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  HIGHLIGHTS
● An optimized four-step inverse kinematic
solution method ensures smooth and precise
motion with minimal mechanical interference.

● The robot achieves a fast response time of
74.4 ms, with an average target-picking
duration reduced to 6.5 seconds after
operator training.

● The system simplifies the picking process using
gesture recognition.
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  GRAPHICAL ABSTRACT
 

  ABSTRACT
In response to the demand of automatic fruit identification and harvesting, this
paper  presents  a  human-robot  collaborative  picking  robot  based  on
somatosensory interactive servo control. The robot system mainly consisted of
four parts: picking execution mechanism, hand information acquisition system,
human-machine  interaction  interface,  and  human-robot  collaborative  picking
strategy.  A  six-degree-of-freedom  robotic  arm  was  designed  as  the  picking
execution  mechanism.  The  D-H  method  is  employed  for  both  forward  and
inverse kinematic  modeling of  the robotic  arm. A four-step inverse kinematic
optimal  solution  selection  method,  including  mechanical  interference,
correctness,  rationality,  and smoothness of motion, is  proposed. The working
principle  and  use  of  the  Leap  Motion  controller  for  hand  information
acquisition were introduced. Data from three types of hand movements were
collected  and  analyzed.  Spatial  mapping  method  between  the  Leap  Motion
interaction  space  and  operating  range  of  the  robotic  arm  was  proposed  to
achieve  a  direct  correspondence  between  the  cubic  interaction  box  and  the
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cylindrical  space  of  the  fan  ring  of  the  robotic  arm.  The  test  results
demonstrated  that  the  average  response  time  of  the  double-click  picking
command  was  332  ms.  The  average  time  consumption  for  somatosensory
control targeting was 6.5 s. The accuracy rate of the picking gesture judgment
was 96.7%.

  

1    Introduction
 
Fresh  fruit  harvesting  and  picking  consume  the  most  labor
throughout  the  entire  operation of  fruit  production.  Since  the
quality of freshly harvested fruits directly affects their sales and
economic  benefits,  the  picking  process  is  complex,  with
significant  challenges  to  mechanization,  and  predominantly
relies on manual labor. However, the use of a single harvesting
machine  or  manual  labor  alone  cannot  adequately  meet  the
demands  for  improving  harvesting  efficiency  and  reducing
costs.  With  the  development  of  precision  agriculture  and
artificial  intelligence,  the  concept  of  human-machine
collaborative harvesting robots has gained increasing attention.
These  robots  can  effectively  integrate  human  and  machine
efforts,  achieving  a  collaborative  operation  between  humans
and machines, which holds significant importance in fresh fruit
harvesting.  With  the  decrease  in  labor  force  and  a  significant
increase in labor costs in China, automated and intelligent fruit
and  vegetable  harvesting  has  become  a  developmental
necessity[1–5].  Scholars  both  domestically  and  internationally
have conducted research on automatic harvesting technologies,
mainly  employing  monocular  or  binocular  cameras  for  fruit
identification  and  localization.  However,  due  to  the  complex
and  variable  lighting  conditions  in  orchards,  heterogeneous
tree  canopy  growth  and  various  unstructured  environmental
factors,  such  as  severe  fruit  occlusion  or  overlapping,  visual
fruit  recognition  and  localization  have  become  challenging.
Despite  extensive  research  by  scholars  on  fruit  recognition
under overlapping and occlusion conditions[6–8], path planning
and obstacle avoidance in complex canopy environments[9–11],
and  recognition  under  different  lighting  and  shadow
conditions[12–14],  the  operational  effectiveness  of  on-site
picking robots still  fails to meet the needed standards. Further
issues  persist  in  the  accuracy,  real-time  performance,
effectiveness  and  applicability  of  machine  vision  recognition
and localization algorithms[15,16].

Human-computer  interaction  is  the  science  of  studying  the
interaction between systems and users,  which involves using a
certain  dialog  language  between  humans  and  systems  to
complete  specific  tasks  through  a  certain  interaction  method.

With  the  rapid  development  of  somatosensory  technology,
interactive  technologies  using  somatosensory  input  have  been
applied  in  education,  medicine,  machinery,  aerospace,
economics,  scientific research,  and other fields[17–20],  but have
seen limited application in agriculture[21]. Xu et al.[22] designed
a  fruit-picking  robot  based  on  biomimetics  that  imitates
human  upper  limb  picking  behaviors  using  the  Kinect  depth
camera, with simulation experiments demonstrating an average
recognition rate of 90% for picking actions. Quan et al.[23] has
proposed  a  decision-making  and  planning  algorithm  for  a
three-arm  greenhouse  robot  based  on  Kinect  somatosensory
manipulation,  achieving  precise  control  of  robot  arms  and
gestures.  Wu et  al.[21] developed a  virtual  crop somatosensory
interaction system using  cloud computing  and somatosensory
interaction technology, allowing for plant translation, rotation,
growth,  morphological  changes,  and  model  updates  through
gestures. Hu et al.[24] had used the Kinect V2 sensor to propose
a  non-destructive  measurement  method  for  leafy  vegetable
growth, with results revealing high measurement accuracy and
a good linear relationship with the projection area and related
measurements. Compared to Kinect, Leap Motion is equipped
with  an  infrared  filter  membrane,  which  eliminates  accuracy
deviations caused by differences in light and darkness, making
it  more  adaptable  to  various  environments  and  providing
higher  precision  in  hand  information  collection.  The  effective
detection  range  of  Leap  Motion  is  25–600  mm,  and  it  has  a
wide field of view, which further enhances the accuracy of data
collection.  In  this  paper,  Leap  Motion  is  used  as  the  data
collection tool.

