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Abstract—The cooperation of a pair of robot manipulators is
required to manipulate a target object without any fixtures. The
conventional control methods coordinate the end-effector pose
of each manipulator with that of the other using their kinemat-
ics and joint coordinate measurements. Yet, the manipulators’
inaccurate kinematics and joint coordinate measurements can
cause significant pose synchronization errors in practice. This
paper thus proposes an image-based visual servoing approach for
enhancing the cooperation of a dual-arm manipulation system.
On top of the classical control, the visual servoing controller lets
each manipulator use its carried camera to measure the image
features of the other’s marker and adapt its end-effector pose
with the counterpart on the move. Because visual measurements
are robust to kinematic errors, the proposed control can reduce
the end-effector pose synchronization errors and the fluctuations
of the interaction forces of the pair of manipulators on the move.
Theoretical analyses have rigorously proven the stability of the
closed-loop system. Comparative experiments on real robots have
substantiated the effectiveness of the proposed control.

Index Terms—Cooperative manipulation, image-based visual
servoing, multirobot systems, passivity-based control.

I. INTRODUCTION

Dual-arm manipulation is a challenging research topic in the
robotics society [1], [2]. Given that typical humanoid robots
have bimanual capabilities, the study of dual-arm manipulation
control is gaining more and more attention recently [3]. A
typical application of dual-arm manipulation is to grasp and
transport a rigid target object without extra fixtures [4]. In
this context, the two arms need to keep their end effectors
in frictional contact with the manipulated object throughout
the task execution [5]. Thus, a fundamental control objective
for the pair of two manipulators is to tightly coordinate their
end-effector poses on the move [6].

The existing research on dual-arm manipulation control has
synchronized the end-effector positions of both manipulators
with event-triggered communications [7] and regulated their
interaction forces with the object in the contact direction [8].
Accounting for the internal forces [9], constrained quadratic
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Figure 1. Two 6-DOF serial manipulators serve as the left and the right arms
in a dual-arm manipulation system. The target object that they manipulate
is a cubic box. Fw and Fo denote the world frame and the object frame,
respectively. Fb∗, Fe∗ and Fc∗ are the base, end-effector and camera frames
of the left ∗ = l and the right ∗ = r arms. To, Tb∗, T∗, Tb

∗ and T∗
o

indicate the transformations between the frames.

programs have been formulated to minimize the contact forces
while avoiding obstacles in the surrounding environment [10]
and the separation or sliding of the frictional contact [11].
Under nonlinear model predictive control, a torque-controlled
dual-arm manipulation system has recently been tested for a
mirror grinding task [12]. However, torque-controlled manip-
ulators with exactly known dynamic models are unavailable in
many applications. Cooperation approaches for velocity- and
position-controlled robot arms have thus been advocated. For
velocity-controlled manipulators, the joint limit avoidance and
Cartesian-space path following have been pursued with lower
priority than their pose synchronization task [13]. A sparse
kinematic control has minimized the number of the two arms’
actuated joints using a hierarchical quadratic program [14]. For
position-controlled manipulators, a linear elastic model for the
contact of the follower arm with the object has been assumed
to minimize the internal forces [15]. A communication-free
coordination control has adopted the manipulators’ interaction
forces to transport deformable objects [16].

A position-based visual servoing (PBVS) approach has been
deployed on a humanoid robot to control both arms/hands to
grasp and manipulate its observed target objects in a kitchen
environment [17]. An image-based visual servoing (IBVS)
method has been applied to a dual-arm robot with both fixed
and mobile cameras to align the poses of both arms when
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performing a plug-socket insertion task [18]. Yet, the control
design and stability analysis have not considered the closed
kinematic chain. With IBVS, two simulated aerial manipula-
tors have rigidly grasped an assembly bar and transported it
to the target pose [19]. However, the control has not yet been
verified on any real-robot platform.

A. Contributions
This paper develops an IBVS control algorithm for enhanc-

ing dual-arm cooperation. Its contributions to the coordination
control and the visual servoing control are as follows.

