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Dual-arm Coordinated Motion Planning and Compliance Control for
Capturing Moving Objects with Large Momentum

Lei Yan', Yiming Yang?, Wenfu Xu'*, and Sethu Vijayakumar?

Abstract— Capturing a moving object with large momentum
by a dual-arm robot is especially challenging because of the
requirement of dual-arm coordinated motion planning for
tracking the moving object, and the operational force control
for contact and momentum transfer. In this paper, we present a
dual-arm coordinated motion planning and compliance control
method with a unique null-space projected relative Jacobian
and relative operational force between the two arms. The
proposed method is able to plan dual-arm capturing motion
and control the capturing force without disturbing the tracking
motion. We have also adopted a direct collocation trajectory
optimization method to generate optimal trajectory to decrease
the object’s momentum with minimum effort. Simulation and
experiment of dual-arm robots picking up a moving box on a
mobile platform are carried out to verify the proposed method.

I. INTRODUCTION

Compared with single manipulators, dual-arm robots have
much better flexibility and adaptability in accomplishing
heavy payload handling and assembling tasks. Meanwhile,
the closed-chain constraint between the object and the dual-
arm system also introduces more difficulties in modeling,
planning and control of the coordinated operation. Existing
researches mainly focus on the dual-arm coordinated oper-
ation of static objects, or moving objects with negligible
mass. However, finding feasible solutions for capturing large
moving objects with non-negligible mass and velocity is a
common problem that may arise in many practical scenarios,
such as on an assembling line as shown in Fig. 1.

Solving such problems is non-trivial, where the robot
needs to avoid colliding with the moving obstacles as well as
the target. Furthermore, the contact forces must be controlled
carefully when capturing a heavy and moving object, other-
wise the target object or even the robot itself can be damaged.
Thus, we propose to split the problem into three phases:
1) pre-contact phase, i.e., find a collision-free trajectory to
a pre-capturing posture; 2) contact phase, i.e., form stable
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Fig. 1: Dual-arm robot capturing the moving target object.

contact with the object from the pre-capturing posture; and
3) post-contact phase, i.e., stop the object with the minimum
effort, in order to facilitate desired manipulation.

The pre-contact phase can be seen as a classical motion
planning problem, but in a changing environment. Motion
planning is one of the fundamental problems in robotics,
involving automatically finding a sequence of configurations
that take the robot from a start to a goal pose. In the past
two decades, sampling-based planning algorithms such as
Rapidly-exploring Random Tree (RRT, [1]), Probabilistic
Roadmap (PRM, [2]) and many others, have shown the abil-
ity of solving high-dimensional motion planning problems in
complex environments. However, most of these algorithms
are designed for static environments. Time-configuration
space was proposed in [3] for avoiding moving obstacles
using a unidirectional search algorithm. Approaches such
as velocity obstacles [4] are commonly used for generating
collision-free trajectories in the presence of moving obsta-
cles, but normally do not scale to complex environments.

Salehian et al. [5] proposed a coordinated multi-arm
motion planning method for reaching moving objects with
motion uncertainty, which can generate autonomous and
synchronized motions using the virtual object based dynamic
system. A similar dynamic system is also used to catch a
flying object softly [6]. However, the momentum transfer was
bypassed by assuming the large object moves very slowly
in [5] and the flying object has a negligible mass in [6]. The
internal force analysis and load distribution for cooperative
manipulation have been studied in [7], [8]. Korayem et
al. [9] compared the dynamic load-carrying capacity of a
multi-arm robot in the free mode and constrained mode by
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Fig. 2: Overview of the control pipeline for the capturing process. The whole process is decomposed into three phases: pre-contact phase
(Section 1), contact phase (Section IlI) and post-contact (Section IV). Note that the trajectory optimization is computed offline.

load distribution optimization, however, the solution for the
dynamic closed-chain circumstance was not considered.