Considering  the  requirements,  characteristics,  and  existing
problems  of  fruit-picking  robots,  and  acknowledging  the
outstanding  performance  of  the  human  visual  system[25],
integrating  human-computer  interaction  systems  to  achieve
human-machine  collaboration  has  been  proposed.  This
approach  delegates  complex  cognitive  tasks  to  humans  while
leaving  repetitive  and  physically  demanding  tasks  to  be
handled  by  machines,  thereby  reducing  labor  intensity  and
avoiding  potential  injuries  in  some  hazardous  agricultural
production  processes[22].  This  paper  proposes  a  human-
machine  collaborative  picking  robot  that  utilizes
somatosensory  interaction  for  human-machine  interaction.
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Operators  primarily  perform  fruit  recognition  and  target
positioning,  enabling  remote,  simple  and  real-time  control  of
picking  robots  through  somatosensory  human-machine
interaction.  Compared  with  traditional  automated  picking
robots  that  can  only  operate  within  preset  paths  and  task
ranges,  and  manual  picking,  a  human-machine  collaboration
picking  robot  using  a  somatosensory  human-computer
interaction  system  can  achieve  remote,  simple,  real-time  and
safe  picking  operations.  This  provides  a  new  approach  and
model for the practical application of picking robots, which can
improve  efficiency  and  reduce  economic  costs  in  small-scale
complex  picking  environments.  This  allows  individuals  to
achieve repetitive, time-consuming and labor-intensive picking
tasks  through  simple  hand  movements.  Additionally,  for
scenarios  involving  high  tree  fruit  picking,  such  as  coconut
harvesting, it reduces the labor and risk associated with manual
tree climbing.
 

2    Materials and methods
  

2.1    Implementation of the fruit harvesting robot
A  fruit  harvesting  robot  was  equipped  with  the  fruit-picking
actuator  and  the  hand  orientation  signal  detection-processing
system.  As  shown  in Fig. 1,  the  fruit-picking  actuator  had  six
degrees  of  freedom  which  including  five  motion  joint  and  a
clogging  joint  of  the  end-effector.  Thus,  the  robot  had  high

flexibility  and  could  catch  and  pick  the  fruit  at  an  arbitrary
posture  (position  and  orientation)  in  three-dimensional
motion space of the fruit-picking actuator. The joints of waist,
shoulder  and  elbow  were  driven  using  servo  motors
(Dynamixel series MX28A, ROBOTIS Co., Ltd., Seoul, Korea),
while  the  wrist  joint  was  driven  using  another  servo  motor
(Dynamixel series AX12A, ROBOTIS Co., Ltd.). Proportional-
integral-derivative  control  mode  was  adopted  in  these  motors
for precise position and velocity controlling. Meanwhile, it was
also  installed  with  a  feedback  function  for  position,
temperature, load and input voltage. The wrist swivel joint and
gripping  unit  were  driven  with  a  digital  servo  (LDX-335MG,
Lobot,  Shenzhen,  China).  Thus,  the  hand  of  the  robotic  arm
was able to grip the fruit and twist the stalk. Above the hand of
this  robotic  arm,  a  miniature  geared  motor  (GA12-N20,
Handson  Technology,  Johor,  Malaysia.)  combined  with  a
double-edged  rotary  knife  was  installed  to  cut  the  stalk.  The
reduction  or  gear  ratio  of  the  miniature  geared  motor  was
210:1  with  an  output  torque  of  1.5  kg  cm.  The  parameters  of
each motor are given in Table 1.

The hand orientation signal  was collected and processed via  a
system  that  includes  a  Leap  Motion  controller  (Leap  Motion,
Inc.,  San  Francisco,  CA,  USA)  and  a  computer.  With  this
system,  the  movement  of  a  human  hand  in  a  certain  space
could  be  mapped  onto  the  robotic  arm  in  its  working  space.
Then,  the  human-machine  collaborative  picking  was  realized
through  somatosensory  interaction.  An  embedded  system
(OpenCm  9.04,  ROBOTIS  Co.,  Ltd.)  with  a  32-bit  processor
(STM32F103,  STMicroeletronics,  Geneva,  Switzerland)  was
selected  as  the  main controller  for  this  robot.  The  system had
output  voltages  of  12  and  7.4  V.  An  expansion  board  (Open
CM485EXP,  ROBOTIS  Co.,  Ltd.)  was  combined  with  the
embedded system, so that the system could provide a multiple
TTL  bus  interface.  The  data  exchange  between  the  controller
and  the  servos  was  realized  via  message  communication.  The
digital  servo was controlled using the pulse-width modulation
signals with frequency of 0.5–2.5 ms, and the miniature geared
motor  was  controlled  using  a  field  effect  transistor
(NTR4503N,  ON  Semiconductor,  Scottsdale,  USA).  A
controlling  program  with  human-computer  communication

 

 
Fig. 1    Man-machine  cooperation  fruit-picking  robot.  1,  Main
arm;  2,  elbow motor;  3,  forearm;  4,  wrist  motor;  5,  end  arm;
6,  wrist-torsion  joint  motor;  7,  bracket;  8,  fruit  stalks  cutting
motor;  9,  cutting  knife;  10,  actuator;  11,  actuator  motor;
12,  shoulder  joint  motor;  13,  waist  joint;  14,  control  box;
15, computer; and 16, Leap Motion.