The classical cooperative manipulation controls synchronize
the end-effector poses of both arms [20]. However, previous
studies [21], [22] have discovered that the kinematic errors
of manipulators can induce significant pose biases between
them and lead to possible task failures and hardware damage.
Recursive least-squares estimators have estimated unknown
kinematic parameters of space manipulators while suffering
from joint measurement noises [23]. Because IBVS is robust
to kinematic errors, the paper proposes an IBVS algorithm to
reduce the pose errors and the accompanying interaction force
fluctuations during dual-arm manipulation.

The basic [24] and advanced [25] visual servoing algorithms
have been widely employed for a single manipulator to reach
a stationary target or track a moving target. The interaction
matrices depend only on the image features and their depths.
However, in the context of dual-arm manipulation, the cameras
and markers are mounted on two arms separately. As a result,
the kinematic model of the system becomes entirely different,
and the associated interaction matrix significantly differs from
the classical one. The paper figures out the dependence of
the customized interaction matrix on the poses of both arms
explicitly. Moreover, it synthesizes the IBVS algorithm with
pose synchronization control while guaranteeing the closed-
loop system stability rigorously.

In the remainder of the paper, Section II builds the kinematic
models of the manipulators and the vision system. Section III
designs the control algorithm and analyses the system stability.
Section IV discusses the state and input constraints of manip-
ulators and some visual servoing issues. Section V validates
the control via comparative experiments. Finally, Section VI
concludes the design and future studies.

II. MODELLING

This section introduces the closed kinematic chain formed
by the pair of manipulators and the pinhole perspective pro-
jection model of their wrist-mounted cameras.

A. The Closed Kinematic Chain
The dual-arm manipulation system, as shown in Figure 1,

contains a pair of 6-degrees-of-freedom (6-DOF) serial ma-
nipulators with only revolute joints. Let the world frame be
Fw, the base and the end-effector frames of the left ∗ = l and
the right ∗ = r arms be Fb∗ and Fe∗, respectively. Let q∗ be
the joint coordinates and

T∗ =

[
R∗ x∗
0 1

]

be the end-effector poses of the two arms ∗ = l, r, where R∗
and x∗ are the rotation matrix representations of orientation
and the positions respectively. The Jacobian matrices J∗ of
the two manipulators ∗ = l, r then link their joint velocity
inputs q̇∗ to their end-effector velocities v∗ by

v∗ =

[
υ∗
ω∗

]
= J∗q̇∗, (1)

where the linear υ∗ and angular ω∗ velocities adapt their end-
effector poses T∗ by

ẋ∗ =υ∗, (2a)

Ṙ∗ =ω×
∗ R∗. (2b)

To manipulate the target object without fixtures, the two
manipulators need to keep their end effectors rigidly attached
to the object throughout the task execution. Let Fo be the
object frame, and let To be the object pose. Then, the rigid
attachment of the arms’ end effectors to the object requires

TlT
l
o = To = TrT

r
o, (3)

where the poses of the object relative to the end effectors of
the left Tl

o and the right Tr
o arms remain invariant. Simple

algebraic operations derive that the transformations

Tl
r =T−1

l Tr = Tl
oT

r
o
−1, (4a)

Tr
l =T−1

r Tl = Tr
oT

l
o
−1 (4b)

remain invariant. Namely, the two arms’ end effectors and the
object shall stay stationary with respect to each other. For the
left arm ∗ = l, the right arm ∗ = r, and the object ∗ = o, let

T∗ =

[
R∗ x∗
0 1

]
and T∗d =

[
R∗d x∗d
0 1

]
denote their initial and desired poses, respectively. The pose
synchronization control objective of the dual-arm manipulation
system can thus be formulated as

T−1
od To =I, (5a)

T−1
l Tl = T−1

r Tr =T−1
o To. (5b)

In Equation (5a), T−1
od To is the displacement of the object

from its desired pose Tod. It thus enforces the object to move
towards its desired pose. In Equation (5b), T−1

∗ T∗ denote the
displacements of the left arm ∗ = l, the right arm ∗ = r,
and the object ∗ = o from their initial poses T∗, respectively.
As the two manipulators reliably hold the object at the initial
poses T∗, the objective (5b) then secures the manipulation by
enforcing them to keep their relative poses invariant.

