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ABSTRACT

The focus of this research is to propose a method known as position-based contact force
synchronous control for cooperative manipulation of an object using a dual-arm manipulator. By
defining relative positional and force errors between both manipulators and the object, these errors
can be utilized in conjunction with a general impedance controller to enhance contact force
accuracy during operation. This unique approach guarantees coordination between both arms
while minimizing internal forces exerted on the object compared to conventional impedance
control techniques.
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Relative error This is an open access article distributed under the CC BY-NC 4.0 license
(http://creativecommons.org/licenses/by-nc/4.0/).

1. Introduction

With the continuous expansion of the application scope
of robots, many new operational tasks and work
environments have emerged, which pose higher demands
on the performance of robots [1]. The dual-arm
cooperative manipulator, compared to the traditional
single-arm robot, has higher flexibility, operability, and
load capacity, which has attracted widespread attention
in both academia and industry [1], [2].

When manipulating an object by a dual-arm cooperative
manipulator, it is not only necessary to coordinate the
position of the manipulators in relation to each other but
also to prevent damage to the object due to excessive

contact forces between the manipulator and the object [3].

Dual-arm cooperative manipulation tasks impose higher
levels of motion and force constraints on manipulators as
opposed to single-arm manipulation tasks. The problem
of cooperative control of a dual-arm manipulator is to

control the motion and force of two manipulators under
certain motion constraints [4].

The main control methods can be broadly divided into
two categories: direct and indirect methods [5], [6]. The
direct method is represented by the hybrid force/position
control. This method is based on the orthogonality of the
position subspace and force subspace and achieves
decoupled control of force and position with high control
accuracy [6]. However, the realization of this approach
presupposes that the contact forces and trajectories
required for the interactive manipulation are both known,
which is often difficult in unstructured or dynamic
environments. This also limits the further application of
the method in a wider range of applications [7]. The
indirect method represented by impedance control does
not directly control the contact force or position but
controls the relationship between the external force at the
operating point and the state of motion in order to achieve
the expected dynamic motion characteristics. Impedance
control is widely used in practical applications because it
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enables contact forces compliant control in a constrained
environment with a small computational effort and high
robustness [8].

Unlike the single-arm manipulation task, when two
manipulators grasp the same object at the same time, a
closed-chain motion mechanism will be formed. During
the impedance control of the closed chain system, the
distribution of the load also needs to be considered [9].
For symmetrical bimanual tasks, achieving effective
compensation of the absolute error of each manipulator
and the relative error between the two manipulators is
essential to achieve reasonable load distribution. This is
crucial for reducing the internal forces of manipulation
and ensuring the safety of the manipulated object [10]. In
the existing literature, there is a lack of research on the
problem of relative error compensation during the
cooperative manipulation of a dual-arm cooperative
manipulator.

In this paper, based on the above analysis, the relative
error compensation problem in the dual-arm cooperative
manipulation is studied, and a position-based contact
force synchronous control method is proposed.

2. Dual-arm Cooperative Manipulation Model

This section defines the model for dual-arm cooperative
manipulation, specifically the dynamics and kinematics
model of the dual-arm cooperative manipulator, and the
force analysis, kinematics and dynamics model of the
manipulated object.

Fig. | presents the dual-arm cooperative manipulator that
was used throughout this study.

The robotic system consists of multiple subsystems, with
the dual-arm based on humanoid-inspired design. Each
robotics manipulator consists of 7 rotational joints
configured in a spherical-roll-spherical configuration,
with three equivalent spherical joints at the shoulder and

Fig. 1. The dual-arm cooperative manipulator

wrist, and one rotating joint at the elbow. Each joint is

independent and controlled by a separate controller.
Without considering the end effector, the arm span of
each robotics manipulator is 1.375m.