 

 

Table 1    D-H parameters

i θi (° ) di (mm) ai–1 (mm) αi–1 (° )

1 θ1 53 0 90

2 θ2 0 200 0

3 θ3 0 179 0

4 θ4 0 140 0
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interface  was  designed  using  Visual  Studio  2017  on  the
computer.  With  this  program the  Leap  Motion  controller  can
complete  the  data  collection,  analysis,  selection  and
optimization.  Based  on  that,  the  controlling  patterns  for  the
robotic  arm  could  be  obtained.  The  communication  between
the  computer  port  and  the  motion  main  controller  was
established  using  a  RS232  serial  port. Figure 2 shows  a
schematic of the control system of this fruit harvesting robot.
 

2.2    Parameter calibration of D-H model of the
fruit-picking actuator
The  D-H  model  is  a  standard  framework  for  the  kinematics
modeling of robotic arm which was introduced by Denavit and
Hartenberg  in  1955[26].  In  this  model,  reference  coordinate
systems  of  the  base,  the  actuator  and  each  joint  were
established.

Figure 3 presents a schematic of the mechanism of the picking
manipulator.  While  the  actuator  hand  should  be  kept
horizontally,  the  twist  joint  of  wrist  and  the  closing  joint  of
actuator could be omitted. Meanwhile, the angle of joint 4 was
correlated  to  angle  joints  2  and  3. Figure 3(b) shows  a

simplified  schematic  of  the  mechanism  of  the  picking
manipulator  and  the  coordinate  system  of  each  joint.  The
parameters of D-H model are presented in Table 1.

 

2.3    Solving for forward kinematics of the robotic
arm
While  the  parameters  of  each  twist  joint  were  known,  solving
the  forward  kinematics  of  the  robotic  arm  could  obtain  the
position  and  orientation  of  the  end  actuator  via  solving  the
homogeneous transformation matrices.  According to the D-H
coordinate  and  the  parameters  in Table 1,  homogeneous
transformation  matrices  between  each  coordinate  could  be
presented  as T01, T12, T23,  and T34.  The  homogeneous
transformation  matrix  of:  the  manipulator  base  can  be
expressed as T04 by multiplying the matrices T01, T12, T23,  and
T34:
 

T01 =



c1 0 s1 0

s1 0 −c1 0

0 1 0 d1

0 0 0 1



 

 

 
Fig. 2    Circuit system of man-machine cooperation fruit-picking robot.
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T12 =



c2 −s2 0 a1c2

s2 c2 0 a1 s2

0 0 1 0

0 0 0 1


 

T23 =



c3 −s3 0 a2c3

s3 c3 0 a2 s3

0 0 1 0

0 0 0 1


 

T34 =



c4 −s4 0 a3c4

s4 c4 0 a3 s4

0 0 1 0

0 0 0 1


 

T04 = T01T12T23T34

=



c234c1 −s234c1 s1 c1(a3c234 +a2c23 +a1c2)

c234 s1 −s234 s1 −c1 s1(a3c234 +a2c23 +a1c2)

s234 c234 0 a3 s234 +a2 s23 +a1 s2 +d1

0 0 0 1


(1)

where, s1 is sinθ1, c1 is cosθ1, c23 is cos(θ2 + θ3), c234 = cos(θ2 +
θ3 + θ4), and so forth.
 

2.4    Solving for inverse kinematics of the robotic
arm
Inverse kinematics calculates the configuration of each joint of
the robot  based on the known position and orientation of  the
end-effector, enabling it to reach the target pose. This is crucial
for  the  precise  control  of  the  actions  and  path  of  a  picking

robot. Equation (1) can be expressed as:
 

T04 =



nx ox ax px

ny oy ay py

nz oz az pz

0 0 0 1


(2)

where, nx, ny, nz, ox, oy, oz, ax, ay, and az represent the cosines of
the axis of coordinate {4} to each axis of coordinate {0}, Px, Py,
and Pz represent  the  coordinate  position  of  the  origin  of
coordinate {4} in coordinate {0}.

Equation (1) can be transformed as:
 

T−1
01 T04 = T12T23T34 (3)

Thus, the two sides of Eq. (3) can be respectively expressed as:
 

T−1
01 T04 =



nxc1 +ny s1 oxc1 +oy s1 axc1 +ay s1 pxc1 + py s1

ns os aw pw −d1

nx s1 −nyc1 ox s1 −oyc1 ax s1 −ayc1 px s1 − pyc1

0 0 0 1



(4)
 

T12T23T34 =



c234 −s234 0 a3c234 +a2c23 +a1c2

s234 c234 0 a3 s234 +a2 s23 +a1 s2

0 0 1 0

0 0 0 1


(5)

When  the  elements  at  the  third  row  and  forth  column  of
matrices in Eqs. (4) and (5) are equal, the analytical solution of
θ1 should be:

 

θ1 =



arctan
py

px

+πi, {( px, py )| − tx ⩽
py

px

⩽ tx;when,
py

px

⩾ 0, i = −1,0;when,
py

px

< 0, i = 0,1}

π
2
, {( px, py )|

py

px

⩾ tn}

−
π
2
, {( px, py )|

py

px

⩽ −tn}

(6)

 

 
Fig. 3    Schematic diagram of manipulator. (a) Simplified diagram; (b) coordinate system construction.
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where, tπ is 100, which is the discrimination threshold to assign
θ1 as π/2 or –π/2;  other parameters in this formulation can be
solved using forward kinematics as described above. To ensure
the  robotic  arm  can  move  with  the  whole  range  of  motion  of
360°, the range θ1 of needs to be [–π, π].