B. The Pinhole Projection Model
The eye-in-hand camera mounted on the wrist of each ma-

nipulator, as shown in Figure 2, measures the image features of
the fiducial marker fixed on the wrist of the other manipulator.
In particular, the image features adopted in the control design
are the four corner points of each AprilTag marker. Let the
pose of the camera frame Fc∗ relative to the end-effector
frame Fe∗ of the left ∗ = l or the right ∗ = r arm be

T∗
c =

[
R∗

c x∗
c

0 1

]
.
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Figure 2. The positions of the corner points i = 1, 2, 3, 4 expressed of the
right arm’s marker expressed in the end-effector frame Fer and in the left
camera frame Fcl are pri and mli, respectively. T∗ and Tl

c denote the
transformations between the world frame Fw , the end-effector frames Fe∗
and the camera frame Fcl with ∗ = l, r.

Let the position of the i-th corner point of the marker on the
right ∗ = r or the left ∗ = l arm be expressed in the end-
effector frame Fe∗ by p∗i with i = 1, 2, 3, 4.

Let the superscripts x, y and z index the components of
position vectors in the associated axis. By the kinematic chain,
the position mli = (mx

li,m
y
li,m

z
li)

T of the i-th corner point
of the right arm’s marker expressed in the left arm’s camera
frame Fcl meets

TlT
l
c

[
mli

1

]
= Tr

[
pri

1

]
.

The position mri = (mx
ri,m

y
ri,m

z
ri)

T of the i-th corner point
of the left arm’s marker expressed in the right arm’s camera
frame Fr meets

TrT
r
c

[
mri

1

]
= Tl

[
pli

1

]
.

One can thus derive that

mli =
(
RlR

l
c

)T (
Rrpri + xr −Rlx

l
c − xl

)
, (6a)

mri =(RrR
r
c)

T
(Rlpli + xl −Rrx

r
c − xr) , (6b)

for the corner points i = 1, 2, 3, 4 of markers.
Let ζ∗i normalize m∗i with ∗ = l, r by their z-coordinates

ζ∗i =
[
mx

∗i
mz

∗i

my
∗i

mz
∗i

]T
.

Let the intrinsic parameters matrices of the left ∗ = l and the
right ∗ = r cameras be K∗. The cameras then capture their
image features s∗i with i = 1, 2, 3, 4 by

s∗i = K∗ζ∗i. (7)

Taking the time derivative of Equation (7) yields

ṡ∗i =
1

mz
∗i

[
K∗ −s∗i

]
ṁ∗i. (8)

Substituting Equation (6) into Equation (8) gives rise to[
ṡli
ṡri

]
=

[
Ll
li Lr

li

Ll
ri Lr

ri

] [
vl

vr

]
, (9)

where the interaction matrices Ll
li, L

r
li, L

l
ri and Lr

ri with i =
1, 2, 3, 4 are expressed as

Ll
li =

1

mz
li

[
Kl − sli

] (
RlR

l
c

)T [
−I (Rrpri + xr − xl)

×] ,

Lr
li =

1

mz
li

[
Kl − sli

] (
RlR

l
c

)T [
I − (Rrpri)

×] ,

Ll
ri =

1

mz
ri

[
Kr − sri

]
(RrR

r
c)

T [
I − (Rlpli)

×] ,

Lr
ri =

1

mz
ri

[
Kr − sri

]
(RrR

r
c)

T [−I (Rlpli + xl − xr)
×] .

Let sli and sri be the initial values of sli and sri, respectively.
The enhanced cooperation control objective of the dual-arm
system can thus be formulated as[

sli
sri

]
=

[
sli
sri

]
(10)

for the corner points i = 1, 2, 3, 4 of markers.

III. CONTROL DESIGN AND STABILITY ANALYSIS

This section designs the control inputs to the manipulators
and analyses the stability of the closed-loop system.

A. Control Design

Equation (5b) implies that

T−1
l Tld = T−1

r Trd = T−1
o Tod.

Given that Tod is pre-planned, one can then distribute desired
poses to the left and the right arms by

Tld = TlT
−1
o Tod and Trd = TrT

−1
o Tod.

