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Abstract
Performing interactive tasks in complex obstacle environments is a formidable challenge for manipulators. Redundant
manipulators have the advantage of being highly flexible and can be used to perform interactive tasks in complex
environments. This paper presents a nine-degree-of-freedom (DOF) modular redundant manipulator with nine
identical modular joints. To improve the obstacle avoidance capability in narrow environments, the bidirectional
rapidly-exploring random trees (bi-RRT) algorithm and the oriented bounding box (OBB) are combined for trajectory
planning of redundant robotic manipulators. To enhance the interaction capability in uncalibrated dynamic
environments, an improved virtual semi-active damping control (VSADC) algorithm based on particle swarm
optimization (PSO) is proposed, and it can effectively estimate impedance parameters and positions of the dynamic
environment. Finally, combined with the proposed control schemes, simulation and experimental results demonstrate
that the designed redundant manipulator can traverse complex obstacle environments and interact with the unknown
dynamic environment.

Keywords
Redundant manipulator, modular, obstacle avoiding, semi-active damping

Date received: 11 September 2022; accepted: 2 November 2022

Introduction

Redundant manipulators with high flexibility can
complete demanding tasks in the narrow and numer-
ous unstructured workspaces with obstacles, such as
on-orbit service,1 nuclear,2 and minimally invasive
surgery.3 Since the 1970s, after a redundant tensor
manipulator was proposed, it has attracted a signifi-
cant amount of interest due to its superior
performance.4

Generally, redundant manipulators can be divided
into articulated multi-section structures and conti-
nuum structures according to their structural charac-
teristics. The cable-driven redundant manipulators
are a typical kind of continuous redundant manipula-
tors, which usually have slender bodies and huge
drives,5 and they are suitable for exploration in nar-
row environments.1,6,7 There are other types of con-
tinuous manipulators, such as Saab et al.8 designed a
novel space articulated robot, which realizes the
movement of the manipulator through gears and
braided nylon cables. This type of manipulator usu-
ally has a small load capacity and low accuracy. The
redundant manipulator of articulated multi-section
structures comprises multiple joint units in series and

generally has higher control accuracy than the contin-
uous manipulator. An impressive example is the
snake robot designed by Carnegie Mellon University,
which can cross complex obstacle environments
through friction with the environment.9,10 Mu et al.11

designed two snake-like robots with spherical joints
for environmental exploration. These snake-like
robots can be applied in exploring unstructured envir-
onments, but they often do not have a large enough
load to perform complex interactive tasks. Parallel
structure is used extensively in the design of redun-
dant manipulators due to its large load and adjust-
ment accuracy. Gallardo et al.12 designed a redundant
manipulator with parallel mechanism modules as the
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mechanical joint. Similarly, Zhao et al.13,14 and Hu
et al.15 designed redundant manipulators composed
of parallel modules. These manipulators have high
positioning accuracy, but the modeling is complex,
and the flexibility of the manipulator is inevitably lim-
ited due to the large joint volume. Some redundant
manipulators are composed of series hinged rigid
links, such as the redundant manipulators designed
by Brown et al.16 Nonetheless, even if numerous
researches have been done, redundant manipulators
with multi-section structures mainly suffer from large
size and difficulty in interaction, modeling, and con-
trol, which is required to be further investigated.

Although redundant manipulators are suitable for
complex and constrained environments, planning a
possible path for redundant manipulators and con-
trolling their interaction with the environment is not
easy. The trajectory planning of snake-like robots
focuses on the obstacle environment of two-
dimension (2D),11 and some trajectory planning
methods of redundant manipulators only stay in the
simulation due to the complexity of the redundant
manipulator.17–19 Moreover, few results have consid-
ered collision detection between joints of redundant
manipulators in obstacle avoidance.20 Therefore,
developing efficient trajectory planning algorithms
for highly redundant manipulators in obstacle envir-
onments remains a significant challenge. In particular,
not only numerical simulations but also experiments
should be performed to demonstrate the effectiveness
of the proposed trajectory planning algorithm.

