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Abstract:   In the existing modular joint design and control methods of collaborative robots, the inertia of the manipulator link is large,
the dynamic trajectory planning ability is weak, the collision stop safety strategy is dependent, and the adaptability and safety to the
changing environment are limited. This paper develops a six-degree-of-freedom lightweight collaborative manipulator with real-time dy-
namic trajectory planning and active compliance control. Firstly, a novel motor installation, joint transmission, and link design method
is put forward to reduce the inertia of the links and improve intrinsic safety. At the same time, to enhance the dynamic operation capab-
ility and quick  response of  the manipulator, a  smooth planning of position and orientation under  initial/end pose and velocity  con-
straints is proposed. The adaptability to the environment is improved by the active compliance control. Finally, experiments are carried
out to verify the effectiveness of the proposed design, planning, and control methods.
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1   Introduction

Collaborative  robots  can  adapt  to  new tasks  through

manual guiding and teaching and work together with hu-

mans to achieve task goals. The design and control of col-

laborative robots is a hot topic of current research. Differ-

ent from other industrial robots, collaborative robots usu-

ally work in an unstructured environment. It is necessary

to consider issues such as the safety of the shared work-

space  with  people,  work  efficiency,  and  adaptability  to

the environment.  There  are  high requirements  for  mech-

anical design, trajectory planning, and control.

At present,  most of  the mechanical  designs of  collab-

orative robots are similar.  The motors,  encoders,  brakes,

and reducers are packaged into drive modules, which are

connected  in  sequence  through links  to  form a  multi-de-

gree-of-freedom  manipulator,  such  as  light-weight  robot

(LWR)[1] and  universal  robot(UR)[2].  In  this  design,  the

utilization efficiency of motors is not high, and the ratio

of  self-weight  of  the  manipulator  to  the  load  is  large.

When  the  power  of  the  motor  is  increased,  the  load  of

link is also increased so that the increases in velocity and

acceleration are limited. Moreover, the installation meth-

od of the motor increases the inertia of the manipulator,

which reduces the safety of collisions. A reduction in the

inertia of the links is usually achieved by optimizing the

size  of  the  manipulator  and  choosing  lighter  materials.

However, the improvement of this kind of methods is lim-

ited. One method is to use only one motor to provide the

driving  torque  for  all  joints,  transmit  the  power  to  each

joint through transmission mechanisms such as gears and

worm  gears,  and  use  pulse-width  modulation  (PWM)

speed  control  clutches  to  control  the  motion  of  each

joint[3]. This method can reduce the weight and volume of

the  manipulator  and is  often  used  in  aviation  and other

situations where the weight of the manipulator is strictly

limited.  However,  this  method  only  uses  one  motor  to

drive, and the joint torque cannot be calculated from the

motor  current.  The  bandwidth  of  the  clutch  is  low  and

reduces the control performance of the manipulator.  An-

other  method is  to  install  the  motors  near  the  base  and

drive  the  joints  through  ropes[4].  This  method  designs  a

complex tension amplifying mechanism so that the joints

have  high  stiffness.  However,  the  joint  movement  near

the base affects the rope length of the end joints. A com-

plicated mechanical  design  of  the  joint  routing  is  re-

quired, which increases the difficulty of the system design
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and  manufacture.  Therefore,  it  is  necessary  to  design  a

lightweight  collaborative  manipulator  to  improve  the

safety of collaborative operations by reducing the inertia

of links.