As a result, Equation (5a) is equivalent to

T−1
∗d T∗ =

[
RT

∗dR∗ RT
∗d(x∗ − x∗d)

0 1

]
= I

for ∗ = l, r and can thus be reformulated as

minimize
ql,qr

Vd, (11)

where the objective function is defined by

Vd =
1

2

∑
∗=l,r

[
tr
(
I−RT

∗dR∗
)
+ (x∗ − x∗d)

T(x∗ − x∗d)
]

with tr(M) being the trace of any square matrix M.
Equation (5b) implies also that

T−1
l Tl =

[
R̃l RT

l x̃l

0 1

]
=

[
R̃r RT

r x̃r

0 1

]
= T−1

r Tr,

where R̃∗ = RT
∗R∗ and x̃∗ = x∗ − x∗ for ∗ = l, r. Namely,

I = R̃lR̃
T
r and 0 = RT

l x̃l −RT
r x̃r.

It can thus be reformulated as follows

minimize
ql,qr

Vt, (12)

where the objective function is defined by

Vt =
1

2
tr
(
I− R̃lR̃

T
r

)
+

1

2

(
RT

l x̃l −RT
r x̃r

)T (
RT

l x̃l −RT
r x̃r

)
.
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The enhanced cooperation control objective (10) can be refor-
mulated as the following quadratic program

minimize
ql,qr

Vs, (13)

where the objective function is defined by

Vs =
1

2

4∑
i=1

[
(sli − sli)

T(sli − sli) + (sri − sri)
T(sri − sri)

]
.

Therefore, IBVS for enhancing the cooperation of dual-arm
manipulation is formulated as solving the optimization prob-
lems (11)-(13) simultaneously by

minimize
ql,qr

V = wdVd+wtVt + wsVs, (14)

where the objective function V sums Vd, Vt and Vs by positive
scalar weights wd, wt and ws, respectively.

Following the steepest descent algorithm, the joint velocity
control inputs to the left and the right arms are designed by
(15), where q̇l and q̇r are respectively the negative gradients
of the objective function V with respect to ql and qr, and
sk(M)∨ returns the vector associated with the skew-symmetric
part of any square matrix M. The next subsection proves the
closed-loop system stability.

B. Stability Analysis

One can investigate the stability of the closed-loop dual-
arm manipulation system by the objective function V defined
in Equation (14). Under the joint velocity control inputs (15),
the kinematics (1) and (2) of the left and the right manipulators
adapt the objective function V by

V̇ = wdV̇d+wtV̇t + wsV̇s = −q̇T
l q̇l − q̇T

r q̇r ≤ 0, (16)

where the time derivatives of Vd, Vt and Vs are presented
in detail in (17), (18) and (19), respectively. Because the
objective function V is nonnegative and its time derivative
is nonpositive, one can thus conclude that the states ql and qr

of the system converge to the largest invariant set of{
(ql,qr)

∣∣ q̇l = q̇r = 0
}

by LaSalle’s invariance principle. That is, both arms become
stationary asymptotically.

From Equations (17)-(19), one can find that the joint ve-
locity control inputs q̇l and q̇r of the left and the right arms
designed in (15) can be written as

q̇l =− wd∇ql
Vd − wt∇ql

Vt − ws∇ql
Vs, (20a)

q̇r =− wd∇qr
Vd − wt∇qr

Vt − ws∇qr
Vs, (20b)

where ∇q∗Vd, ∇q∗Vt and ∇q∗Vs are the gradients of the
objective functions Vd, Vt and Vs with respect to q∗ for
∗ = l, r. Then, the fact that q̇∗ → 0 together with (20) imply
that the gradient of the objective function V tends to zero, i.e.,[

q̇l

q̇r

]
= −

[
∇ql

V
∇qr

V

]
= −∇V → 0

as time goes to infinity, where ∇q∗V are the gradients of the
objective function V with respect to q∗. One can thus conclude
that the objective function V converges to its minimum.

Note that the objective function V is not necessarily globally
strictly convex with respect to ql and qr. The steady-state
configuration of the dual-arm system can possibly be a local
minimum point of V . Nevertheless, V = 0 at the initial
time is exactly its global minimum by its definition, which
implies that the proposed controls (15) reduce V back to zero
asymptotically once it diverges a bit from zero throughout the
cooperative manipulation. Therefore, both the pose synchro-
nization control (5) and the enhanced cooperation control (10)
objectives are fulfilled.

IV. DISCUSSION

This section discusses the state and input constraints of
manipulators and visual servoing issues.