Moreover, force control of the redundant manipu-
lator is a necessary technology for performing inter-
active tasks. However, setting controller parameters
for actual contact tasks with unknown environments
is not an easy task. Especially the environmental posi-
tion is not calibrated and also the contact position
cannot be determined from the force sensor informa-
tion due to the presence of force measurement thresh-
olds. These existing force control methods mostly
assume some prior environmental knowledge,21,22

and it is difficult to obtain accurate information
about the environment in practice. Some impedance
methods based on neural networks and iterative
learning have been designed to obtain impedance
models with better performance, but they rely on
large amounts of preprocessed data to train the sam-
ples.23,24 To solve the above problem, an estimation
algorithm based on L-BFGS has been proposed in
our previous study, but it can only be applied to static
environments.25 Therefore, it is necessary to develop
a more powerful impedance control algorithm to face
the uncalibrated dynamic environment, which is
important for the practical application of the redun-
dant robotic manipulator.

In this paper, a novel modular redundant manipu-
lator is designed, composed of nine consistent joint
modules in series. A single joint is compact enough to
allow the manipulator to cross a narrow environment

and sufficient torque to support the weight of the
manipulator itself. Combined with the proposed tra-
jectory planning and force control algorithm, the
advantages and future research directions of the
designed manipulator is discussed. Specifically, the
major contributions of this paper are as follows:

1. A novel modular redundant manipulator is
designed and manufactured with a large load
capacity and compact structure.

2. Based on the bi-RRT and OBB algorithm, a tra-
jectory planning algorithm for redundant manip-
ulators in 3D obstacle environment is proposed.
The proposed trajectory planning algorithm
improves the path planning efficiency of tradi-
tional RRT, and the effectiveness of the algo-
rithm is verified by system simulation and
experiment.

3. Based on iterative mindset, an improved VSADC
algorithm is proposed for robotic manipulators
to interact with dynamic and unknown environ-
ments, which solves the problem that the existing
VSADC technique can only be used for static
environments.

The remainder of the paper is organized as follows.
Section 2 introduces the manipulator and the joint
structure. Trajectory planning and the force control
algorithm are designed in Section 3 and simulations
and experiments are performed in Section 4. In
Section 5, we discuss the experimental results and
some future work. The conclusions of our work are
presented in Section 6.

Mechanical design

Structural design of the redundant manipulator

The 9-DOF modular redundant manipulator mechan-
ical design, shown in Figure 1, consists of nine identi-
cal modular joints connected in series. The adjacent
joints of the manipulator are connected vertically
along the joint center axis (see Figure 1(c)), and the
number of joint modules can be expanded and
reduced according to the task requirements. Based on
the improved Monte Carlo method and voxel algo-
rithm,26 Figure 1(d) shows the reachable workspace
and dexterous workspace of the designed manipula-
tor. Dexterous workspace can be calculated to
account for 56.9% of the reachable workspace for the
designed redundant manipulator. Therefore, the
designed redundant manipulator has more flexibility
than general industrial manipulators. The housing
structure of the joint is designed to be lightweight to
reduce the impact of the mass of the manipulator on
the load of the manipulator, and the designed redun-
dant manipulator has enough strength to support
itself compared to snake robots. The system
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parameters of the designed redundant manipulator
are shown in Table 1.

Modular joint design

The designed modular joint is shown in Figure 2. It
can be seen that the housing structure of the joint
mainly consists of three parts: upper housing, middle
housing, and lower housing, and each housing is con-
nected by bolts. Two connecting plates are fixed on
both sides of the joint end, and they are fixed to the

output shaft of the adjacent joint by a rigid connect-
ing shaft. Figure 2(b) and (c) show the arrangement of
the internal structures of the modular joint, and a har-
monic reducer connects the input and output shafts of
the joint. A circular grating ruler is mounted on the
output shaft and is used to measure the actual rota-
tion angle of the joint. A spur gear reducer is mounted
at the end of the motor and transmits the power to
the harmonic reducer with a timing pulley. The elec-
tronics, such as the driver, are fixed to the upper part
of the motor, and they are used for joint angles, speed,
and torque control. The thermal control module is a
cooling fan, which is necessary for the manipulator to
work for a long time. Compared to the redundant
manipulators composed of parallel mechanism mod-
ules,13–15,27 the designed manipulator has a larger
length-diameter ratio. Additionally, different from the
snake redundant robots,9–11 the end of the designed
manipulator provides a large enough load capacity to
perform interactive tasks such as handling.