Many researches on multi-finger grasping can also be
applied in multi-arm manipulation as they share certain
similar concepts. Roa et al. [10] reviewed the grasp quality
measures from the aspects of positions of contact points
and hand configurations. Koval et al. [11] studied the pre-
/post-contact policy decomposition for planar contact manip-
ulation. Wimbck et al. [12], [13] proposed the object-level
impedance controller for dynamic dexterous manipulation.
However, one disadvantage is the fact that the springs should
be designed in a compatible way. An adaptive compliant
grasp control strategy was proposed in [14] for in-hand
manipulation with position uncertainty. The compliance was
also adopted in the master-slave and shared force control ap-
proaches for dual-arm coordinated operation [15]. However,
there is little research that describes the unresolved issue of
making contacts with the large moving objects.

In order to reduce the momentum of the moving object
after contact, an optimal trajectory of the object should be
provided to minimize the operational force for the robot’s
end-effectors. Recently, a purely kinematic trajectory op-
timization method was proposed to manipulate in-grasp
object with relaxed-rigidity constraints [16]. Betts et al. [17]
reviewed the numerical method for trajectory optimization,
and discussed the direct and indirect methods. In this paper,
we adopt the direct collocation method in [18] to generate
an optimal trajectory for the post-contact phase of capturing
a moving object.

To capture moving objects with large momentum, we
decompose the whole task into the three phases and solve
them sequentially. While the pre-contact and post-contact
phases are solved by combining existing methods, this work
proposes a novel algorithm for solving the second sub-task,
i.e. coordinated compliance control during the contact phase,
with the following contributions:

1) The dual-arm relative operational force is derived,
which is compatible with the relative Jacobian;

2) A dual-arm coordinated compliance control method is
proposed, where the master arm is used to track the
object and the relative motion and force between two
arms are controlled for capturing the object;

3) An overall framework for capturing moving objects
with large momentum, enabling dual-arm robots for
more general and complex tasks;

An overview of the control pipeline is highlighted in
Fig. 2, where the three phases are described in Section II, III
and IV respectively. In Section V, we verify the proposed
method by the rigid multi-body dynamics simulation and
hardware experiment in which a NASA’s Valkyrie humanoid
robot model and a real dual-arm Husky robot are used to
capture a moving object on a mobile platform, followed by
the conclusion in Section VI

II. PRE-CONTACT PHASE: COLLISION-FREE MOTION
PLANNING IN CHANGING ENVIRONMENTS

In order to manipulate the target object, the robot needs to
first move to a pre-contact posture. Such step is normally less
important in simple and static environments where the robot
can move freely without considering collision avoidance.
However, as highlighted in Fig. 1, in scenarios where the
robot is very close to collision objects in the environment,
finding a collision-free trajectory to move to the pre-contact
posture is non-trivial.

To address the collision-free motion planning problem
in changing environments, we have adopted the time-
configuration space sampling-based planner [19] and ex-
tended it to work with bi-manual systems. Consider an N
Degree-of-Freedom (DoF) robot, let & € C be the joint
state in the configuration space C C RY. There should
be safe distances between the two end-effectors and the
target for further contacting and capturing. Given the desired
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Fig. 3: Dual-arm coordinated motion during the capture process.

poses x,q and x4 of the two end-effectors according to the
target’s pose, the desired joint positions 84 can be calculated
using inverse kinematics (IK). We assume that the collision
environment is non-static but the change over time is known,
i.e. env(t) is given. A time-configuration space, S C C X R,
is created, where an extra dimension has been appended
to the configuration space which represents the time axis.
Given start and goal states in the time-configuration space,
so = (00,0) and sy = (Or,T), the planning problem is
defined as:
0)0.7) = PreContactPlanning(so, st, env(t))
s.t. YVt e|0,T]: CollisionFree(0y, env(t))

where CollisionFree means the two arms won’t collide with
the environment or collide with each other.

After reaching the pre-contact posture, the two arms can be
controlled by the following dual-arm coordinated compliance
control for further manipulation.

(M

III. CONTACT PHASE: DUAL-ARM COORDINATED
COMPLIANCE CONTROL

A. Multi-priority Motion Planning based on Relative Jaco-
bian and Null-space Projection

In the situation of capturing a moving object, the relative
position and orientation of two arms need to satisfy the
coordinated constraint to capture the object while each arm
should also track and reach the desired capturing points,
making the planning and control for each manipulator very
challenging.