A. State and Input Constraints
Implementing the proposed control on a real-robot platform

needs to cope with the system’s state and input constraints.
For the velocity-controlled manipulators ∗ = l, r, their joint
angles q∗ and velocities q̇∗ are the states and inputs of the
system, respectively. Typical state constraints of the velocity-
control manipulators are imposed to avoid the mechanical
limits of their joints, obstacles in the surrounding environment,
and collisions between their bodies. Together, all these state
constraints can be unified into an inequality of the manipula-
tors’ joint angles as follows

h(ql,qr) ≤ 0.

The input constraints are imposed to accommodate the limits
of the left ∗ = l and the right ∗ = r arms’ joint velocities.
Namely, the joint velocity control inputs q̇∗ cannot exceed
their maximum q̇max

∗ and the minimum q̇min
∗ values as follows

q̇min
∗ ≤ q̇∗ ≤ q̇max

∗ .

Under the state constraints, the joint velocity control inputs
to the manipulators can be designed by solving the optimiza-
tion problem (14) with the penalty function

ψ(ql,qr) = exp

[
h− h(ql,qr)

h(ql,qr)

]
− h− h(ql,qr)

h(ql,qr)
− 1

q̇l =−wdJ
T
l

[
xl − xld

sk
(
RlR

T
ld

)∨]− wtJ
T
l

[
x̃l −RlR

T
r x̃r

sk
(
RlR̃

T
rR

T
l

)∨]− wsJ
T
l

4∑
i=1

[
Ll
li
T (sli − sli) + Ll

ri
T (sri − sri)

]
(15a)

q̇r =−wdJ
T
r

[
xr − xrd

sk
(
RrR

T
rd

)∨]− wtJ
T
r

[
x̃r −RrR

T
l x̃l

sk
(
RrR̃

T
l R

T
r

)∨]− wsJ
T
r

4∑
i=1

[
Lr
li
T (sli − sli) + Lr

ri
T (sri − sri)

]
(15b)
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V̇d =− 1

2

∑
∗=l,r

tr
(
RT

∗dṘ∗

)
+
∑
∗=l,r

(x∗ − x∗d)
Tẋ∗ = −1

2

∑
∗=l,r

tr
(
RT

∗dω
×
∗ R∗

)
+
∑
∗=l,r

(x∗ − x∗d)
Tυ∗

=− 1

2

∑
∗=l,r

tr
(
ω×

∗ R∗R
T
∗d
)
+
∑
∗=l,r

(x∗ − x∗d)
Tυ∗ =

∑
∗=l,r

ωT
∗ sk

(
R∗R

T
∗d
)∨

+ (x∗ − x∗d)
Tυ∗

=
∑
∗=l,r

[
x∗ − x∗d

sk
(
R∗R

T
∗d
)∨]T v∗ =

∑
∗=l,r

[
∇q∗Vd

]T
q̇∗ =

[
∇ql

Vd
∇qr

Vd

]T [
q̇l

q̇r

] (17)

V̇t =− 1

2
tr
(
˙̃
RlR̃

T
r + R̃l

˙̃
RT

r

)
+
(
RT

l x̃l −RT
r x̃r

)T (
RT

l
˙̃xl −RT

r
˙̃xr

)
=− 1

2
tr
(
RT

l ṘlR̃
T
r + R̃lṘ

T
rRr

)
+
(
RT

l x̃l −RT
r x̃r

)T (
RT

l ẋl −RT
r ẋr

)
=− 1

2
tr
(
ṘlR̃

T
rR

T
l

)
− 1

2
tr
(
RrR̃lṘ

T
r

)
+
(
RT

l x̃l −RT
r x̃r

)T
RT

l ẋl +
(
RT

r x̃r −RT
l x̃l

)T
RT

r ẋr

=− 1

2
tr
(
ω×

l RlR̃
T
rR

T
l

)
+

1

2
tr
(
RrR̃lR

T
rω

×
r

)
+
(
RT

l x̃l −RT
r x̃r

)T
RT

l υl +
(
RT

r x̃r −RT
l x̃l

)T
RT

rυr

=ωT
l sk

(
RlR̃

T
rR

T
l

)∨
+ ωT

r sk
(
RrR̃

T
l R

T
r

)∨
+
(
x̃l −RlR

T
r x̃r

)T
υl +

(
x̃r −RrR

T
l x̃l

)T
υr

=

[
x̃l −RlR

T
r x̃r

sk
(
RlR̃

T
rR

T
l

)∨]T vl +

[
x̃r −RrR

T
l x̃l

sk
(
RrR̃

T
l R

T
r

)∨]T vr =

[
∇ql

Vt
∇qr

Vt

]T [
q̇l

q̇r

]
(18)