When the element in the first row and the forth column of the
matrices  in  Eqs.  (4)  and  (5)  are  equal,  and  the  element  in  the
second  row  and  the  forth  column  of  two  matrices  is  equal  as
well, there will be the following formulas:
 

pxc1 + pv s1 = a3c234 +a2c23 +a1c2 (7)
 

pz −d1 = a3 s234 +a2 s23 +a1 s2 (8)
Thus:
 

(pxc1 + py s1)2
+ (pz −d1)2

= (a3c234 +a2c23 +a1c2)2

+ (a3 s234 +a2 s23 +a1 s2)2 (9)

According to the trigonometric algorithm:
 

s2 s23 + c2c23 = sinθ2sin(θ2 + θ3)+ cosθ2cos(θ2 + θ3)

= cos [(θ2 + θ3)− θ2] = c3 (10)

Substitute Eq. (10) into Eq. (9), the value of cosθ3 and sinθ3 as
well as the angle of θ3 can be calculated as:
 

c3 =

(pzc1 + py s1 −a3c24)2
+ (pz −d1 −a3 s24)2

−a2
2 −a2

1

2aza1

(11)

 

s3 = ±

√
1− c2

3
(12)

 

θ3 = ± arccos(c3)or arcsin(s3)or arctan

(
s3

c3

)
(13)

According to the trigonometric algorithm:
  {

c23 = c2c3 − s2 s3

s23 = s2c3 + c2 s3

(14)

where,  the  values  of  cosθ2 and  sinθ2 as  well  as  the  angle  of θ2

can  be  calculated  by  simultaneously  solving  the  Eqs.  (7),  (8),
and (14).
 

s2 =
(α2c3 +α1)(p3 −d2 −α2 s234)−α2 s3(p3c1 + p3 s1 −α3c234)

(α2c3 +α1)2
+ (α2ε3)2

(15)
 

c2 =
(a2c3 +a1)(pxc1 + px s1 −a3c234)+a2 s3(px −d1 −a3 s234)

(a2c3 +a1)2
+ (a2 s3)2

(16)
 

θ2 = ± arccos(c2)or arcsin(s2)or arctan

(
s2

c2

)
(17)

Thus, it is necessary to calculate the value of s234, which means
that θ234 (which donates θ2 + θ3 + θ4) should be known. When
both sides  of  the  Eq.  (1)  are  left  multiplied by T34−1T23−1T12−1

and T01−1 the following can be obtained:
 

T−1
34 T−1

23 T−1
12 T−1

01 T04 = E (18)
where, E is a 4 × 4 identity matrix.

When the elements of the second row and the first  column in
the matrices on each side of the Eq. (18) are equal, θ234 can be
calculated after simplification with trigonometric algorithm:
 

θ234 = arctan
nz

nxc1 +ny s1

+πi = 0,1 (19)

 

2.5    Optimization method for inverse solution of
the robotic arm
The  inverse  solution  of  the  robotic  arm  can  have  multiple
results.  The  angles  of  all  the  joints  of  the  robotic  arm  are  not
unique even the endpoint is fixed at a certain special position.
This means that the robotic arm should be in different postures
when  its  joint  angle  combinations  are  different.  This  will
severely affect the control of the robotic arm. Thus, the control
parameters  should  be  obtained  by  selecting  a  reasonable
inverse  solution.  During  this,  several  issues  should  be
considered,  such as  the  motion interference,  movement  mode
rationality  and  trajectory  planning  of  the  robotic  arm.
Meanwhile,  the  boundary  condition  constraint  of  each  joint
angle  should  be  defined.  As  a  result,  the  reasonable  solution
can be obtained.

In Fig. 4,  a  motion  posture  schematic  of  the  robotic  arm  is
presented  under  the  plane  (y0, O, z0)  in  the  base  coordinate
system.  The  movement  of  the  fruit-picking  actuator  in  three-

 

 
Fig. 4    Motion posture schematic of the robotic arm. The lines
①–⑥  in  different  colors  represent  different  robotic  arm
postures  of  the  manipulator  under  the  plane  (y0, O, z0)  in  the
base coordinate system (which means the waist joint is fixed).
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dimensional  motion  space  of  the  manipulator  could  be
disassembled  into  the  movement  of  the  waist  joint  and  the
movement  of  other  joints  in  the  plane  of  (y0, O, z0).  In  D-H
model,  the  joint  angles  of  the  robotic  arm are  defined.  In  this
fruit-picking  manipulator,  the  plus  or  minus  sign  of  the  joint
angle determined the position of the forearm and the main arm
in the range of  robot  base-(waist)-body-(shoulder)-main arm-
(elbow)-forearm-(wrist)-actuator.  When  the  arm  is  at  the  left
side  of  the  extension  cord  of  its  forearm  (as  there  was  no
extension  cord  of  the  robot  base,  the  axis y0 is  selected  to
represent  the  extension  cord),  the  joint  angle  between  the
forearm and the  main arm was  defined as  positive,  otherwise,
the  joint  angle  is  defined  as  negative.  For  example,  the  arm
postures ④ and ⑥ present two groups of  inverse solutions of
the  robotic  arm  which  enable  the  actuator  to  be  the  same
special position. The angle θ2 in arm posture ④ is positive and
the  angle θ2 in arm  posture  ⑥ is  negative.  However,  in
practice,  the  robot  base  will  limit  the  movement  space  of  the
manipulator. Thus, the angle of θ2 should be set with in [0, π]
to ensure that the main arm always moves above the robot base
(including the waist joint and the shoulder joint), which can be
expressed as:
 

θ2 =

{
arccos(c2) ; c2 ∈ [−1,1]

no solution; c2 ∈ (−∞,−1)∪ (1,+∞)
(20)

where, θ3 is  the  elbow  joint  angle  between  the  main  arm  and
the  forearm.  To  keep  the  robotic  arm  moves  smoothly  and
avoid  intensive  load  for  the  elbow  joint, θ3 should  not  be
changed  substantially.  Thus,  the  inverse  solution  of θ3 in
[0, –θ3max]  was  always  selected  in  this  optimization  method,
which can be expressed as:
 

θ3 =

{
−arccos(c3) ; c3 ∈ [c3min,1], c3min = cos(θ3max)

no solution; c3 ∈ (−∞,c3min)
∪

(1,+∞)
(21)

where, θ3max is  150°,  which is  the designed maximum rotation
angle of the elbow joint.

