS (FIRT-A4 45 O, A
wHOL, RN FFERMME SRE NP, WE 2
(b) B, P, Al LA BT AERC 6 BIW T M EE B r R FE o
WasE, XPEREL 3P Ml PO, i%— B L.

RYE AT E 6. 0,0, , LLREHUARE & Bk B E
I~ LA, W33



Vol. 46, No.2 / 2015 |NMATEH'-'5‘qu¢:«(t¢ualj cé‘nqmcctmq
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distributed to r and « , as shown in Figure 3. s 3 .
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2). Under-actuated end effector for the robot 2). PIEEN RHRENFot T A

The e_nd _effector is installed in the mgnlpglator with L2 AR BREh A o T L BB Z 05 R R, 423
two passive joints, R4 and R5, as shown in Figure 4(a). - - e
The end effector is basically constructed on a square FINWE £, B 4 (a) Jome ARG TRAEEA LA
frame. The side lengths of the frame are b and ¢. A  fE—MKATEIMER L, &K R ALK A8 b A
local coordinate 0—Xy is set on the frame plane, as C. ATEERAKTTAEL FigE A5 AL KR 2 4% 552

shown in Figure 4(b). The ideal condition for harvest is RS R b kP K, SR EEE S, R, kL
that the branch is horizontal and the apple is vertical. " 7~ ' e

However, in most cases, the branch is gradient oriented KRB R R A, B 4 (b AARIEH Ly 2T
[marked as line L, in Figure 4(b)]. The gradient angle of 7. %5 Ly AT 2R L BAC Ty TEAE 4P Th il A4 14 £ FEE A
L, relative to the frame plane is £, which is measured  ju L ZHEEE L KPR | G . KT

with a parallel auxiliary line I, of L,. The direction of - P RN
7 L, 22 | Mixt T o— " N 10 /s
projection line | of L, relative to the 0—y axis on the ZEKJFEW s ML HIX T y FABIR BRI S
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frame is marked as J'. ARIARAT #8 A SRA R SE R 2% AR T Ry AISG

Joints R4 and R5 are expected to adjust the gesture 4 D 3 NN TIPS, .
Rs 1f ; NI 6 1 9 o Y o E:
of the end effector relative to the apple and branch, with T RRE, FENG, A 6 AMITALEETHR

angles labeled as 8, and 6. The end effector rises to W2 EFRIRASER, HATRARIANE 4 (b) iz . 0X
meet the target apple, with a vertical translation by joint Z /M F2E R un AT E8 KK T TRAESE (L S o2 Je e P i
marked as z in Figure 4 (b). The frame edge of the end i gk 4. W T SRAMHLES N, HARIER L, FFT7ER %

effector thus meets the gradient branch first at point P . T S STE P A A BT 22 0 Ky TME BRI, K
The gravity of the branch and apple pushes against the = CIE

frame and rotates it at joints R4 and R5 until the apple is TITGAERRGER I R R e ELBY F AR RSN AT
inside the end effector, where the frame plan meets the — #FPER, LI J7 T HE S8 [0 426 firh 139 58 S B0 B AR 5%

bottom of the apple stem with vertical distance a to the B MR RN ER N A . EXAMIE, XFE

branch. T_hus, with displacement and moment balanced, ST 2 R 7 T A 5
the equations are

bsin g

——-a :E(sin 6, +ctgssin g, cosd,)
2sinocos g 2

Q)

25ing =(sing, -1, +sing,-1,)-mg

where m is the mass of the end effector and F is the  pphbm NRBEHATI E R, F AL IEHBIHELE

force from the branch to the frame. |, and |5 are the  |-pg . | fl 1 SR EEHUT 2R O B934 Ry I Rs i
vertical distances of the end effector mass center to the 28 (B ¢ °

axis of joints R4 and R5.

(a) Under-actuated end effector (b) Gesture adjustment
Fig.4 - End effector of the slave robot

Cutters | and Il are set on two separate sliders along YSEEF 5 RN T, W) | R T 1 4y A
the axis direction of joint R5 and driven by two separate s o ALY N S b b g
micro cylinders. Graspers | and Il are installed with oL, J\Xﬁi I‘ %%Hﬂ% ! $j;£1rﬁimﬁlglzxj]o %h%
springs in cutters | and Il separately and move together | FIRHRFES 11 Z3 AL S SEHLI 2R V)T L ANG1T I L 5F
with them; they are set to an initial position where they B BIRME TN —8igs), i | FEEFES | BB
are sure to come in contact with and grasp the apple Wi BT AR S AIZE Y J] | AT 1 2 BT R,
before cutters | and Il operate. With a proper capture bt g s b o e
gesture by the end effector, the cutters and graspers are %';Elﬁﬁ%ﬁ%&ﬁﬁiﬁﬁmﬁ%fg)ﬁ’ PHEFL UL R 3
driven by micro cylinders together. When graspers | and  IVIJIARRFESHUA A RIZE) . 2 Fds | RIEEEES 1l
Il hold the apple steadily, they stop moving. Cutters | and iR EeAELREs), YIJI | FY1J) 11 gkt
II.keep _sI|d|ng toward the center and cut the apple stem L T7 RS B B B A T A, A& E R 7] 7] 2
with their sharp edge when they meet each other. In this o N ol ke b
manner, the number of drive units for the cutters and DT/ VIBEFARRAR. ARG, al LABAD A AT 45