2.1. Model of dual-arm cooperative manipulator

The dynamics equations of the manipulator in a dual-arm
cooperative manipulator is shown below:

mi(ei)éi+Ci(‘9ibéi)+gi(9i):2-i_Jz'Tfi (1
where, i =,/ represents two robotic arms; m, € R™" is
the inertia matrix and c,(6,,6,) € R" is the vector of the
force/torques due to the nonlinear terms (e.g. centrifugal,
Coriolis and friction); g,(6,) € R" is the vector of gravity;
7, € R" denotes to the joint torque; 6, € R" denotes to
the joint angle; J, € R™" is the analytical Jacobian
matrix; f, € R”" denotes the contact force from the
external environment. The model of the dual-arm
cooperative manipulator can be expressed as

m(0)0 +c(0,0)+g(@)=t-J" f 2)

where, the vectors are stacked (e.g., g() =[g.g/ ] .
6 =[6.,6,] ) and the matrices are block-diagonal (e.g.,
m = blockdiag(m_,m,)
The kinematic model of the dual-arm cooperative
manipulators is shown below:

N =J(0)0

N =J(0)6+J(0,0)0
where, N € R*” is the position and orientation of the
end-effector of the dual-arm manipulator and satisfies

N=[NT NIT

€)

2.2. Model of manipulated object

In the process of gripping an object with two arms, it is
necessary to know the position of the object and to plan
the expected position of the arm according to the position
of the object. In order to ensure a stable gripping of the
object, the planned position of the manipulator must
generally intrude a certain distance into the object and
achieve a certain gripping force.

Fig. 2 presents the grasp for a dual-arm cooperative
manipulator manipulating a common object

Where, X, and X,, denote the expected positions for
the end-effector of the manipulator to grasp the object;
N, and ¥, denote the actual positions of the end-
effector gripping the object; f,, and f,, denote the
expected contact forces; f, and f, denote the actual
contact forces.



Fig. 2. The grasp for a dual-arm cooperative manipulator
manipulating a common object

Let's assume that the object is clamped separately by the
two manipulators, and there is no relative motion
between the end-effectors and the object. Further, by
invoking the virtual works principle, the relationship
between the the manipulated object and the end-effector
at the velocity level can easily derived

N=J:z 4)
where, J, € R is the grasping matrix; z€ R’
denotes the position and orientation of the object.
The complete kinematic relationship is as follows:

:=J'J 6 (5)
The object’ motion is described as below
m.(2)Z+c.(2,2)z= f. (6)

where, m_ is the inertia matrix of the manipulated object;
¢, contains the various nonlinear components of the
inertial forces/moments; f, represents the force that
applied on the center of mass of the object.

When the robot grasps the object, the output forces of the
manipulators is /' =[f/, ;'] , and the combined force
on the manipulated object is

L= (7)
3. Contact force synchronous controller Design

3.1 Classical impedance controller

When a robotic system interacts with an external
environment, compliant behavior can be achieved by
forcing the robot system to have appropriate dynamic
characteristics to avoid excessive contact forces and
moments. Specifically, impedance schemes are used to
enforce the following mechanical impedance behavior
between the object position and the forces acting on the
object

mN+b,8+k8=f (8)

When the impedance control method is used to control
the robot to perform a dual-arm cooperative manipulation
task, the inputs and outputs of the impedance controller
are defined as N, =(N!,,N})" and f, =/, /) .
respectively, and the impedance relationship between
them satisfies the following:

mdr&rl +bdr§rl +kdr&rl =fu
mdl&ll +bdl&11 +kd1&11 = fl]
The relationship between the generalized force at the

output of the impedance controller and the expected
generalized force is as followins:

{&=ﬁ—h
fu :f}_ﬁd

Based on Equation (10), the expected input poses of the
left and right manipulators yield

{Nm =N, -N,
Ny =R, =N,
When utilizing classical impedance control for dual-arm
compliance control, ensuring precise positioning of the
end-effector becomes problematic, thereby increasing
the difficulty in achieving cooperative motion between
the two manipulators.