The angle of θ4 is calculated to ensure the actuator horizontally
facing  the  fruit  during  the  picking  procedure.  This  can  be

obtained according to the geometric relationship (Fig. 4):
 

θ4 =
∣∣∣ θ3

∣∣∣− θ2 (22)

Generally,  the  inverse  solution  can  be  optimized  by  the
following steps:

(1)  Mechanical  interference  judgment:  According  to  the
mechanical  interference,  parameters like tπ and θ3max can only
be  set  in  certain  domain.  That  will  exclude  some  inverse
solutions which will induce the mechanical interference.

(2)  Correctness  judgment  of  inverse  solution:  The  inverse
solutions  need  to  be  substituted  into  the  forward  kinematics
equations, so that wrong solutions can be excluded.

(3)  Rationality  judgment  of  robotic  arm  posture:  The  posture
and  mechanical  properties  need  to  be  considered  to  keep  the
manipulator standing stable and the joint motors running well,
so  the  joint  angles  need  to  be  set  in  certain  domains.  Thus,
unreasonable solutions can be further excluded.

(4)  Motion  smoothness  judgment:  When  the  end  actuator
moves  a  short  distance  in  the  working  space,  the  joint  angles
need to be varied as little as possible to ensure the manipulator
moves smoothly.

The optimized inverse  solution is  then selected after  the four-
step judgment as described above.
 

2.6    Simulation of the inverse kinematics using
MATLAB Robotic Toolbox
The  optimized  inverse  solution  was  verified  via  simulation
using MATLAB Robotic Toolbox. Five points marked as A to E
were selected as the terminal position of the end actuator in the
simulation space. The coordinate of the five points were listed
in Table 2. The inverse solutions were calculated and optimized

 

Table 2    Manipulator angle solution of inverse kinematics

Point
Terminal position (m) Randomly selected solution of joint angle (° ) Optimized solution of joint angle (° )

px py pz θ1 θ2 θ3 θ4 θ1 θ2 θ3 θ4

A –0.45 0.01 0.05 178.7 −33.5 70.3 –36.8 178.7 32.4 –70.3 –37.9

B –0.35 0.23 0.25 146.7 59.5 −51.6 –7.9 146.7 59.5 –51.6 –7.9

C 0.01 0.37 0.35 88.5 45.1 15.1 –60.2 88.5 59.4 –15.1 –44.3

D 0.28 0.28 0.25 45.0 7.9 63.2 –71.1 45.0 67.2 –63.2 –4.0

E 0.25 0.01 0.15 2.3 –18.5 134.8 116.4 2.3 101.2 –134.8 33.7
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due  to  the  four-step  judgment  as  described  above.  The
optimized  solution  and  a  group  of  other  solution  randomly
selected  from  all  the  inverse  solution  groups  are  given  in
Table 2. Figure 5 presents  the  postures  of  the  picking
manipulator  reaching  points  A  to  E.  It  shows  that  the
optimized inverse  solution enabled the  robotic  arm to  rotated
with smaller joint angles. For example, if the end actuator is to
move  from  point  A  to  point  B,  the  elbow  joint  angle θ3 will
need  to  rotate  just  18.7°  using  the  optimized  inverse  solution
while 121.9° using the randomly selected inverse solution.
 

2.7    Motion information collection and
optimization using Leap Motion
The  Leap  Motion  controller  (LMC)  is  a  consumer  grade
motion  gesture  sensor  that  was  launched  in  2013.  It  allows
users  to  interact  with  the  computer  via  hand  gesture
recognition. The sensor provides users a natural user interface
and a human-computer interaction platform to precisely track
the  hand  and  finger  gestures  with  the  precision  of  0.01  mm.
LMC is combined with a vision-based system and a proximity-
based  system.  The  vision  system  contains  two  CCD  camera
which can obtain the hand and figure gestures.  The proximity
system  contains  three  infrared  LEDs  which  can  measure  the
distance  of  the  hand  or  other  objects  above  the  Leap  Motion
controller[27,28]. The right-handed Cartesian coordinate system
was applied while LMC acquiring the data. As shown in Fig. 6,
the upper surface center of LMC is set as the origin of the right-
handed  Cartesian  coordinate  system.  The X-axis  is  parallel  to

the long edge of the sensor surface toward right side, the Y-axis
is  perpendicular  to  the  sensor  surface  toward  upside  and  the
Z-axis  is  perpendicular  to  the  sensor  surface  toward  the  user.
The hands should be 25–600 mm and no more than 150° above
the sensor.

The  hand  motion  information  collection  program  was
developed  using  Visual  Studio  2017  with  the  Leap  Motion
software  development  kit  (UltraLeap,  Bristol,  UK).  With  this
program, the gesture information could be collected, including
the  normal  vector,  the  special  position,  the  direction  and  the
posture of the palm. Palm motion direction was predefined in
the  program,  such  as  pitching  for  rotation  around  the X-axis,

 

 
Fig. 5    Manipulator simulation of inverse kinematics. (a) Optimized solution; (b) randomly selected solution.