The designed joint can allow the wire connection
between two adjacent joints embedded in the recess
of the auxiliary connecting plate, as shown in
Figure 2(d). The main connection plate is installed
outside the auxiliary connecting plate to avoid the
manipulator wiring exposure and entanglement. The
designed manipulator requires only one communica-
tion bus and power cable to connect to each joint of
the manipulator, where the communication bus and
power cable are arranged in the connection boards on
both sides of the joint. Compared to the redundant
manipulator in Xu et al.,28 the cables of the designed
manipulator are not exposed, which outwardly
ensures that the manipulator can perform its tasks
safely.

Trajectory planning and force control
algorithms

Trajectory planning algorithm based on bi-RRT and
OBB

The method of RRT was proposed by LaValle and
Kuffner29 to provide a suitable path between previ-
ously known start and target positions for a robot
with multiple DOFs. To improve the computational
efficiency of the RRT algorithm, the advanced version
of the RRT is the bi-RRT algorithm, which uses two
trees to plan a suitable collision-free path for robotic
manipulators.30 The two trees constructed by the bi-
RRT algorithm begin branching from initial and tar-
get locations toward each other until the leaves of the
two trees overlap. The algorithm stops the search pro-
cess when any two branches of the trees meet at a spe-
cific location. The overlapping leaves can achieve a
collision-free path from the initial tree to the target
tree.

Among the many collision detection algorithms,
the bounding volume hierarchy is one of the most

Figure 1. Structure of the redundant manipulator: (a) 3D
model of the manipulator, (b) physical diagram of the
manipulator, (c) schematic diagram of the connection between
the adjacent joints, and (d) reachable workspace and
dexterous workspace of the manipulator. The red dots
indicate the dexterous workspace, and the blue dots indicate
the reachable workspace.

Table 1. Overview of the manipulator system parameters.

Parameter Quantity

Dimensions Joint diameter: 69.5 mm
Joint length: 166 mm
Nine-DOF manipulator: 1.49 m

Mass Joint mass: 3.42 kg
Nine-DOF manipulator: 30.60 kg

Actuation Max torque: 190 Nm
Max speed: 2.83 RPM

Power Voltage: 24 V
Rated power: 630 W

Communication 100 Mbps Ethernet
Sensor Motor angle and speed sensors

Voltage sensors
Current sensors

Workspace 9:55763109 mm3

Joint rotation range ½�p=2, p=2� rad
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successful in modern systems.31 In this paper, the
OBB algorithm is used to detect whether there is a
collision between the manipulator and the obstacle.
As shown in Figure 3, rectangles are used to surround
modular joints and obstacles, respectively. Define An

ia

as the bounding box of the joint n n=1, � � � , 9ð Þ and
the vertex ia ia=1, � � � , 8ð Þ, and Bk

ib represents the

vertex ib ib=1, � � � , 8ð Þ of the obstacle bounding box
k in the workspace. Taking the joint 2 as an example,
these two OBBs have 15 potential separating axes, 6
of which are the directional axes of two cuboids, and
9 are the cross-product of the directional axes. In
Figure 3, a separation axis is obtained by taking the

cross product of the direct axis A2
3A

2
7

���!
and B1

8B
1
7

���!
. Then,

each vertex of OBB is projected onto the separation
axis. If the projection lines of each vertex of two
OBBs do not overlap, such as
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������!����
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������!����
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(i)B
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(i)

����!����
����
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, ð1Þ

then it can be considered that joint 2 does not collide
with the obstacle.

Therefore, the bi-RRT algorithm is used to find
the path point, and the OBB algorithm can determine
whether there is a collision between the manipulator
joint and the obstacle or between the joints. The
pseudo-code for manipulator trajectory planning is as
Algorithm 1. The EXTEND function denotes that
selects the nearest vertex already in the RRT to the
given sample state.30

Figure 2. Model diagram of the modular joint: (a) joint assembly diagram, (b) components inside the joint, (c) model diagram of
joint output shaft assembly, and (d) model diagram of adjacent joint connection and wiring.