V̇s =

4∑
i=1

[
sli − sli
sri − sri

]T [
ṡli
ṡri

]
=

4∑
i=1

[
sli − sli
sri − sri

]T [
Ll
li Lr

li

Ll
ri Lr

ri

] [
vl

vr

]
=

4∑
i=1

([
Ll
li Lr

li

Ll
ri Lr

ri

]T [
sli − sli
sri − sri

])T [
vl

vr

]

=

4∑
i=1

[
Ll
li
T (sli − sli) + Ll

ri
T (sri − sri)

Lr
li
T (sli − sli) + Lr

ri
T (sri − sri)

]T [
vl

vr

]
=

[
∇ql

Vs
∇qrVs

]T [
q̇l

q̇r

] (19)

for h < h(ql,qr) < 0 and ψ(ql,qr) = 0 for h(ql,qr) ≤ h
with h < 0. Then, the input constraints are guaranteed by
scaling the velocity inputs q̇∗ with factors

α∗ = max
i=1,··· ,6

(
q̇∗i
q̇max
∗i

,
q̇∗i
q̇min
∗i

, 1

)
,

where q̇∗i, q̇max
∗i and q̇min

∗i are the i-th elements of q̇∗, q̇max
∗ and

q̇min
∗ , respectively. Together, the left ∗ = l and the right ∗ = r

arms cooperatively solve the optimization problem (14) under
the state and input constraints by their joint velocity inputs

q̇∗ = − 1

α∗

[
∇q∗V +∇q∗ψ(ql,qr)

]
,

where ∇q∗ψ(ql,qr) are the gradients of the penalty func-
tion ψ(ql,qr) with respect to q∗.

B. Visual Servoing Issues

The system performance is limited by the low data rate of
vision sensors and the latency of feature extracting algorithms.
Thus, extended Kalman filters have been integrated to predict
and track moving targets [26], and sampled-data controls have
been developed to stabilize the pick and place operations [27].
The lighting conditions are also unignorable for deploying
vision-based controls in complex environments. Poor illumina-
tion conditions significantly degrade the performance of vision
sensors. Thus, the mutual information [28] and the dense depth

map [29] have robustified visual servoing against illumination
variations at the cost of positioning accuracy. Event-based
cameras are promising for overcoming the low data rate and
the sensitivity to illumination of traditional vision sensors.

Large objects can possibly occlude markers mounted on the
two manipulators. The visual servoing control then becomes
invalid. In this situation, one can attach fiducial markers to
the object and design visual servoing algorithms for the two
manipulators with wrist-mounted cameras to precisely regulate
their poses relative to the markers, thereby securely holding
and manipulating the objects. However, the kinematic and
dynamic models of the closed-loop system would become
entirely different due to the possible relative motions between
robots and objects. Future research will design new control
algorithms to handle the manipulation of large objects.

PBVS and 2-1/2-D visual servoing [30] both possess larger
domains of attraction than IBVS by adding some 3D informa-
tion to the visual features. Yet, estimating the full or partial
poses of markers/cameras requires more complicated image
processing algorithms, which may induce extra latencies and
degrade the system’s responsiveness. Also, pose estimation
algorithms are vulnerable to sensing noises. Even small errors
in the image measurements can cause significant errors in the
estimated pose, thereby undermining the system’s positioning
accuracy. Developing fast and robust pose estimation algo-
rithms remains a future work.
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V. EXPERIMENTAL RESULTS