 

 

 
Fig. 6    The  right-handed  Cartesian  coordinate  system  applied
in Leap Motion controller.
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yawing for rotation around the Y-axis  and rolling for rotation
around  the Z-axis.  Leap  Motion  provides  some  gestures  of
specific motion modes including key tap, screen tap, circle and
swipe (Fig. 7).

To reduce the impact of data fluctuation during the static and
dynamic  palm  gesture  information  collection,  data  filtering
methods  were  created  by  testing  the  position  information
collection  while  the  palm  kept  statically,  and  moved  under
straight  line or broken line. Figure 8 shows the palm position.
For static operation, the end actuator should keep static, which
means  the  slight  movement  of  the  user’s  hand  should  be
filtered.  Six  different  positions  were  selected  in  the  detection
region  of  LMC  to  test  the  combined  fluctuation  effect  of  the
operator’s  hand  and  the  sensor.  As  given  in Table 3,  the
average  fluctuation  of  the  static  position  sensing  is  in  a
2.0  mm  ×  1.4  mm  ×  1.9  mm  range.  Thus,  in  further
programming,  palm  position  movement  within  the  range  of
2.0  mm  ×  1.4  mm  ×  1.9  mm  will  be  ignored  and  the  end
actuator will not move.

For  dynamic  operation,  when  a  hand  is  moved  smoothly,  the
end actuator is designed to also move smoothly. However, due
to the fluctuation of  the LMC sensing information,  significant
outliers  may  occur  as  shown  in Fig. 8(b).  To  avoid  an  outlier
effect on actuator control, the locally weighted linear regression

(LWLR) was used in this study to filter the data collected by the
LMC.  With  LWLR,  a  segment  of  data  before  and  after  the
center  point  was  applied  for  weighted  linear  regression  using
the weight  function w.  The output ŷ is  the  value of  the  center
point on the regression model. The procedure can be expressed
as: 

J (θ) =min

{∑
i
w(i)

(
y(i) − θT x(i)

)2
}

(23)
 

w(i)
= exp

(
−

(x(i) − x)2

2τ2

)
(24)

where, J(θ) is the loss function, w(i) is the weight function, y(i) is
the dependent variable, x(i) is the independent variable, θT is a
parameter  unrelated  to x(i), i is  the  number  of  the  collected
data, x is  the predicted value of  the sample point,  and τ is  the
parameter controlling the weight changing rate. The weight fits
to Gaussian kernel function:
  

∣∣∣x(i) − x
∣∣∣ ≈ 0,w(i) ≈ 1;

∣∣∣x(i) − x
∣∣∣ ≈ +∞,w(i) ≈ 0;

(25)

Thus,  the  sample  data  near  the  predicted  point  has  greater
weights. Then, the predicted value can be calculated as:
 

ŷ = θT x(i) (26)
Figure 8(b) presents  the  comparison  of  original  and  predicted
data  via  smoothing  filtering.  The  data  processing  successfully
replaced  the  fluctuated  data  with  predicted  data  to  ensure  the
end actuator can move smoothly. The global average values of
sample position on Y-axis before and after smoothing filtering
were –24.9 and –24.8 mm, respectively, and the global variance
were 9.76 and 9.65 mm2, respectively. While filtering using the
LWLR,  the  local  average  values  of  sample  position  on Y-axis
before and after smoothing filtering were –15.8 and –15.4 mm,
respectively,  and  the  local  variance  were  4.13  and  2.39  mm2,
respectively.  This  shows that  the  LWLR significantly  excluded
the  fluctuated  data  while  the  palm  moved  generally  in  a
tendency.
 

2.8    Somatosensory servo control strategy
 

2.8.1    Space coordinate system mapping
Both the LMC coordinate and the motion space coordinate of
the  manipulator  have  edge  limitations.  To  realize  the
correspondence  between  the  positions  of  two  coordinates,  an
algorithm  needs  to  be  defined  to  describe  the  mapping
relationship of these coordinate systems. When the user’s hand
is  near  or  beyond  the  detection  edge  of  LMC,  the  signal  of
palms  will  lack  fidelity.  To  ensure  the  signal  accuracy  of  the
palm position, LMC defined a virtual interaction box as shown
in Fig. 9.  It  is  a  235  mm  ×  147  mm  ×  235  mm  cube  with  the

 

 
Fig. 7    Palm information and gesture.
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center at (0, 200, 0) mm in the LMC coordinate.

Figure 10 presents the motion region of the end actuator under
the  limitation  of  each  joint  parameters.  In  practice,  the
manipulator and the operator are usually facing the same side.
Thus, the waist joint angle was set within [0, π] as the top view

demonstrated  in Fig. 10(a).  This  shows  that  the  edge  of  the
motion region was hemispherical. In Fig. 10(b), a cross section
via the waist Joint revolute pair (x0 = 0) was displayed. It shows
that the inner part of the globular cover is hollow. According to
the operation position of the manipulator,  the working region
was set inside the red frame in Fig. 10(b), in which y ∈ [0.24 m,
0.44 m] and z ∈ [–0.09 m, 0.27 m]. Further, the working region
of  the  manipulator  was  set  in  a  sector  with  angle  of  120°  as
shown in Fig. 10(a). Therefore, the actuator of the manipulator
will work in a sector ring cylinder.