Without loss of generality, assume the left arm “Arm-a”
as the master arm which is used for tracking the capturing
point, and the right arm “Arm-b” as the slave, as shown in
Fig. 3. Dual-arm coordinated capturing motion is realized
in the null space of Arm-a’s motion using relative Jacobian
[20], [21]. The relative Jacobian is especially suitable for the
dual-arm coordination problems, in which one manipulator
provides the pose reference and the other one performs the
corresponding coordinated operation task.

Given the Jacobian matrices J,,(0,) and J,(0;) of each
manipulator, the relative Jacobian matrix .J,.(@) is defined as

Jr = [_ea"pebeaﬂoa']a eaﬂobe} > (2)
iy _ | I =(py)" iq _ | 'R O
where ¢j—[o T }, Qj—{o iRj:|,
ip; is the position vector from the origin of frame {i} to the
origin of frame {j} with respect to frame {4}, {k}™ is the
skew symmetric matrix of k, and iRj is the rotation matrix
from frame {i} to frame {j}.

Assuming the target’s motion is known or predictable,
then the desired end-effector motion x,4 of the master arm
for tracking and the desired relative motion x,4 between
two arms for capturing can be derived. Therefore, the joint
angular velocity of the master arm can be obtained:

0ua = I} E0a, 3)

where J] represents the generalized inverse of J,,.

In order not to disturb the master-arm’s motion, dual-arm
coordinated motion is planned in the null space of the master
arm [22], which can be expressed as

N,=1-J!J,. 4

Thus, the relative Jacobian matrix J;** based on null-space
projection can be expressed as

J=J,.N,=J, [I-JIJ,]. (5)

It is assumed that the desired relative velocity between
the two arms represented in the end-effector frame of master
arm is &,q, then the desired angular velocity of each joint
can be obtained according to (5) as

6, — [ Oad ] — gt . ©)
Ova

The desired joint angular velocities of two arms for
capturing the moving object can be obtained by adding (3)
and (6). As the priority of the master arm’s motion is higher
than the dual-arm coordinated motion, the capturing motion
would not affect the tracking motion. Thus, the control
implementation is significantly simplified.

B. Dual-arm Coordinated Compliance Capturing Control

The objective of the contact process is to form stable
contact and apply forces on the moving object by two arms
to prevent dropping the object during the post-contact phase.
In order to make contact with the moving object reliably, the
motion sequence and operational force for two arms need to
be planned simultaneously. While the dual-arm coordinated
motion has been derived in Section III-A, the operational
forces of two arms can be realized by impedance control.
As shown in Fig. 4, the virtual spatial spring is estab-
lished between two arms and the object. Traditionally, the
compliance capturing control is realized by controlling the
operational forces between each manipulator and the object
separately. In our work, we simplify the control problem
by presenting a relative operation force concept between the
two arms (similar to the relative Jacobian). The proposed



Fig. 4: Virtual spatial spring between two arms and the object.

method directly control the relative operational force which
takes the operational forces of the two arms into account
simultaneously.

In order to obtain the equivalent relative operational force
F, when performing dual-arm coordinated operation, it is
necessary to represent the operational force F., and F,
of the two arms with respect to one common reference
coordinate system. In our work, the end-effector frame of the
master arm is selected as the common reference coordinate
system, therefore, the operational force of each arm can be
rewritten as:

"F ea — [T .f ea

" eb — [T f eb

where f, 7 are the force and torque components of the
operational force.

However, the operational force " F,, can also be treated as

the effect of the operational force "F, (at the end-effector

of Arm-b) on the end-effector of the master arm through the
relative position vector ““p.p,

. I (0
Therefore, the relative operational force F,. can be ob-

tained as
F, r = "F eb — "

TTE(L] = eaQanea (7)
TTeb] - eaﬂobFeb~ (8)

R AT

T —
e/b ="Fep — (eal/’eb) 1rFea

—lea ea Fea (10)
testren, waa % |

According to the principle of virtual work, the relationship
between the relative operation force F). and joint torque T =

T . . ..
[TT ’TbT } satisfies the following condition,

Swork = 7160 — F.T5x, = (TT — FTTJT) 60 =0 (11)

yields,

r=J.TF, (12)

Meanwhile, substituting (2) and (10) to (12), we can obtain

T
J7-TF7-: |: JaFea :l — |: Ta :l :7_7

Jl;TFeb Ty (13)

which shows that the relative operational force proposed in
this paper is compatible with the relative Jacobian.