At present, collaborative robots are not only used for

tasks  with  fixed  trajectories  such  as  handling,  welding,

spraying,  etc.,  but  also  combined  with  reinforcement

learning, knowledge  graphs,  and  other  methods  to  im-

prove  the  competence  for  other  dynamic  and  flexible

tasks[5].  This  kind  of  methods  usually  gives  a  changing

target state  and  requires  high  flexibility  and  environ-

mental adaptability for robot trajectory planning. Gener-

ally, the  trajectory  planning  of  collaborative  robots  in-

cludes  commands  such  as  lines  and  circles  and  cannot

plan  from any  initial  pose  and  velocity  to  a  target  pose

and velocity. Although there are already some methods to

transit between adjacent lines, circles, and orientations[6, 7],

they can  only  achieve  a  smooth  transition  in  predeter-

mined  trajectories.  This  greatly  limits  the  efficiency  of

collaborative robots in dynamic and flexible tasks. There-

fore,  some  scholars  have  proposed  methods  of  planning

based on polynomial curves[8, 9]. The target trajectory can

be  obtained  by  solving  the  polynomial  parameters.  This

method  is  used  in  the  trajectory  planning  of  the  table

tennis  robot  system.  When the  target  state  of  the  robot

changes, the robot trajectory is adjusted to adapt to the

new state. This method is easy to calculate and can meet

the state constraints of the beginning and end points, but

ignores the velocity and acceleration constraints of the in-

termediate  points,  which  may  exceed  the  range  of  robot

motion  capabilities.  Another  method  sets  optimization

goals based on smoothness and trajectory time and solves

the  smooth  planning  problem  through  optimization

search[10].  However,  this  method  takes  a  long  time  to

solve  and  may  not  be  able  to  get  a  suitable  solution  in

time.  In  addition,  the  non-uniform  rational  basis  spline

(NURBS)  curve[11] can  also  be  used  to  fit  the  trajectory

and interpolate within the range of velocity and accelera-

tion constraints. This method smoothly connects discrete

points in three-dimensional space with NURBS curves ac-

cording  to  the  set  maximum  deviation.  The  trajectory

can  be  adjusted  by  the  number  and  weight  of  control

points.  The  trajectory  has  good  adjustability  and  strong

adaptability  to  discrete  point  sequences.  However,  this

method requires a large amount of calculation for traject-

ory  solving  and  interpolation.  It  usually  requires  offline

calculations. Using the spline curve for real-time dynam-

ic planning needs further research to make each point on

the trajectory meet the kinematic constraints.

In terms  of  safety,  collaborative  robots  rely  on  colli-

sion detection and response strategies in unstructured en-

vironments,  require  high  sensor  detection  accuracy,  and

have  weak  active  adaptability  to  the  environment[12].

When there is an obstacle in the trajectory or the pose of

the operation object changes, the manipulator is stopped,

and a new teaching trajectory is required. Passive flexibil-

ity  based on flexible  components[13] and active flexibility

based  on  impedance  control[14] are  widely  used  to  solve

this problem. However, this kind of methods ignores tra-

jectory  tracking  while  achieving  compliance  control.  In

addition, there  are  trajectories  obtained  based  on  rein-

forcement  learning[15, 16], which  have  specific  require-

ments for the manipulator, operation object, and environ-

ment. It is difficult to adapt to changes in the manipulat-

or and  environmental  parameters.  Therefore,  it  is  neces-

sary to study the trajectory following and compliant con-

trol  method under  environmental  constraints  to  improve

efficiency.  The  target  trajectory  is  accurately  followed

when there is no obstacle. Otherwise, it ensures that the

force  of  the  manipulator  does  not  exceed  the  permitted

range.

Therefore,  this  paper  aims  to  develop  a  lightweight

collaborative manipulator with the ability to operate effi-

ciently and  safely.  The  manipulator  has  a  real-time  dy-

namic and smooth trajectory planning and can adapt to

obstacles  in  the  changing  environment.  Specifically,  the

manipulator has the following characteristics:

1) A novel design of the motor installation and trans-

mission  system  to  reduce  the  inertia  of  the  links  and

make the mechanical system intrinsically safe;

2) Real-time  position  and  orientation  planning  meth-

od  based  on  spline  curve,  to  realize  efficient  trajectory

planning from  arbitrary  initial  pose  and  velocity  to  tar-

get pose and velocity;

3)  The  six-degree-of-freedom  force  position  hybrid

control method to realize trajectory following and extern-

al force limitation so that the manipulator can approach

the target point in a changing environment and improve

the success rate of task execution.