To  realize  the  mapping  between  the  interaction  box  of  LMC
and  the  operation  sector  ring  cylinder  of  the  actuator,  a
position pl (xl, yl, zl) in LMC box was mapping to the position
pa in the operation region. pa was expressed as (θ, –r, za) using
a  combined  coordinate  system  of  polar  coordinates  and
Cartesian coordinates. The mapping relationship between each
parameter is:
 

 

 
Fig. 8    Data acquisition and smoothing of Leap Motion. (a) Data acquisition of static palm; (b) data acquisition of moving palm.

 

 

Table 3    The range of data fluctuation in Cartesian coordinates

Sampling point X-axis Z-axis Y-axis

1 3.1250 3.2914 4.0960

2 2.2770 1.1648 1.3810

3 2.2770 1.1648 2.8670

4 1.6297 1.1404 0.9140

5 1.2998 0.7421 1.3270

6 2.6260 1.1946 1.0130

Average 2.0528 1.4385 1.9330
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

xl→ θ

yl→ za

zl→−r

(27)

During  the  coordinate  parameter  transformation,  the  LMC
coordinates  were  normalized  at  first.  Then,  these  normalized
coordinates  were  transformed  into  the  combined  coordinates
of  the  actuator  working  space  as  a  second  step.  The
transforming algorithm can be expressed as:
  

θ = θend −
xlend − xl

xlend − xlstart

(θend − θstart)

r = l1 + yamin −
zlend + zl

zlend − zlstart

l1

za = l2 + zamin −
ylend − yl

ylend − ylstart

l2

(28)

where,  the  subscript “start” is  the  starting  position,  the

subscript “end” is  the  ending  position  (e.g.,  when  the  polar
angle of robotic arm (θ) is the rotary angle of waist joint, θstart is
the  starting  position  which  is  150°  and θend is  the  ending
position which is 30°, then θ varies in a range of [0°, 120°]); l1 is
the polar radius of robotic arm as yamin is its minimum length;
and l2 is  the  length  of  robotic  arm  under Z-axis  as zamin is  its
minimum length.
 

2.8.2    Human-machine collaborated picking mode
To simplify the interaction algorithm between the human and
the  manipulator,  the  picking  algorithm  of  the  robot  was
designed via targeting the fruit  manually and picking the fruit
with one click. Three fixed modes were set for the manipulator,
which were zero mode, picking ready mode and fruit dropping

 

 
Fig. 9    The virtual interaction box of LMC.

 

 

 
Fig. 10    Working region of the end actuator. (a) Top view; (b) cross section via the waist joint revolute pair (x0 = 0).
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mode.  Under  zero  mode,  the  arm  of  the  manipulator  was
straight  upwards,  while  all  the  joint  angles  were  0°.  This  was
the mode for the communication test of the robot and standby
rest.  Under  picking  ready  mode,  the  human-machine

collaborated picking mode would be switched on. The picking
actuator  would  be  initialed  to  the  position  which
corresponding  to  the  center  of  the  Leap  Motion  coordinate
system. The manipulator would be able to be controlled by the

 

 
Fig. 11    Control flow chart of host computer. (a) Main program and serial port receiving program; (b) timer program.

 

Ziwen CHEN et al. Design and control algorithm of a motion sensing-based fruit harvesting robot 201



Leap  Motion  controller.  Under  fruit  dropping  mode,  the
picked fruit would be dropped into the assigned basket.

Figure 11 shows the control flow of the host computer human-
machine  collaborated  picking  mode.  When  the “Switch  On”
button  of  collaborating  control  was  clicked,  the  manipulator
would be set to the picking ready mode. After the initialization
was  finished,  the  Leap  Motion  would  start  to  collect  data
regularly,  including  the  palm  center  coordinate  and  the
gestures. The data were processed using a timer program. The
palm center  coordinates  would be  used to  calculate  the  rotary
angles  of  each  joint  via  the  coordinate  transform,  inverse
kinematics  solution  and  inverse  kinematics  optimization.  To
ensure  that  the  manipulator  moved inside  the  working region
in Fig. 10,  the  inverse  kinematics  solution  of  waist  joint  angle
between  0°  and  180°  was  selected.  Then,  the  rotary  angle  was
translated to  the control  parameter  for  each servo motor.  The
control  parameters  were  sent  to  the  lower  computer  as  string
messages,  with  the  initial  letter “c” representing  motion
interaction controlling mode. The timer would be switched off
when  the  message  was  sent.  The  lower  computer  would  send
feedback to the host computer when the control operation was
finished. Then the host computer would start the timer and run
the  data  collection,  processing  and  sending  operation  again.
Thus,  the  system  could  realize  the  real-time  tracking  of  the

hand.

The  gesture  judgment  algorithm  was  also  programmed  in  the
timer.  A  double-click  gesture  was  assigned  as  the  operation
signal. This could reduce the misjudgment ratio than using the
single-click  gesture.  When  a  correct  gesture  was  identified,  a
function  sign “d” of  one-button  harvest  would  be  sent  to  the
lower  computer.  Then,  the  lower  computer  would control  the
end actuator  to  cut  the  stem,  rotate  the  fruit,  unload  the  fruit
into  the  basket  and  reposition  automatically.  An  operation-
finished command would be  sent  to  the  host  computer  as  the
end of the control flow.
 

2.8.3    Human-machine collaboration interface
Human-machine  collaboration  interfaces  were  designed  using
the  MFC  package  in  Visual  Studio  2017.  The  main  interface
(Fig. 12)  complied  five  functions  including,  the  parameter
setting  for  data  communication,  the  system  operation,  the
harvest  mode  selection,  the  real-time  monitoring  of  gesture
parameters  and  the  display  of  communication  data.  In
addition,  several  operation  and  observation  functions  were
designed under modeless dialog windows (Fig. 13).