The relationship of the relative motion and relative
force between the two arms is established by the “spring-
damper-mass” mechanical system model. The position-based
impedance control is realized by transforming the force
deviation to the motion deviation as follows:

AF,
B M,s? + Bgs + K,
where Az, = x, — x,q, ©, and x,4 are the actual and
desired relative motion between the two arms, respectively;
AF, = F, — F,4, M,, By, and K, are the ideal inertial,
damping, and stiffness parameters for impedance control.

Finally, the dual-arm coordinated compliance control can
be realized by directly adding Az, to &,4 in (6).

0q = I (&4 + Ax,) . (15)

IV. POST-CONTACT PHASE: TRAJECTORY OPTIMIZATION
FOR MANIPULATING OBJECTS WITH LARGE MOMENTUM

Ax, (14)

After having stable contact with the object using the coor-
dinated compliance control method proposed in Section III,
the final phase is to manipulate the moving object to a desired
pose with zero momentum. As shown in Fig. 4, the dynamic
equation of the object during dual-arm coordinated operation
can be written as

E O fia E O I G
Nt NER EARE S
+ E O Ste _ m;v;

’I";; FE Tte B Itd.:t + wy X (Itwt)
(16)

where Fy, = —F,, = [ftaaTta]T and Fy, = —Fy, =
[fiv, Ttb]T are the dual-arm operational forces exerted on the
object; Fio = [fie, Tre]T is the external force exerted on the
object; ry, and 7y, are the vector from the centroid of the
object to the contact points of the two arms, respectively; v,
and wy are the linear and angular velocity of the object; and
m, and I, are the mass and inertia matrix of the object.

In order to ensure that the system dynamics equation is in
first-order form, the state vector of the system is written as

s=[zx |7, (17)
where = [ps,py, Pz, v, 3,7]T is the pose (position and
orientation) of the object. The orientation of the object is
represented by the Z-Y-X Euler angles.

For capturing the moving object, the non-negligible mo-
mentum should be decreased gradually without causing large
operational forces at the robot’s end-effectors. Therefore, the
objective of the trajectory optimization is to manipulate the
moving object to the desired pose with minimum operational
forces, which can be formulated as

minimize: /tf (Z F2(i) + Z Fi(z)) dt, (18)
to

where the equation has the decision variables x(t), &(t),
F;,(t), and Fy,(t), and is subject to the following constraints.



1) Boundary constraint: The boundary constraint is set to
manipulate the object from the initial pose and velocity to
the desired pose and velocity,

x(ty) = xo; x(ty) = xp;&(to) = os &(ty) = 5. (19)

In a general object manipulation scenario, the position
and orientation of the object is changing continuously. As
a consequence, the normal vectors of the contact surfaces
will be also changing during the manipulation, which makes
the contact constraint ill-defined. In order to simplify the
expression of the end-effector constraint and the friction
cone constraint, the operational forces are represented in
the centroid frame of the object as ‘F;, and 'Fy,. Then
the normal and tangential vectors of the contact surfaces
represented in the centroid frame of the object can be
simplified to constant vectors.

2) End-effector constraint: Consider using two palm-type
end-effectors that can form a compliance contact with the
object only by pushing, the end-effector constraint can be
formulated as

'Fro-'ng >0, Fy - 'y, > 0, (20

where ‘n, and 'n;, are the normal vectors of the contact

surfaces of the two arms represented in the centroid frame
of the object.

3) Friction constraint: The soft-finger contact friction
model [23] is used for the contact modelling between the
end-effectors and the object. In case of a soft-finger contact,
the effects of torsion and shear forces combine and cannot
be treated separately. Therefore, four components are consid-
ered: one normal force * F,, two tangential forces ‘ F}, , ' F}.,
and one torsional moment ‘7, around the normal vector of
the contact surface. Therefore, the friction cone constraint is
defined as

1 —5 5 1,. ,
; tFtly2 + tFtle + ﬁtTth < tFtZza

where p and p’ are the corresponding friction coefficient.
Note that based on the soft-finger contact friction model,
the independent controlled variables are three translational
directions, and only one rotational direction along the normal
vector of the contact surface.