graspers can be reduced for the benefit of the V) JI RN SR AR A8 IR B BT B, AN AT DA AL S5 ) B

mechanism structure and improvement of harvest art. %, RN DAL T2,
Control method for the apple harvest robot . ,
1) PC-based control system i‘;%%ﬁﬂlé’#/(ﬁf?ﬁ/]}‘ 3
The control system of the apple harvest robot is 1) #7 PC #£5#/ 5%
based on a PC platform, as shown in Figure 5. The AR BN AR ARG HATET PC E S
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operator holds the master joystick and sends control
signals via the stick and a button on it to the PC and PLC
controller (FX2N). PCI 1020H is a PCl-installed motion
controller; it is used to receive the motion command and
control the motors of the slave manipulator
simultaneously. The PLC controller is employed to trigger
the solenoid valves of the micro cylinders of the end
effector to generate an under-actuated grasping and
cutting movement. The views of the target apple are
captured by CCD | and Il. The video signals of CCD | and
Il are processed by a vision card (VCER-89) and shown
on an LCD screen set in front of the operator for
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Fig.5 - Architecture of the control system

2) Vision system

CCD | (SUNWAY-500A) is vertically set at the bottom
center of the end effector frame similar to the
arrangement of “eye in hand,” as shown in Figure 4(a).
CCD 1| is expected to capture views under the target
apple and “guide” the apple to the center of the LCD
screen, as shown in Figure 6(a). CCD Il (CSTE-10) is
horizontally set at the frame side of the end effector and
is expected to help the operator check whether the apple
has fallen into the end effector properly, as shown in
Figure 6(b). The scenes captured by CCD | are the first to
be shown on the LCD screen. When an apple is
positioned well in CCD I, joint Z of the manipulator begins
to raise the end effector. The LCD changes to show the
scenes captured by CCD Il to help the operator decide
whether to cut the apple stem.

2) BEZ%

A&k CCD T (SUNWAY-500A) PA “HRAETF-Hh” pJ7 A
L2 R T R S AT A48 5 TR S G | IR N T, Wi 4
(a) Przm. $A&k CCD T 7E HARSER N J7 3R I H AsE R A
%, ERER “ 257 BEG L AE, WE 6 (a) T
o 1%k CCD TT(CSTE-10) 7K1 %2 3 T K ki AT 45 75 1%
MEZRN S, FORH IR EHE SRS “NIE” 2K i
AT AIEALE, W 6 (b) fiR. #gk CCD 1 Ak
EMMAE BB ERTE LD . MERLTFAEME
Ja, HUBE 7 %19 EAREh A AT &5, BRI LCD Y1
PR S CCD T PR Y A 5 B A 38 1 o A 15 DI 2R
i,

(a) Scene of CCD |

(b) Scene of CCD Il

Fig.6 - The scenes on the LCD

3) Master—slave mapping

The apple harvest robot operates in a master—slave
style. The master device (Litestar) is a commercial
joystick, as shown in Figure 7(a). It is composed of two
sticks and several buttons. The left stick can produce two
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planar absolute values marked as R, and T, . The right
stick is utilized to generate absolute control value Z , .
R, used is to control the distance of P, to O,, which is
marked as R, as shown in Figure 7(b). T, is employed
to control the direction of arm J,P,, which is labeled as
T, , and keep lines J,P, and PO, collinear and rotating
together relative to O,. Z, of the joystick is used to
directly control the translational joint Z, of the slave
manipulator in Figure 2(a). Button 2 of the joystick
functions as a switch to set off the grasper and cutter
mechanism of the end effector.

(a) Master joystick
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(b) Slave manipulator

Fig.7 - Master-slave mapping

The master-slave control system operates in a
continuous circulation mode. In the beginning of each
control loop, the output of the master joystick is captured
by the PC and analyzed to control joint angles 4,, 6, , and
o0, of the slave manipulator as in the following equation.

where J[R,,a| is a mapping function derived from
Equations (2) and (3). [A6,A6,,A6,,Az] are the micro
displacements of slave manipulator joints; they are sent
to the PCI motion controller to determine and drive the
motors of the manipulator within the present control loop.