Parameters  of  communication  ports  between  host  and  lower
computers  can  be  set  on  the  left  side  of  the  interface.  The

 

 
Fig. 12    Main interface of human-computer interaction.
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system  operation  included  two  functions  of  system  self-check
and  system  setting.  Both  were  programmed  under  modeless
dialog  windows  as  shown  in Fig. 13.  The  area  of  hand
parameter  real-time  monitoring  displays  information  of  the
palm  center  coordinates,  the  hand  stance,  the  left/right  hand
identification, the finger number, the gesture and the fingertip
coordinates  during  the  operation  process.  The  controlling
messages  are  displayed  at  the  areas  of  data  sending  and  data
receiving.

The  system  self-check  window  was  used  to  check  the  motion
status of each unit of the robot which integrated the functions
of  communication  module  checking,  Leap  Motion  data
collection  module  checking,  operation  range  checking,
manipulator  motion  status  checking.  The  system  setting
windows enables operators manually setting the harvest gesture
and the moving speed of the manipulator.
 

3    Operational test
 
To  validate  and  quantify  the  working  efficiency  of  the
harvesting robot, a laboratory -based harvesting experiment of

the  prototype  robot  was  conducted  in  September  2021  at
South-west  University,  Chongqing,  China.  The  actual
prototype  and  test  scene  are  shown  in Fig. 14.  The  prototype
robot  contained  four  parts  including,  the  host  computer,  the
Leap  Motion  sensor,  the  manipulator  and  the  control  box  of
the  manipulator.  In  the  control  box,  it  contained  the  lower
computer  for  manipulator  control,  the  TTL  bus  module,  the
field effect transistor module, the communication module, and
the  power  conversion  module.  A  citrus  tree  was  used  as  the
operation  target  and  was  put  inside  the  motion  range  of  the
picking actuator. Figure 15 presented the picking procedure of
the robot during the test.

As  picking  and  unloading  were  done  automatically  when  the
robot  received the double-click command,  only  response time
of  manipulator  was  recorded,  which  included  data  receiving,
processing,  sending  in  the  host  computer  and  operation
control  processing  in  the  lower  computer.  Additionally,  the
response  time  of  double-click  command  and  the  time
consumption of manipulator movement were also recorded. 20
fruit  samples  on  the  citrus  tree  were  picked  during  the
experiment. The results were listed in Table 4.

 

 
Fig. 13    Modeless dialog windows for operations and observations.
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The  average  response  time  of  the  picking  manipulator  was
74.4  ms.  This  was  sufficient  for  real-time  control,  as  the  one-
click  picking  operation  was  actually  initiated  with  a  double-
click gesture which would take the average duration of 332 ms
and this  prototype robot took an average duration of 8.3 s  for
the  manipulator  to  finish  the  targeting  and  picking  operation

using  the  motion  sensing  technology.  This  duration  closely
corresponded  to  the  operator’s  angle  of  view,  operation
position, proficiency and the size of the robotic arm as well as
maximum  moving  speed.  The  operation  test  was  repeated
twice to pick another 40 fruits with 20 in each test group. The
average  picking  duration  achieved  was  7.1  and  6.5  s,

 

 
Fig. 14    Picking robot prototype and experimental scenarios.

 

 

 
Fig. 15    Picking  process  of  the  robot.  (a)  Toward-target  by  motion-sensing;  (b)  picking  by  double  click  gesture;  (c)  automatic  picking;
(d) automatic unloading.
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respectively. Therefore, it was clear that the operators could be
trained  to  be  more  familiar  with  the  robot  and  finish  the
operation more  quickly.  The  average  accuracy  of  the  60  fruits
picking was 96.7%.
 

4    Conclusions
 
In this article has presented the design and control algorithm of
a  prototype  motion  sensing-based  fruit  harvesting  robot.  The
system  was  tested  on  a  citrus  tree  with  the  following
conclusions.

(1)  A gesture-based human-robot-collaborated picking system
is  proposed.  This  realized  the  wide  motion  space  of  the

manipulator  mapping  from  the  tight  motion  space  of  the
hands. Meanwhile, with the use of the one-click picking mode,
the  working  intensity  of  the  fruit-picking  operation  was
significantly improved.

(2) The inverse solution of the robotic arm was optimized with
mechanical  interference  judgment,  correctness  judgment,
rationality  judgment  and  motion  smoothness  judgment.
Verification results using MATLAB Robotic Toolbox show that
the optimized inverse solution was right.

(3)  The  average  response  duration  is  74.4  ms.  Picking
operation duration of the robot can be reduce from 8.3 to 6.5 s
after a short period of operator training.
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Table 4    Response time of the manipulator, double-click command and manipulator movement

No. Average response time of
manipulator (ms)

Response time of double-click
command (ms)

Time consumption of manipulator
movement (s)

1 78.4 347 8.4

2 75.6 312 8.7

3 69.8 319 6.4

4 72.3 355 5.3

5 76.4 322 12.2

6 65.7 326 9.1

7 67.2 319 6.8

8 74.1 340 10.9

9 74.5 338 6.1

10 73.6 342 10.6

11 75.8 348 7.9

12 71.4 367 7.0

13 80.2 314 6.2

14 75.2 328 8.2

15 76.7 325 7.1

16 74.4 314 11.4

17 75.6 325 9.7

18 74.3 316 6.9

19 78.2 349 8.3

20 78.3 337 8.7

Average 74.4 332 8.3
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