4) Force limit constraint: Additionally, we apply opera-
tional force limit constraint to satisfy joint torque limit and
ensure safety, which can be formulated as

Oin < Fia(t) < Fyp Fhy < Fa(t) < Fp

min max’ min max*

2n

(22)

5) State limit constraint: Finally, to ensure the object is
within the manipulatable workspace and ability of two arms,
the state boundary during the whole trajectory is given as

Tmin S w(t) S Tmazs wmzn S w(t) S w.max' (23)

Under the assumption that the contact points will not
change during the whole manipulation, we can have the
desired motion of the two arms from the optimal trajectory of
the object. The initial value of the optimization results are set
to be the final value at the end of the contact phase, therefore

TABLE I: Constraints for trajectory optimization.

Description Variables Values
Time scope t {0,5}
o {0,0,0,0,0,0}
Bound constraint o {0.04,0,0,0,0,0}
T {0,0,0.2,0,0,0}
Ty {0,0,0,0,0,0}
Tmin {01 07 07 —T, =T, —ﬂ'}
State limit Lmin {=00,..., oo}
Tmaz {0.6,0.6,0.6, 7,7, 7}
:imaz {007"'7m}
Control limit Umin {80, ..., —80}
Umaz {80, ceey 80}

the desired operational forces during the whole contact phase
can be obtained by fifth order polynomial interpolation of the
initial and final operational forces.

V. EVALUATION

In order to verify the proposed method, we have con-
ducted a simulation study with a NASA’s Valkyrie humanoid
robot. The time-configuration space RRT-Connect algorithm
from EXOTica [19] is used to generate the collision-free
pre-contact trajectory. For contact and post-contact phases,
the proposed algorithm is verified by a co-simulation of
MATLAB and ADAMS to analyze the dynamic interaction
between the dual-arm system and the target. Additionally,
the hardware experiment is also carried out with a dual-arm
Husky robot.

A. Comparison with the naive method

We have setup a testing scenario where a 5 kg target
object placed on a mobile platform that is moving at a
constant velocity 0.04 m/s. The objectives are to track and
capture the moving target, and move it to a 200 mm height
above the mobile platform. The dual-arm robot is controlled
by the proposed dual-arm coordinated compliance control
method, and the desired trajectory of the target after contact
is generated by the trajectory optimization method with
the constraints highlighted in Table I. In contrast to the
trajectory optimization, we have also implemented another
naive method for the post-contact phase. In the naive method,
the target trajectory is obtained by interpolating the initial
pose and the desired pose directly, which is a common
approach in many industrial applications.

The simulation result of the capturing process is shown
in Fig. 5. For the pre-contact phase, i.e., Os to 10s, it can
be seen that the two arms can reach the desired pre-contact
points near the target at desired time 10s without colliding
with other moving objects and the mobile platform. In this
paper, it is assumed that there won’t be any collision during
the contact and post-contact phases.

For the contact phase from 10s to 15s, the two arms are
controlled to reach the contact points with the same velocity
as the object while the relative force is controlled to be
the same as the initial value of the trajectory optimization
results. The desired and actual relative force in the capturing
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Fig. 5: The simulation results of capturing a moving object with the NASA Valkyrie robot.

direction during the simulation is shown in Fig. 6b. The plot
shows that the dual-arm coordinated compliance control has
a good performance in force tracking. Note that there exists
some oscillations at the beginning of the contact phase at
12.5s. The relative force can be soon controlled to track the
desired values after 13.2s.

Finally, for the post-contact phase from 15s to 20s, the
dual-arm robot moves the object along a desired trajectory
generated from the trajectory optimization. The master arm
is used for tracking the object’s optimal trajectory, while
the relative motion and force between the two arms are
controlled to manipulate the object without dropping it. The
simulation results are shown in Fig. 6a and Fig. 6b. The
maximum tracking error is 2.48 mm which is considerably
small with respect to the desired value 200 mm, which is
caused by the input trajectory and operational force error
introduced by the interpolation.

