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Coordinated Motion Generation and Object Placement: A Reactive
Planning and Landing Approach

Riddhiman Laha∗,1, Jonathan Vorndamme∗,1, Luis F.C. Figueredo1,
Zheng Qu2, Abdalla Swikir1, Christoph Jähne2, and Sami Haddadin1

Abstract— Similar to human work, robotic tasks sometimes
require two hands to be accomplished. This requires coordi-
nated motion planning and control. While fulfilling the task
in a coordinated manner is already a big challenge, the task
at hand becomes even harder when obstacles are introduced
in the environment that needs to be avoided. Furthermore
in the case of dynamic environments, contacts cannot be
avoided all the time, even with robust planning. In addition
to geometric constraints, bimanual systems need to be able
to detect and react to contacts during task execution. To this
aim, we integrate a vector-field based planning scheme, that
is able to avoid obstacles, with contact detection and reactive
control methods based on contact wrench estimation such as
admittance control. We also fuse the real contact forces into the
planner directly together with the circular repulsive fields. The
resulting planner-controller combination is capable of obstacle
avoidance planning as well as reaction control in the case of
unforeseen contacts that can also be used in situations where
the manipulation needs to be guided by the environment such
as landing control in only roughly known environments. We
evaluate our approach on the torque-controlled Kobo bimanual
set-up and also perform rigorous simulation studies.

I. INTRODUCTION

Cooperative manipulation planning raises several chal-
lenges in terms of motion coordination within the reduced
cooperative workspace [1], [2]. Most planning strategies
therefore focus on dealing with geometric constraints while
satisfying the task-conditions stemming from the tightly
coupled kinematics. In this work, instead, we are interested
in scenarios where the cooperative robot manipulates objects
not only under geometric constraints but also under desired
and undesired external contact forces. Take, for instance,
the task shown in Fig. 1 where the two-arm robot grasps
a tray with a cup of water and generates coordinated joint
motions to take the tray towards the other side of its reachable
space – while addressing the geometric uncertainties of
the environment (e.g., dimension of the tray) and dynamic
obstacles (e.g., human in the scene). During the task, the
human may accidentally contact the robot thereby generating
undesired forces. On the other hand, during placement, contact
forces are expected – yet uncertainties in task (e.g., wrong
table height) may lead to larger contact forces which may
destabilize the load or even damage the robot. In this paper,
∗ First two authors contributed equally to this work.
This work was partially funded by the Lighthouse Initiative Geriatronics

by StMWi Bayern (Project X, grant no. 5140951), LongLeif GaPa gGmbH
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Fig. 1. Dual-arm robot planning a path in the environment while reacting
to unintended and intended contacts.
we propose an integrated planning and control framework
that enables the cooperative system to manipulate objects
under uncertain and dynamic scenarios like this, handling
(un-)desired external forces, and design novel skills such
as smooth landing and take-off of objects – crucial when
handling delicate but large or bulky objects, for instance.

Enabling such cooperative motion capabilities is crucial to
human-robot interaction applications where contacts are often
inevitable. The solution for this, and many other planning
tasks, requires robotic systems that are able to solve the
following three key problems:

First, it is essential that our planning framework can
produce coordinated motions and react within the proximity
of obstacles – in a real-time fashion – while satisfying the
cooperative task-constraints, e.g., holding the same relative
distance, position or pose between end-effectors. In planning
literature, most motion generation strategies rely on sampling-
based methods [3], [4]. Cooperative manipulation, nonetheless,
is inherently a constrained problem in a high dimensional
space – and sampling becomes non-trivial. Existing solutions,
e.g. [5]–[7], often cannot match the real-time requirements.
Reactive methods, on the other hand, lead to systems that
are often more responsive and suitable for compensating
inaccuracies. Being intrinsically connected to control, reactive
motion generation also breaks the standard sense-plan-act
strategy leading to enhanced performance in dynamic and
changing environments [8], [9]. The pioneering work in this
domain [10] used artificial vector fields to design high and low
potentials that led the robot towards the goal while avoiding
the obstacles. Recently, approaches stimulated by electro-
magnetic fields and Lorentz forces [11]–[14] claiming to be
free of local-minima have come to the light, although global
problems still persist. The circular fields (CF) approach [11],
[12], from which we draw heavy inspiration, rotates the robot
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away from the obstacles, which emanate an artificial magnetic-
like field. Since this process does not affect the total energy,
the ubiquitous local-minima problem is taken care of, at-
least for simple scenarios. These vector field like approaches
are usual routines in mobile robotics. However, in literature,
very few papers discuss reactive vector-field-like approaches
capabilities to scale up to robots with many degrees of
freedom, e.g., humanoids and cooperative robots, which are
manipulating along increasingly complex environments and
task-space constraints, e.g., [15]–[17].