The following  chapters  are  organized  as  follows.  Sec-

tion 2  introduces  the  mechanical  design  of  the  light-

weight  manipulator.  Section  3  analyzes  the  real-time

smooth  trajectory  planning  method  of  the  manipulator.

Section 4 introduces the active compliance control meth-

od of the manipulator. Section 5 verifies the effectiveness

of  the  proposed  design,  planning,  and  control  methods

through experiments. Finally, Section 6 gives the conclu-

sions of the paper. 

2   Lightweight mechanical design

The mechanical design of the lightweight manipulator

is  shown  in Fig. 1.  The  manipulator  has  six  degrees  of

freedom, all of which are rotary joints. In order to reduce

the inertia of the links and achieve larger velocity and ac-

celeration, high-power motors are required. If the motors

are  installed  in  each  joint,  the  joint  mass  increases,  and

links with better rigidity are required, making the mech-

anical design bulky and limiting the velocity and acceler-

ation. To effectively utilize the driving power, the motors

of  all  joints are installed on the base and the first  joint,

and the joints are driven through the transmission mech-
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anism.

A compact transmission system is  designed to reduce

the  inertia  of  the  links.  The  transmission  mechanism  of

joints  1−3  are  shown  in Fig. 2.  The  motors  1−3 are  in-

stalled in the roller on the base. The rotor of motor 1 is

locked on the base with a tensioning mechanism, and the

stator is equipped with two bearings and rotates with the

first joint. Motor 2 drives the second joint through a 90-

degree  angle  reducer.  Motor  3  decelerates  through  two

synchronous belts,  transmits  power to the third rotation

axis, and then drives the third joint through a harmonic

reducer.  The  third  joint  has  two  synchronous  pulleys

coaxially  installed  with  the  second  joint  and  is  designed

as a nested structure. Thus, the movement of the second

joint does not affect the third joint.

Joints  4−6 are  far  from the  base,  which is  inconveni-

ent to drive through gears and links.  Therefore,  the mo-

tors  and  joints  are  directly  connected  by  wire  ropes,  as

shown in Fig. 3.  The  motors  4−6  are  installed  under  the

base. A wire wheel is installed on the motor shaft. There

are multiple holes on the wheel, and some of the holes are

threaded to  fasten  the  wire  rope.  Joints  4  and 6  change

the direction  of  wire  rope  through  guide  wheels  perpen-

dicular to the axis of joint 5. The axes of joints 4−6 inter-

sect at one point and can get Pieper′s solution of the in-

verse kinematics for the multi-joint robot, making it con-

venient for calculating the analytical solution.
 

3   Real-time dynamic trajectory

planning

During  the  robot′s  movement,  specifically  when  the

target  pose  and  velocity  change,  replanning  is  required

immediately to  adapt  to  the  new  task.  This  section  ex-

plains separately from the position planning and orienta-

tion planning.
 

3.1   Position planning

Pi

Vi

Pi+1 Vi+1

Consider  the  movement  shown in Fig. 4.  The  current

position of the robot′s end effector is , and the velocity

is . The target task changes immediately, and the next

point becomes  with a velocity of .