Figure 3. Collision detection of manipulator based on OBB
algorithm.
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Improved virtual semi-active damping control
algorithm

Considering the contact between the end-effector of
the manipulator and the environment, x 2 R

n repre-
sents the position and orientation of the end-effector
in the workspace, and the dynamic equation of the
manipulator in contact with the environment can be
written as

Mx€x+Cx _x+Gx +Fe =Fx, ð2Þ

where Mx=J�TM qð ÞJ�1, Gx=J�TG qð Þ, Fx=J�Tt,
Cx=J�T C q, _qð Þ�M qð ÞJ�1 _J

� �
J�1 denotes the control

force; J2Rn3n is the Jacobian matrix and Fe is the
contact force between the manipulator end-effector
and the environment. t 2Rn is the vector of general-
ized continuous torques acting at the joints;
M qð Þ 2Rn3n is the mass (inertia) matrix;
C q, _qð Þ 2Rn3n is the centrifugal-Coriolis matrix and
G qð Þ 2Rn is the Cartesian gravitational term.

When the manipulator contacts the environment, it
can be seen as a spring-damping model, as shown in
Figure 4(a), where xe represents the position of the

environment. The depth of the extrusion environment
at the manipulator can be written as Dx= x� xe, and
the contact force can be described as

Fe = keDx+ beD _x, ð3Þ

where ke, be represent the stiffness and damping
matrix of the environment, respectively. In general, ke
and be are usually unknown, which are determined by
the dynamic characteristics of the manipulator end-
effector and the environment. Since ke =diag
kxe , k

y
e , k

z
e

� �
and be =diag bxe , b

y
e , b

z
e

� �
are symmetric

matrices, equation (3) can be written as the contact
force of the manipulator along the specified direction

fe = keDx+ beD _x, ð4Þ

where ke, be 2 R denotes the environmental stiffness
and damping along the force direction, Dx and D _x
denote the extrusion depth and velocity of the manip-
ulator in the force direction.

When the manipulator does not contact the envi-
ronment, the manipulator moves according to the
command trajectory. When the manipulator contacts
the environment, control the posture of the manipula-
tor to maintain a desired contact force
Fd =diag fxd , f

y
d, f

z
d

� �
with the environment. With a

pressure sensor mounted at the end of the manipula-
tor, an effective method to judge the manipulator
contacts the environment is the pressure value in each
direction feedback by the pressure sensor is zero.
However, the pressure sensor can not maintain data
at zero due to signal noise even if the manipulator is
not in contact with the environment. In this paper,
we set a threshold b that can be considered that the
manipulator contacts the environment only when
Fsk k. b. The threshold b can be denoted as

b= ls max Ffree
s

�� ��� �
, ð5Þ

where ls . 1 is the threshold gain coefficient, and Ffree
s

is the feedback value of the pressure sensor during the
free movement of the manipulator. Considering32,33,
an improved VSADC is designed as

Fc =

kd _x� _xdð Þ+ kp1 x�xdð Þ+Gx,
Fsk kłb

Fd + kp2 Fs � Fdð Þ � bsem _x� _xeð Þ ,
Fsk k. b

8>><
>>:

ð6Þ

where kd =diag kxd , k
y
d, k

z
d

� �
, kp1 =diag kxp1, k

y
p1, k

z
p1

� �
,

and kp2 =diag kxp2, k
y
p2, k

z
p2

� �
are symmetric gain

matrices. The position, velocity, and contact force at
the end of the manipulator can be obtained by sen-
sors. However, the information related to the envi-
ronment is hard to be obtained, so _̂xe is defined as the
estimated speed of environmental position change.

Figure 4. A 1-DOF spring-damping model: (a) physical model
of the manipulator end-effector contact with the environment
and (b) physical model of the manipulator end-effector contact
with the environment based on virtual semi-active damping
control.

Algorithm 1 Trajectory planning algorithm based
on bi-RRT and OBB

Input: xinit: initial state; xgoal : goal state
Output: Joint angles of manipulator motion

qi i = 1, � � � , 9ð Þ
1: T a  xinit, T b  xgoal

2: repeat
3: compute joint angles qi by inverse kinematics;
4: Determine whether there is a collision by

A
0 i1
minA

0 i1
max

�����!����
����+ A

0 i2
minA

0 i2
max

�����!����
����\ A

0 i1
(ia)A

0 i2
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����!����
����
max

and

A
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�����!����
����+ B

01
minB

01
max

�����!����
����\ A

02
(i)B

01
(i)

���!����
����
max

as (1);