This section evaluates the proposed control via comparative
experiments on a real-robot platform. The experimental setup
includes a pair of Universal Robots UR3/UR3e manipulators,
as shown in Figure 3. The task of the dual-arm system is to
hold the target object, a 15 cm×15 cm×15 cm cubic orange
box of weight 2.28 kg, without fixtures and transport it from
the initial pose to the target pose while passing 3 waypoints.
Two customized bowl-shaped grippers with silicone covers of
shore 0A hardness and 25 mm thickness are mounted to the
flanges of both arms to prevent them from over-squeezing the
manipulated object. The interaction wrenches between the end
effectors of the two arms and the box are measured by the
built-in force/torque sensor of the UR3e arm. On the wrist
of each arm, an Intel RealSense D435 camera captures the
four corner points of the AprilTag marker from the 36h11
family mounted on the wrist of the other arm at about 30 Hz.
The coordinates of the corner points on the image planes
of the cameras serve as the image features for IBVS. The
controls of the UR3/UR3e manipulators at 125 Hz/500 Hz are
implemented in C++ programs that run on a single Ubuntu
machine. The Real-Time Data Exchange (RTDE) synchronizes
control programs with the UR robot hardware over a standard
TCP/IP connection without breaking real-time properties.

Figure 3. The experimental setup includes two Universal Robots UR3/UR3e
manipulators. Both arms equip elastic tools on their flanges to transport a
cubic box via frictional contacts. The camera mounted on the wrist of each
arm captures the marker mounted on the wrist of the other arm.

In all experiments, the left and right manipulators locate
their bases at (0,−0.55, 0) m and (0, 0.55, 0) m and start their
joint coordinates with (−30◦,−140◦,−85◦, 45◦, 75◦, 0◦). By
the Monte Carlo algorithm, Table I lists the maximum and
minimum coordinates that the end effectors of the two arms
can reach. Accounting for the limited workspaces, the two
arms transport the object to move along 3 paths. Each path has
two waypoints Bo and Co other than the initial/final pose Ao,
of which the positions and orientations are listed in Table II.

Figure 4 plots the positions and the orientations of the two
arms’ end effectors when the object moves along path1, path2
and path3, respectively. The colors of the paths change with
time as indicated in the color bar, and the coordinate frames at
the waypoints mark the end-effector orientations of both arms.
The left ∗ = l and the right ∗ = r arms start with their initial
poses at the waypoints A∗, move towards the waypoints B∗

Table I
THE LEFT AND THE RIGHT ARMS’ WORKSPACES IN METERS.

arms x-coordinate y-coordinate z-coordinate

left
min −0.4375 −0.0083 −0.3497

max +0.4394 +0.5788 +0.6389

right
min −0.4394 +0.1289 −0.3497

max +0.4375 +0.7408 +0.6389

and C∗, and back to the waypoints A∗. Here, the poses of the
waypoints are exactly the desired poses (R∗d,x∗d) ∈ SE(3)
in the controls (15) of the two arms.

Two groups of experiments examine the performances of
the dual-arm system under the proposed control by picking
different sets of gains wd, wt and ws. With wd = 1.0 and
wd = 1.5, the first and the second groups transport the object
at a relatively lower and higher speed, respectively. In each
group, the dual-arm system performs four experimental trials
via setting ws = 0.0, ws = 0.3, ws = 0.5 and ws = 1.0
in ascending order while letting wt = 1 − ws. Basically, ws

weighs the impact of the IBVS controls on the coordination
of the two arms. When ws = 0.0 and ws = 1.0, the proposed
control becomes a purely pose synchronization control [20]
and a purely IBVS control, respectively.

At a relatively lower speed, the first group of experiments all
successfully transport the object along the planned three paths.
Nevertheless, the performances of the dual-arm manipulation
system change with the control gains ws and wt = 1 − ws.
Figure 5 depicts the errors of the image features from their
desired values when the two arms transport the object to move
along path1. The gain ws grows in the order of 0.0, 0.3, 0.5
and 1.0. For most of the time, the purely pose synchronization
control (ws = 0.0) exhibits the greatest error of image
features. Its maximum error is 2 times larger than other trials.
As ws raises to 0.3 and 0.5 sequentially, the errors of image
features reduce accordingly. When the control becomes purely
IBVS (ws = 1.0), the error grows again, staying between the
errors of the trials ws = 0.3 and ws = 0.5. Overall, setting
equal weights ws = wt = 0.5 for the pose synchronization
and IBVS controls obtains the smallest error. The error profiles
display a similar trend in all trials, which suggests that they
are related to the manipulators’ postures as well.