Pi Pi+1

Pi Pi+1

A B

Pi Pi+1

PiA Vi

BPi+1 Vi+1

Bezier curve is used for planning. For calculation effi-

ciency, a  single  cubic  Bezier  curve  is  preferred  for  plan-

ning.  To  satisfy  the  continuity  at  points  and ,

points  and  are selected as control points. At the

same  time,  add  points  and  as  intermediate  control

points. In order to ensure that the velocity direction does

not change suddenly at the points  and , the direc-

tion of  is set the same as the velocity , and the dir-

ection of  is set the same as the velocity :

 

Joint 3

Joint 6 Joint 5 Joint 4

Joint 2

Motors 2−3

Roller Joint 1

Motor 1

Base

Motors 4−6
 

Fig. 1     Lightweight mechanical design of the manipulator
 

 

Pulley Reducer-joint 3

Tensioner-joint 3

Reducer-joint 2

Pulley
Tensioner-joint 3

Motor 3

Motor 2

Bearing-joint 1

Motor 1

Bearing-joint 1

 
Fig. 2     Mechanical transmission structure of joints 1−3

 

 

Drvie wheel-joint 6 Guide wheel-joint 6

Drive wheel-joint 5

Drive wheel-joint 4 Guide wheel-joint 4

 
Fig. 3     Mechanical transmission structure of joints 4−6
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Fig. 4     Schematic diagram of position planning
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PiA = kVi

BPi+1 = kVi+1.
(1)

k A BThe  parameter  is  used  to  set  points  and .  To

improve the smoothness of the movement, a constraint[17]

is added as

J =

∫ 1

0

C′′(µ) · C′′(µ)dµ. (2)

dJ/dk = 0

The minimum value of J is solved to make the curve

as smooth as possible. Let , then

k =
(ai+ai+1)(xi+1−xi)+(bi+bi+1)(yi+1−yi)+(ci+ci+1)(zi+1−zi)

2(a2
i + aiai+1 + a2

i+1 + b2i + bibi+1 + b2i+1 + c2i + cici+1 + c2i+1)

(3)

where

Pi = (xi, yi, zi)

Pi+1 = (xi+1, yi+1, zi+1)

Vi = (ai, bi, ci)

Vi+1 = (ai+1, bi+1, ci+1). (4)

k

k

kmin

In  applications,  to  maintain  the  velocity  direction, 

should be larger  than 0.  Set  the minimum value of  to

:

k =

{
k, if k > kmin
kmin, if k ≤ kmin.

(5)

Pi A B

Pi+1

Then the Bezier curve given by points , , ,  and

 has good smoothness and meets the requirements of

continuous position and consistent velocity direction. 

3.2   Orientation planning

oi

zi ωi

oi+1

zi+1 ωi+1

oA oi

zi kωi oB

oi+1 zi+1 −kωi+1 k

k

In addition to position planning, orientation planning

is  also  required  in  the  Cartesian  space.  The  robot′s cur-

rent orientation is expressed by quaternion as , the ro-

tation axis is , and the angular velocity is . The tar-

get orientation is expressed by quaternion as , the ro-

tation axis is ,  and the angular velocity is .  The

relationship  between  the  orientations  is  shown  in Fig. 5.

 is obtained by turning the posture  around the axis

 by  angle .  is  obtained  by  turning  the  posture

 around the axis  by angle .  is similar to

the  in position planning.

oi,A = [cos(kωi/2), zi]

oi+1,B = [cos(−kωi+1/2), zi+1]

oA = oi,Aoio−1
i,A

oB = oi+1,Boi+1o
−1
i+1,B . (6)

The spherical Bezier curve[18] is used for planning:

C(µ) = o
(1−µ)3

i o
3µ(1−µ)2

A o
3µ2(1−µ)
B oµ

3

i+1. (7)

k

oi,A oB,i+1

Similar  to  position  planning,  the  optimal  value  of 

can  also  be  obtained  by  means  of  minimum  curvature.

However, it is difficult to obtain an analytical solution[19]

and a numerical iteration method is required. The numer-

ical iteration method requires a large amount of  calcula-

tion, which affects the real-time performance of dynamic

operations.  Therefore,  the  following  method  is  used  to

calculate  and :

oi,A = [cos(αθ1/2), zi]
oB,i+1 = [cos(αθ2/2), zi+1]

(8)

θ1 θ2
ω1 ω2

α

where  and  are  the  deceleration  angles  that  reduce

the angular velocity  and  to 0 under the constraints

of the maximum deceleration and jerk,  is a positive real

number.

oi A

B oi+1

The spherical Bezier curve determined by points , ,

 and  can be obtained by (7) and (8). The interpola-

tion method refers to our previous work[7]. 