)

(10)

(11

3.2. Relative error and absolute error definition

The absolute error of the dual-arm cooperative
manipulation is defined as the difference between the
actual and expected pose of each manipulator
{@ =N, -N,
6, =N, -§,
The definition of relative error is further given on the
basis of absolute error

{5#: D krk (5r - 51)
5lk 0 klk (5r _51)
where, k, and k, are proportional factors. To ensure
the synchronization, the relative error needs to be
compensated. After synchronous control, the posture of
the manipulators meets the following relation.

N, =N,4+0.+7,

Ny =N,+6,+9,
The range of variation of the proportional factor is
0< |k,,k|,|k1k| <1. The setting of the proportional factor
should be based on the requirements of the operating task.
For operations with low synchronization requirements,
the proportional factor can be reduced appropriately to

(12)

(13)

(14)



reduce the role of relative error, and the system relies on
absolute position error to complete the operating task.

4. Contact force synchronous controller

When a dual-arm cooperative manipulator performs a
task, each manipulator needs not only to have a certain of
compliance, but also to maintain synchronization
between the two manipulators. For this reason, we
introduced the relative error into the general impedance
controller to obtain a contact force synchronous
controller, which is designed as follows.

At first, according to the impedance equation and the
expected trajectory of the manipulated object, the
generalized acceleration of impedance controller can be
obtained

&rl = m(;rl (S — bdr&rl - kdr&rl )+ &rd
xu = m;ll (fu - bleII - klell )+ N/d
Then, the above equations are integrated to obtain the

output posture. The expected input of the contact force
synchronization controller is shown below.

{Nﬂd =N, + ’;TZH
Ny =8, + :TZrI

(15)

(16)

where, "T and T are mapping relationships between
the position and posture of the left and right manipulators.
After compensating for the relative error, the expected
input of the contact force synchronous controller is
shown below.

{Nrk =0, +k,N,, 17

Ny =0y +h, Ny
where, k, and k, are proportional factors based on task
requirements. By combining the kinematic equations of
the dual-arm cooperative manipulators, yields the
expected joint acceleration

0,=J"[N,-J"0]+N"2 (18)

Lastly, the expected joint moment can be obtained by
combining the dynamic equations

,=m,J" [&k—J’19]+mdNTl—JTF (19)

5. Simulation Analysis

In order to verify the performance of the proposed control
scheme, it was tested using the combined simulation
platform of Adams and Matlab. As a means of
benchmarking, a classical impedance control method was
also applied to the same task.

Fig. 3 shows the model of a dual-arm cooperative
manipulator with the specific manipulation task that is
clamping a spherical object.

Fig. 4 and Fig. 5 show the contact force changing curve
of the manipulators and the combined force received by
the object under different control methods.

After stabilizing, the maximum resultant force exerted on
the object using the two methods mentioned above is
0.0964N and 0.0238N, respectively. The synchronization
between the manipulators is significantly improved after
adopting the position-based contact force synchronous

Fig. 3. The dual-arm cooperative manipulation tasks

control method. And the fluctuation of the combined
force on the object is significantly reduced, achieving the
goal of regulating the contact force on the object.
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Fig. 4. Contact force changing curve based on classical
impedance control method
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Fig. 5. Contact force changing curve based on position-based
contact force synchronous control method



6. Conclusion

To address the cooperative problem in the contact force
control of a dual-arm cooperative manipulator, this paper
proposed a position-based contact force synchronous
control method. The method first defines the relative
positional error between the two manipulators, and then
combines it with the impedance control scheme to
compensate the synchronous error and solve the
synchronous problem during the dual-arm cooperative
operation. The control scheme is validated based on a
simulation task that a dual-arm cooperative manipulator
clamping an object. The simulation results show that the
control scheme proposed in this paper can effectively
reduce the contact force between the manipulator and the
object as well as the combined force on the object, thus
ensuring the safety of the system.
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