5: Update T a and T b;
6: Update xrand  RANDOM STATE();
7: Update EXTEND T a, xrandð Þ; EXTEND T b, xrandð Þ;
8: until T a = T b
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Then, the virtual semiactive damping
bsem=diag bxsem, b

y
sem, b

z
sem

� �
can be calculated by

bsem= bf + bv, ð7Þ

where bf =diag bxf , b
y
f , b

z
f

� �
is the defined damping

gain, and it represents the energy dissipated in the
contact phase. bv =diag bxv , b

y
v , b

z
v

� �
is an active adjus-

table virtual damping, and bv in any direction can be
calculated as [34]

bv = min l x� xfd
�� ��, bvmax

	 

, ð8Þ

where xfd represents the virtual desired position of the
manipulator reaching the expected contact force fd
along the direction of the contact force. l . 0 is the
gain coefficient of the error between the actual posi-
tion of the manipulator end-effector and the virtual
expected position, and bvmax is the saturation value of
the given virtual damping. Then, the physical model
of virtual semi-active damping control can be shown
in Figure 4(b). According to equation (4), it is easy to
obtain

ke xfd � xe
� �

+ be _xfd � _xe
� �

= fd: ð9Þ

Due to the position xe and velocity _xe of the environ-
ment are unknown, x̂e and _̂xe are assumed as the esti-
mated environmental position and velocity along the
movement direction of the manipulator, respectively.
Then, from equation (9), it can be obtained that

xfd =
fd � be _xfd � _̂xe

� �

ke
+ x̂e: ð10Þ

Since the impedance coefficient of the environment is
unknown, we can assume that the estimated values of
the stiffness and damping of the environment are k̂e
and b̂e. Considering equation (4), x̂e can be expressed
as

x̂e = x� Dx= x�
fs � b̂e _x� _̂xe

� �

k̂e
: ð11Þ

Assuming that the sampling period of the system is
al. Workspace analysis, equation (11) can lead to

x̂e eð Þ= x eð Þ

�
fs eð Þ � b̂e eð Þ x eð Þ�x e�1ð Þ

e � x̂e eð Þ�x̂e e�1ð Þ
e

h i

k̂e eð Þ
:

ð12Þ

Then, by recursion, x̂e eð Þ can be further written as

x̂e eð Þ= x eð Þ

� efs eð Þ+ b̂e eð Þ x e� 1ð Þ � x̂e e� 1ð Þð Þ
ek̂e eð Þ+ b̂e eð Þ

:
ð13Þ

The initial estimated position x̂0e can be considered as
the position of the manipulator end-effector at the
moment of initial contact. Similarly, according to
equation (13), we can obtain that

xfd eð Þ= x̂e eð Þ

+
efd eð Þ+ b̂e eð Þ xfd e� 1ð Þ � x̂e e� 1ð Þ

� �
ek̂e eð Þ+ b̂e eð Þ

:
ð14Þ

Further, to estimate the impedance parameters k̂e and
b̂e, the following cost function is defined as32,33

J zð Þ= fs � k̂eDx� b̂eD _x
� �2

, ð15Þ

where z= k̂e; b̂e

h i
, Dx= x� x̂e, and D _x= _x� _̂xe

represent the depth and velocity of the manipulator
penetrating the environment along the force direc-
tion, respectively.

PSO is an effective meta-heuristic optimization
algorithm, which makes use of the individual sharing
of information in the group to produce the evolution
from disorder to order in the motion solution space
of the whole group, to obtain the optimal solution.
Therefore, the cost function ( equation (15)) can be
used as the fitness value of the PSO algorithm to opti-
mize impedance parameters k̂e and b̂e. The pseudo-
code of impedance parameter estimation using PSO is
shown in algorithm 2. In general, the learning factor
of the PSO in Algorithm 2 can be chosen as
c1 = c2 =2, and the particle number N can be set as
50.

Simulation and experiment

In our work, the modified Denavit-Hartenberg
method and the Lagrange equation are used to estab-
lish the kinematic and dynamic model of the manipu-
lator before the simulation and experiments. The
gradient projection method35 is used to solve the
inverse kinematics of the manipulator. Due to the
limitation of space, it is not covered here. This section
presents simulations and experiments about obstacle
crossing, and force control to confirm the perfor-
mance of the designed manipulator and the effective-
ness of the theoretical results.