4   Active compliance control

The  lightweight  manipulator  has  a  certain  degree  of

safety  due  to  the  small  link  inertia.  To  further  improve

the adaptability  and  exploration  ability  in  the  unstruc-

tured environment,  active  flexibility  is  applied  according

to the force of the end effector. Consider the force of the

manipulator as follows:

M(q)
..
q+V (q,

.
q) +G(q) + τf − τd = τext (9)

q,
.
q,

..
q

M (q)
..
q

V (q,
.
q)

G(q) τf τd τext

where  are the angle,  angular velocity, and angular

acceleration  of  the  joints,  is  the  inertial  force  of

the  links,  is  the  centrifugal  force  and  Coriolis

force,  is  gravity, , ,  and  are  the  joint

friction torque, joint driving force, and external torque on

the joint respectively.

τd
τext

Fext

τext

The  dynamic  parameters  in  (9)  can  be  obtained  by

dynamic  and  friction  parameter  calibration[20].  The  joint

torque  can be calculated from the motor current. Then

the  external  torque  on  the  joint  can  be  calculated

when the robot is  in contact with the environment.  The

relationship  between  the  force  in  Cartesian  space 

and joint torque  is

 

*

*

O
B

O
A

O
i

O
i+1

Z
i+1

Z
i

kω
i+1

kω
i

 
Fig. 5     Schematic diagram of orientation planning
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Fext = J−Tτext (10)

Jwhere  is the Jacobian matrix.

Fext

Based  on  the  force  of  the  end  effector  in  Cartesian

space , the active flexibility is applied as

Fext = Fd +KpXe +Kb

.

Xe (11)

Xe

Fd Kp

Kb

where  is the trajectory following error in the Cartesian

space,  is  the  expected  environmental  forces,  and

 are  real  numbers,  representing  stiffness  and damping

coefficients.

From (9)−(11), we can get:

KpXe +Kb

.

Xe = J−T(M(q)
..
q+V (q,

.
q)+

G(q) + τf − τd)− Fd. (12)

Fext

Fmin,i
Fext,i ≤ Fmin,i Xe,i = 0

Fext,i > Fmin,i Xe

Fext Kp

Equation  (12)  is  calculated  in  the  six  dimensions  of

position  and  posture,  respectively.  Usually, 

calculated  based  on  motor  current  has  obvious  noise.

Therefore,  a  threshold  is  introduced.  When

, .  In  this  case,  the  manipulator

follows  the  planned  trajectory.  When , 

is  calculated  by  (12).  The  stiffness  coefficient  is  set  as

shown in Fig. 6. When  becomes larger,  gradually

decreases, which helps to suppress noise.

Pi+1, oi+1 Vi+1, ωi+1

Xr =

{Pr, or}

Xe = {Pe, oe}
Xr

The block diagram of  the control  system is  shown in

Fig. 7.  The  target  pose  and  velocity 

are  input  to  the  trajectory  planning  module. 

 is obtained by the position and orientation plan-

ning under  the  velocity  and  acceleration  constraints  ac-

cording  to  the  method  in  Section  3.  The  external  force

detection  module  calculates  the  external  joint  torque

based on the motor current and the dynamic model of the

manipulator.  is  obtained  by  (12),  added

with , and  output  to  the  inverse  kinematics  calcula-

tion module.