The simulation result of the naive method is also shown in
Fig. 6a and Fig. 6b, which is represented by “no optimiza-
tion”. In the naive method, the object’s trajectory is obtained
by interpolating the initial position (0,0,0) and the final
position (0, 0,200mm) directly. There is a large operational
force between the contact phase and post-contact phase at
15s, because the object’s momentum was not taken into
account and the trajectory was discontinuous. The maximum
operational force is 144N, which is more than twice the
desired value 65N. However, if the object follows the optimal
trajectory obtained from the trajectory optimization, there
will not be any trajectory discontinuity and large operational
force between contact phase and post-contact phase.

B. Simulation with different mass, velocity and constraints

To further evaluate the proposed method, the same testing
scenario is extended to include objects with different mass
and velocity, i.e., (5kg, 0.04m/s), (10kg, 0.04m/s), and (10kg,
0.1m/s). The optimal trajectory and the optimal relative op-
erational force are shown in Fig. 7a and Fig. 7b, respectively.

We have noticed that a significant amount of the forces has
been used to compensate the object’s gravity. Therefore, it

t=17.5s

=l

is difficult to distinguish the difference between the optimal
operational forces under different conditions. In order to
show the effect of the workspace and operational force limits
on the optimization result, we consider another set of sim-
ulation experiments where a 20kg object is moving at 1m/s
in a gravity-free environment. Seven scenarios with different
maximum operational force limit and state constraints for
each axis are considered, i.e., (10N, 1m), (11N, 1m), (15N,
1m), (20N, 1m), (30N, 1m), (30N, 0.6m), and (30N, 0.4m).
The optimization results in Fig. 8a and Fig. 8b show that,
under force limits 15N and 20N, the algorithm generates
different but valid trajectory and operational force. However,
when the force limit is set to 10N, there does not exist any
feasible solution. If we increase the force limit to 30N, the
optimization result is identical to that with 20N force limit,
i.e., the green and purple lines in Fig. 8, as the maximum
required operational force during the process is only 16.66N.
The same optimization results will be obtained when the
force limit is higher than the required maximum force for
the task.

Additionally, we have also compared the result of using
the same 30N force limit but with different state limits, i.e.,
1m, 0.6m and 0.4m. When the state limit is lower, a greater
force will be generated in order to capture the object within
the state limit and move it to the desired pose. Note that no
valid solution exists if we further reduce the state limit to
0.4m, as the optimization is also subject to the force limit.
From a gravity-free point of view, this method can be also
used for space or on-orbit manipulation.

C. Experimental study

To further demonstrate the performance of the proposed
method, hardware experiment has been carried out on a dual-
arm Husky robot as shown in Fig. 9. The dual-arm Husky
robot consists of a mobile base and two 6-DoF URS5 arms
both fitted with the Robotiq FT 300 force/torque sensor.
In our experiment, the robot base is fixed while two URS
arms are controlled to capture the target object placed on
another mobile platform. The initial conditions of the object
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Fig. 6: The object trajectory and the relative operational force, with the object mass set to 5 kg and the velocity set to 0.04 m/s.
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Fig. 7: The object trajectory and the relative operational force during the manipulation, with the different object mass and velocity.
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Fig. 8: The object trajectory and the relative operational force during the manipulation, with different operational force and state limits.



Fig. 9: Capturing a moving box with the dual-arm Husky robot.

are set to be the same as the simulation in Section V-A.
All the planning and control algorithms are running in the
on-board computer, and the control period is set to 10 ms.
The experiment results show that the proposed method can
successfully capture the moving target with non-negligible
momentum, which also provides a feasible solution for the
potential industrial applications.

VI. CONCLUSION

In this paper, we proposed a dual-arm coordinated mo-
tion planning and compliance control method for captur-
ing moving object with non-negligible momentum. The
method pipeline consists of three phases: 1) pre-contact
phase where collision-free trajectories are generated using
a time-configuration space sample-based planner to reach to
a pre-contact posture; 2) contact phase where a dual-arm
compliance control scheme is proposed, in which the master
arm is used to track the object’s motion while the relative
motion and force between the two arms are controlled to
catch the object; and 3) post-contact phase where a trajectory
optimization is adopted to decrease the momentum gradually
without causing large impact. Simulation and experiment
results show that the proposed method can capture heavy
and moving objects to a desired pose with desired force
and minimum effort. Future work will include workspace
and joint torque limits into the trajectory optimization by
introducing the dynamics equation of the dual-arm robot.
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