Simulation and experiment of obstacle crossing

To verify the flexibility of the designed modular
redundant manipulator, we designed a complex
obstacle environment with a size of
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600 mm3 530 mm3 1000 mm, mainly including the
narrow space of three baffles, as shown in Figure 5(a)
and (b). The redundant manipulator was required to
enter the obstacle along the direction m and cross the
obstacle along the direction n. The initial joint angles
was set as [0�, 0�, 0�, 0�, 0�, 0�, 0�, 0�, 80�], and the
target pose was given as [517.6mm, 1060.3mm,
23.3mm, 91.3�, 23.8�, 29.5�]. The time of the
manipulator crossing the obstacle was assumed as
40 s, and the angles of each joint were recorded in
each 5 s. Then, the changing process of each joint of
the manipulator obtained by simulation is shown in
Figure 5(c).

To illustrate the superiority of the designed algo-
rithm, the traditional RRT is used to replace the bi-
RRT algorithm in this paper for five times of obstacle
crossing simulation. The time comparison data are
obtained by randomly running the algorithm under
the same conditions. The personal computer has an
Intel(R) Core (TM) i7-7700 central processing unit
running at 3.60GHz with 8.00GB RAM, and the
software is MATLAB R2017b. The simulation results
in Figure 5(d) show that the performance of the pro-
posed algorithm has an obvious advantage in terms
of calculation time.

Further, the process of the manipulator crossing
the obstacle environment is simulated by ADAMS, as
shown in Figure 5(e). The joint angles of each stage
obtained by simulation are sent to the controller so
that the manipulator passes through the set obstacle
environment. From Figure 5(f), it can be seen that
the designed manipulator can flexibly cross the com-
plex and narrow obstacle environment, and there is
no collision with obstacles in the experimental process
(Supplemental Movie 1). The path of the manipulator
joint crossing the obstacle environment is almost con-
sistent with the path obtained by simulation. The
joint angle of the manipulator collected in the experi-
ment is shown in Figure 5(g), and it can be seen that
the actual motion of the manipulator is consistent
with the change of the joint angle obtained by simula-
tion in Figure 5(c). Compared with the traditional
manipulator, the designed redundant manipulator
combined with the designed obstacle avoidance algo-
rithm has high flexibility and can perform tasks in
complex obstacle environments.

Force control experiment

To illustrate the effectiveness of the proposed force
control algorithm in the contact force control of the
redundant manipulator, a relevant force control
experiment was performed. A balloon was fixed at
the end of the UR10 robot, and the position of the
balloon and the impedance parameters are unknown.
As shown in Figure 6(a), the end of the UR robot
moved 10 cm to the left at the speed of 0.01m/s and
then moved 20 cm to the right at the same speed
(Supplemental Movie 2). A pressure sensor
(OptoForce HEX-70-XE-200N with a force acquisi-
tion period of 0.01 s) was installed at the end of the
redundant manipulator. Only the pressure control of
the manipulator in a single direction was considered,
and the desired pressure was set to 10N.

In this experiment, the threshold gain coefficient ls

was set as 1.4, and control parameters were set as
bf =50, l=1000, d=0:1, and z0 = 500½ �T, respec-
tively. From Figure 6(b), it can be seen that the con-
tact force at the end of the redundant manipulator
has three obvious chattering after reaching 10N,
which is due to the sudden stop and start of the UR
robot. The manipulator end-effector begins to contact
the balloon at 7.5 s, and the contact pressure is stable
at 10N at 11.8 s. It can be seen from Figure 6(c) to (e)
that the impedance parameters and position of the
environment can be estimated during the contact pro-
cess of the manipulator with the balloon. Although
the impedance parameters are not actual, the control-
ler can still obtain a good force control performance.
As a result, combined with the improved VSADC
algorithm, the redundant manipulator can have good
interaction ability with the unknown environment
and can be used to perform complex interactive tasks.

Algorithm 2 Environmental impedance parameters and
position estimation based on PSO

Input: particle number N, position of the manipulator x,
learning factor c1, c2, and small value d

Output: zk, x̂k
e

if fs>b then
for i 1 to N do

initialize velocity v0
i 2 R

2 and position z0
i 2 R

2 for
particle i;
evaluate particle i by J zið Þ in (15) with x̂0

e and set

the best position of particle i as ppbesti = z0
i ;

end for
compute the global best position pgbest =

find z0
i , min ppbesti

n o� �

While J zð Þ. d do
For i 1 to N do

r1 = rand 0, 1ð Þ; r2 = rand 0, 1ð Þ
vk + 1
i = vk

i + c1r1 ppbesti � zk
i

� �
+

c2r2 pgbest � zk
i

� �

zk + 1
i = zk

i + vk
i

Compute x̂k
e by (25) and J zk

i

� �
by (27)

if J zk + 1
i

� �
\J ppbesti

� �
then

ppbesti  zk + 1
i

end if

if J ppbesti

� �
\J pgbesti

� �
then

pgbesti  ppbesti

end if
end for

end while
end if
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Discussion and future work