Figure 6 presents the deviations of the interaction forces
and torques between the end effector of the UR3e arm and
the object. Corresponding to Figure 5, it delivers that the
interaction forces and torques vary with the image feature
errors throughout the object transportation. Roughly speaking,
the interaction forces and torques increase/decrease with the
errors of image features. From the 7 s to the 27 s, however, the
interaction forces deviate less when the pose synchronization
control functions alone than together with the IBVS control
using ws = 0.3. One can also notice that, at the 30 s, the
torque deviations of the purely pose synchronization control
and the purely IBVS control both reach their peaks. By the
contrast, weighing the pose synchronization control and the
IBVS control equally with ws = wt = 0.5 maintains both the
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Table II
THE POSITION COORDINATES AND THE ROLL-PITCH-YAW ANGLES OF THE OBJECT’S WAYPOINTS ON 3 PATHS.

paths path1 path2 path3

waypoint Bo
position [m] (0.13,−0.03,−0.02) (0,−0.1,−0.05) (−0.1,−0.05, 0)

orientation [rad] (π/10,−π/18, 0) (0,−π/18, 0) (−π/12,−π/12, π/12)

waypoint Co
position [m] (−0.03, 0.01, 0) (−0.1, 0.05, 0.05) (0.1,−0.05, 0)

orientation [rad] (−π/12, π/12, 0) (π/18, 0, 0) (−π/12, π/12,−π/10)

A∗
B∗

C∗

(a) Path1.

A∗

B∗

C∗

(b) Path2.

A∗

B∗ C∗

(c) Path3.

Figure 4. The Cartesian paths and the waypoints’ orientations of the two arms’ end effectors when the object moves along path1, path2 and path3, respectively.
The final poses of both arms coincide with their initial poses.

Figure 5. The errors of the image features s = (sTl , s
T
r )

T from their desired
(initial) values when transporting the object along path1 during the first group
of experiments with wd = 1.0 and wt = 1− ws.

force and torque deviations flattest and smallest among all the
four trials.

At a relatively higher speed, the second group of experi-
ments encounter some failures. In particular, both the purely
pose synchronization control (ws = 0.0) and the purely IBVS
control (ws = 1.0) cause the object to fall down or slide when
transporting it along path1 and path3. In contrast, weighing
the pose synchronization control and the IBVS control equally
with ws = wt = 0.5 succeeds in transporting the object along
all three paths. Besides the accompanying videos, Figure 7
compares the image trajectories of the markers’ corners when
the two arms transport the object along path3 with ws = 0.0,

Figure 6. The deviations of the interaction forces (the top subplot) and torques
(the bottom subplot) between the end effector of the UR3e manipulator and
the object when transporting the object along path1 during the first group of
experiments with wd = 1.0 and wt = 1− ws.

ws = 1.0 and ws = 0.5, respectively. One can find that the
markers’ corners exhibit the greatest deviations with ws = 0.0,
the moderate deviations with ws = 1.0, and the least devia-
tions with ws = 0.5. Correspondingly, the object falls down,
slides, and holds on in the respective experimental trials.

VI. CONCLUSION

This paper has developed an IBVS approach for enhancing
the cooperation of dual-arm manipulation. By coordinating the
two arms with their kinematics and joint angle measurements,
the conventional synchronization control leads to significant
end-effector pose errors of the dual-arm manipulation system
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(a) sl: ws = 0.0. (b) sl: ws = 1.0. (c) sl: ws = 0.5.

(d) sr : ws = 0.0. (e) sr : ws = 1.0. (f) sr : ws = 0.5.

Figure 7. The trajectories s∗ of the markers’ corners on the images of the
left ∗ = l and the right ∗ = r cameras when transporting the object along
path3 in the second group of experiments with wd = 1.5 and wt = 1−ws.
The green curves are the image trajectories. The centers and radii of red circles
indicate the original locations and the maximum deviations of the markers’
corners on the images, respectively.

when systematic errors exist. In contrast, the proposed control
can mitigate the pose synchronization errors because the IBVS
enhancement is robust to the kinematic errors of manipulators.
Technically, the paper has modelled the kinematics of a dual-
arm manipulation system, has tailored the interaction matrix
to the dual-arm system, has designed the joint velocity control
inputs with rigorous stability proof, and has discussed the state
and input constraints of manipulators and visual servoing is-
sues. Future studies will control the interaction forces between
manipulators and objects and will coordinate them to assemble
parts and components on floating bases.
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