Kb = 0

The  following  analyzes  the  contact  characteristics  of

the  system  and  the  environment.  For  simplicity,  let

. When the robot has no contact with the extern-

al  environment,  the  impedance  control  does  not  work,

and the trajectory following module is used to follow the

planned trajectory. When the robot is in contact with the

Fext,i > Fmin,i

Xe,i Fext,i Fmax,i

environment, there are  in one or more dir-

ections,  and  the  compliance  control  module  has  output

. Suppose the maximum value of  is . The

impedance output satisfies

Xe,i ≤ (Fmax,i − Fd,i)/Kp,i. (13)

If the output of the trajectory plan satisfies

∆Xr,i < ∆Xe,i (14)

Fext,i

Fext,i ∆Xr,i

Fext,i > Fmin,i

the manipulator moves in the direction of  to reduce

.  Therefore,  is  limited  by  the  maximum

velocity and acceleration to satisfy (14), or the trajectory

following is stopped when . 

5   Experiments

The  developed  manipulator  is  shown  in Fig. 8.  The

corresponding  control  system  is  also  designed,  and  the

key parameters are shown in Table 1. Except for the base

and first joint, the mass of other links is about 4 kg. Oth-

er  manipulators  with  a  similar  operating  radius,  such  as

JAKA ZU5 and UR5, have a mass of more than 20 kg. It

can be seen that the mechanical design can effectively re-

duce the mass  of  links  and reduce the impact  of  a  colli-

sion.

In  the  control  system  of  the  manipulator,  the

Cartesian  space  trajectory  planning,  interpolation,  and

transition method[6, 7] are realized, the dynamic paramet-

ers are calibrated, and the external force is detected[20, 21].

The following experiments are carried out separately from

 

F
ext

Kρ/KB

 
Kp/KbFig. 6     Setting of 

 

 

Position planning
Orientation planning

Trajectory
following

Fext estimator
compliance control

Inverse kinematics

Forward kinematics

Manipulator

Pact

qact

τact

Pr, orPi+1, or+1,  Vi+1, ωi+1

Pe, oe

Fig. 7     Block diagram of robot control system
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real-time  dynamic  trajectory  planning  and  compliance

control. 

5.1   Real-time dynamic trajectory planning

In order  to  test  the  feasibility  of  the  proposed  posi-

tion and orientation planning method, the initial point of

the manipulator is set to A and moves along the Y-axis.

When the end effector moves to point B, the target point

is set to C, and point C has velocity and angular velocity

constraints.  When  the  manipulator  reaches  point C,  the

target is set to stop at point D. The poses A, B, C and D

in the Cartesian space are set as shown in Table 2.

Points A, B, C and D can be obtained by teaching in

the  Cartesian  space.  The  velocity  settings  of  the  four

points  are  set  as  shown  in Table  3.  It  can  be  seen  that

the  movement  from  point A to  point D includes  three

trajectories, which  cover:  1)  The  initial  velocity  and  an-

gular velocity  are  0,  the  end  velocity  and  angular  velo-

city are  not  0.  2)  The  initial  velocity  and  angular  velo-

city are not 0, the end velocity and the angular velocity

are also  not  0.  3)  The  initial  velocity  and  angular  velo-

city are not 0, and the end velocity and angular velocity

are 0.

The  trajectory  of  the  manipulator  is  shown in Fig. 9.

The  small  red  circles  represent  points A, B, C and D.

Since  the  velocities  of  points B and C are  not  zero,  the

two points are connected by a Bezier curve to move with

good smoothness.  The  velocity,  rotation  axis,  and  angu-

lar velocity in the Cartesian space are shown in Figs. 10−
12,  respectively.  The  trajectory  first  plans  separately  by

the  position  and  orientation  planning  method.  The  path

with  a  shorter  time  is  re-interpolated  according  to  the

time  of  the  longer  path.  The N values  corresponding  to

points B and C are 185 and 511, respectively. At the two
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Fig. 10     Manipulator velocity in the Cartesian space

 

 

 
Fig. 8     Lightweight manipulator
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Fig. 9     Manipulator trajectory in the Cartesian space
 

 