Since rigid modular redundant manipulators have

significant advantages in flexibility and are differ-

ent from soft manipulators, they have higher con-

trol accuracy and force control ability. Therefore,

the designed redundant manipulator may play an

important role in the on-orbit construction of large

space telescopes to perform the handling, assembly,

detection, and other tasks. Undoubtedly, these

tasks are a great challenge to the obstacle avoid-

ance ability of the manipulator and the interaction

ability of the unstructured environment. Two con-

trol algorithms proposed for redundant manipula-

tors in this paper show two measures to address

this challenge.

Figure 5. Obstacle crossing experiment of the redundant manipulator: (a) obstacle model, (b) obstacle object, (c) change of each
joint angle of the manipulator with time obtained by simulation, (d) time required by traditional RRT algorithm and bi-RRT algorithm
in trajectory planning, (e) simulation process of the manipulator crossing obstacle, (f) experimental process of the manipulator
crossing obstacle, and (g) joint curves of the manipulator crossing obstacle in the experiment.
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The proposed obstacle avoidance control algorithm
can be used in complex obstacle environments and has
high computational efficiency. Different from the most
existing trajectory planning algorithms17,18,36,37 for
redundant manipulators, a more complex 3D space
obstacle is set in this paper, and not only physical sti-
mulation but also corresponding experiments are car-
ried out. It is worth noting that this work assumes that
the obstacle is completely known and the obstacle is
static. However, for the actual working environment,
the position and shape of the obstacle are not readily
available and may be dynamic. In future work, some
speed space algorithms, such as the dynamic-window
algorithm,38 will be considered for obstacle avoidance
in redundant manipulators.

In our work, we have demonstrated the interaction
between the redundant manipulator and the unknown
environment and the rapid estimation of the environ-
mental state. In some existing work,32,33 impedance
controllers for manipulators only can be applied to sta-
tic environments, and the prior knowledge about the
environmental position was assumed to be known.39,40

The proposed improved virtual semi-active damping
control algorithm can be used not only for static

environments but also for force interaction in unknown
dynamic environments. Meanwhile, the possible influ-
ence of measurement noise on the control performance
was considered, which has important practical applica-
tion. It is worth mentioning that the PSO may fall into
local optimal when searching for optimal impedance
parameters. Fortunately, some advanced optimization
algorithms, such as the group search optimizer algo-
rithm,41 provide us with valuable ideas for optimizing
impedance parameters in the future.

Besides the two control algorithms described in
this paper, the modular design scheme is adopted for
our designed manipulator, even if it is not emphasized
too much in this paper. Compared with traditional
manipulators, modular joints can benefit versatility,
robustness, and low-cost manufacturing. In particu-
lar, different numbers of joints can be assembled into
the manipulator depending on the task requirements,
and broken joints can be easily replaced.

Conclusion

This paper focuses on a novel 9-DOF modular redun-
dant manipulator composed of nine identical modular
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Figure 6. Force control experiment of the redundant manipulator: (a) the force control experiment process of the manipulator, (b)
contact force between the manipulator end-effector and the balloon, (c) the actual position and the virtual desired position of the
manipulator end-effector, (d) the estimated impedance parameter k̂e, and (e) the estimated impedance parameter b̂e.

Sai et al. 9



joints in series. The compact structure design and
two-stage deceleration make the joint keep a small
volume and large output torque. We demonstrated a
trajectory planning algorithm based on the bi-RRT
and OBB, which is used to plan a reasonable trajec-
tory for the redundant manipulator to avoid collision
with obstacles. The simulation and experiment of
crossing obstacles for the redundant manipulator
were implemented in a complex 3D obstacle environ-
ment. Meanwhile, we have demonstrated an improved
VSADC algorithm. The experimental results show
that even without prior knowledge of the environ-
ment, the manipulator can maintain the desired con-
tact force with the dynamic environment. Therefore,
the designed redundant manipulator is expected to be
applied in complex and narrow environments for
interaction tasks in the future.
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