RESULTS AND DISSCUSSION

Before the harvest experiment in the orchard, a
phantom test was conducted in a laboratory to initially
evaluate the master—slave robot system. Three aspects
of the system, namely, the manipulator route, gesture
adjustment, and apple capture ability of the end effector,
were considered.

Arc route of the manipulator

To validate the concept of the modified SCARA
manipulator, a circle arc with r=0.5m was set as the
harvest route for the robot. Within the range of
ae[-x13,7/3], the manipulator can point the end
effector to the tree trunk along the arc route as expected,

= J[R,,a]-| AT,

91

£ IEH RS TR R T RS R R A . 7649
A TARGEIR I, PC WL b TR £
V2R 5 ek B SR DR L3 A WLBR 5%
RO . 6,716, ARH:

AR

m

©)

s

AZ

m

i I[R, @] REAR (2) FIAR (3) 650 BH K
B [AG, A6, A0, Az]' RN HRAEHLEE AL 115
ks, KBRS B PCT BT R (A vt
LRI B RRRE T, SRR RIS U 56 15 bl

ZRMTE TR

Blas NAEREAT R EE U2 AT, 9 78 E- MR HLES A
BEAT WL B, ASCAE SRR S HEAT T 05 RSB K. L
A N IR AR B R AR AR, R AT 4% 1) 28 25 R A R K
2l A T HL 1 R SR AR I =I5 i

DL B

N TAERIASSC AL SCARA HUWRE ORES:, ASCBOE T
AR 0. 5m (K EIRBAE AR AL & N AU 130 11 B
1o fEael-ml3,x I3 XN, MIERAEHUE AT 2% I8 5
WP AR AT SR IR PUER 3, IF IRIEAR S T H IR %4



Vol. 46, No.2 / 2015

as shown in Figure 8(a). The joint angles of R1 and R2
during this process are plotted in Figure 8(b).

Slave robot

(a) Phantom test
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(b) Joint variation of slave manipulator

Fig.8 - Test of the slave manipulator

Gesture adjustment of the end effector

Joints R4 and R5 are equipped with potentiometers
(5kQ) to measure the variation of joint angles 6, and 6,
as the end effector approaches the target apple. With the
branch of angles f=7/6, 6=n/4, the plane of the
end effector frame is rotated to adapt to the branch
gesture.

The variations in 6, and 6, are indicated in Figure 9.
The passive joints for the end effector basically achieved
the expectation for gesture adjustment. Owing to a
mechanical reason, the effects of the two passive joints
are not similar. Joint R4 is more sensitive to rotation by
the gradient branch, and joint R5 has more friction and
behaves below expectations.
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0.05'
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Fig.9 - Angle variation of 8, and 6,

Apple harvest with the end effector

Apple harvest is directly carried out with the end
effector. The maximum diameter of the phantom target
apple is approximately 80 mm. The motion of the
graspers and cutters are driven pneumatically in an
under-actuated mode. The cylinders for the end effector
work with a pressure of 0.6 MPa, and the maximum travel
distance of the cylinder is 60 mm. Given the dimension of
the other mechanical parts, the maximum apple diameter
that the end effector can deal with is 80 mm, as shown in
Figure 10.
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CONCLUSIONS

To address the reduction in available labor in
orchards, a novel harvest robot system that operates in a
master-slave style was comprehensively studied. The
robot system integrates human judgment and the precise
motion of the slave robot to mechanize apple harvest.
After introducing the working environment, the
mechanical design for the slave robot was presented.
The slave robot is composed of an under-actuated end
effector and a modified SCARA manipulator. An
additional rotation joint is set to an ordinary SCARA arm
to point the end effector at the tree trunk during harvest.
The dexterity of the manipulator was studied, and a
preferred position was obtained. The passive joints on
the end effector adjust its capture gesture according to
the branch of the target apple. The control system was
established based on a PC platform to integrate the
pieces of equipment. The operator obtains video
feedback from a CCD embedded inside the end effector.
A joystick is employed as the master device to generate
the control command and further control the slave robot.
Test results show that the new robot system meets the
initial design expectation in terms of the modified SCARA
manipulator, gesture adjustment of passive joints, and
apple harvest with the end effector.

Nevertheless, the control system and end effector
need to be improved. For the control system, a dedicated
system instead of a PC platform is preferred in the field
test and final usage, which will be conducted in the next
stage. As for the end effector, the mechanical design
needs to be modified for better weight and dimension to
be capable of harvesting bigger apples than those
harvested at present.
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