Table 1    Main parameters of manipulator

Item Parameter

Controller Beckhoff CX5130

Driver Maxon EPOS2 70/10

Motor Maxon RE50, RE65

Bus CANopen

Operating radius About 1.1 m

Mass (No base and joint 1) About 4 kg

Max velocity (End effector) 5 m/s
 

 

Table 2    Pose of each point

Point X Y Z Roll Pitch Yaw

A 0.343 3 − 0.226 0.158 3 − 2.121 1.495 2.527

B 0.343 3 0.171 8 0.158 3 − 0.061 1.112 − 1.712

C 0.343 3 0.172 1 0.390 5 − 2.958 1.108 1.704

D 0.343 3 − 0.123 9 0.390 5 − 2.121 1.492 2.527
 

 

Table 3    Velocity of each point

Point Vx (m/s) Vy (m/s) Vz (m/s) ωx (rad/s) ωy (rad/s) ωz (rad/s)

A 0 0 0 0 0 0

B 0 0.2 0 − 0.2 0 0

C 0 − 0.2 0 0 0.2 0

D 0 0 0 0 0 0
 

S. L. Zhang et al. / Mechanical Design and Dynamic Compliance Control of Lightweight Manipulator 931 

 

CASIA
 O

pen
IR



points, the manipulator reaches the set velocities and an-

gular  velocities.  The  rotation  axis  also  keeps  changing

continuously. 

5.2   Compliance control

Fmin,i

t = 1.28 s

Py

Py

In order  to  verify  the  compliance  control  of  the  ma-

nipulator  to  environmental  obstacles,  the  end-effector

moves  in  a  straight  line  (including  displacement  in  both

X and Y directions), and foam obstacles are added to the

trajectory. The threshold of the external force  is set

to  2.5 N.  The  trajectory  of  the  manipulator  is  shown  in

Fig. 13. It can be seen that when , the external

force  in  the Y-axis  direction  reaches  the  threshold,  and

the  position  no  longer  increases.  When  the  external

force  is  larger  than  the  threshold,  starts  to  decrease.

In the X-axis direction, since the external force is smaller

than  the  threshold,  it  continues  to  move  along  the

planned trajectory.

To  verify  the  trajectory  following  of  the  manipulator

to the operator′s  interference with external  force,  let  the

manipulator move along the Z-axis direction. The traject-

ory  generated  with  the  operator  guiding  is  shown  in

Fig. 14.  It  can  be  seen  that  the  trajectory  is  changed  to

move along the positive Z-axis at 2.4 s when the manipu-

lator is pushed along the Z-axis. When the external force

disappears  at  3.6 s,  the  manipulator  follows  the  planned

trajectory, and catches up with the planned linear traject-

ory at 5.7 s.
These  two  experiments  verify  that  the  manipulator

has the  corresponding  ability  of  external  force  and  im-

proves  collision  safety.  At  the  same  time,  it  also  shows

the ability of the manipulator to follow the planned tra-

jectory in a dynamic environment. 

6   Conclusions

This  paper  develops  a  lightweight  manipulator  and

proposes  a  real-time  smooth  trajectory  planning  method

based on Bezier curves, including real-time position plan-

ning  and  orientation  planning.  The  trajectory  planning

from any initial  state to the target state within the kin-

ematic constraints is achieved, which improves the adapt-

ability of the manipulator to the dynamic target. At the

same time, a compliance control method based on traject-

ory  following  and  impedance  control  is  designed  so  that

the manipulator can respond to changes in external force

while  following  the  trajectory,  protect  the  manipulator

from violent collisions, and improve the operation safety.
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Fig. 11     Pose of the manipulator: rotation axes
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ωFig. 12     Pose of the manipulator: angular velocity 
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Fig. 13     Trajectory when the manipulator collides
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Fig. 14     Trajectory  of  manipulator  under  the  influence  of
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Experiments on the manipulator show that the proposed

design, planning, and control methods are feasible and ef-

fective. 
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