Indeed, real-time cooperative planning using reactive fields
were firstly introduced in our previous work [18]. Therein, we
explored cooperative primitives to reduce task dimensionality
and enlarge the cooperative workspace. Notwithstanding, the
planner neglected the environment uncertainties and dynamics,
i.e., it was focused on a static fully observed scene. The
method was also not well tested in real-world scenarios. In
this work, we integrate the planner and geometric information
dynamically in order to avoid future collisions while satisfying
hard cooperative constraints.

Second, in a highly dynamic environment, it is not enough
to only prevent undesired collisions. An efficient motion
generation scheme must also account for and actively respond
to unexpected events such as external forces. In this context,
our real-time cooperative planning scheme is integrated
with a set of tasks which include an admittance behaviour
that ensures safety. The physical contact information must
also be integrated into the planner in a unified manner.
Hence, right after contact, the planner estimates the contact
point and wrenches to build virtual fields which allow
the robot to retract and circumvent the source of external
forces. This provides additional flexibility to the cooperative
system. Noteworthy, the integration of contact and wrench
based perceptual feedback into a reactive planner was firstly
presented in Haddadin et al. [14], [19]. Yet, to the best of
the authors knowledge, there exists no result in the literature
for cooperative manipulation despite the clear necessity of
additional flexibility and task relaxations in such systems. One
of the main challenges is the contact detection and wrench
estimation for bimanual, humanoid and multi-DoF systems.
As the straight forward adaptation of single arm strategies
would tend to false positives in the contact detection due
to internal strain of the bimanual system, we developed a
method that is able to detect contacts while ignoring any
internal strain in the system.

Third, in real scenarios, the robot needs to explore, rather
than avoid, the contact forces along the placement surface.
Most cooperative planning strategies focus solely on the
transfer trajectory and assume objects can be simply dropped
at the desired point. Whereas, in real scenarios, uncertainties
in the geometry and texture of the contact surface may lead to
failure, unexpected stresses in the load and end-effectors and
can even damage arms unequipped with safety-stop criteria.
In this paper, we address this problem by proposing a novel
slide to placement strategy which is hereby termed as landing-
control. The solution, inspired by airplane landing and take-off
strategies and also by bees and bird behaviours, relies on a
prelanding configuration from which the planner converges
exponentially to the goal while enhancing admittance in
the orientation of the load – similar to landing-gear shock-
absorbing systems in airplanes. The compliance relates to the
approaching strategy and at the time of contact the cooperative
system is ready to adjust the load according to the final contact

surface. Conversely, the same concept can be used for taking-
off which is less complex and involves smaller forces than
landing.

Therefore, in this paper, we extend the state of the art and
incorporate the contact wrench estimation into the cooperative
planning scheme by
• improving the planner compliance with the environment

through an inner cooperative admittance controller in
attitude;

• exploring environment stabilization features with the
admittance controller in order to let the environment
guide the robot while the landing;

• integrating the sensed contact wrenches into the virtual
force field in order to be able to reactively evade
undesired contacts while enabling an increased motion
velocity in uncertain environments.

II. COOPERATIVE DUAL TASK-SPACE

This section provides core concepts concerning the coop-
erative task-space and controllable primitives which are the
backbone of the proposed planning and control approach.
Among existing cooperative task-space representation [20]–
[24], our approach heavily relies on dual quaternion algebra.
The cooperative dual-task space1 is more efficient than other
models in terms of representation, computational complexity
and, most important, its capability to extract geometric
properties and primitives even in highly constrained contexts
such as the cooperative spaces [1], [25]–[28].

Rigid body motion and transformations within dual quater-
nion algebra are represented by x = r + 1

2εpr, where
r = cos(φ/2) + sin(φ/2)n represents a rotation with angle
φ around the axis n [29], and p is a pure quaternion
that represents the translation. The nilpotent Clifford unit
ε is such that ε6=0 but ε2=0, [30]. Under multiplication,
the set of elements x form the unit dual-quaternion group
Spin(3) n R3 with inverse element given by the conjugate
x∗ = r∗ + 1

2εr
∗p∗. Dual quaternion elements h can also be

described by h = P (h) + εD (h) , where P (h) and D (h)
are the primary and dual components.

A sequence of rigid body motions can be represented by a
sequence of unit dual quaternion multiplications. For instance,
the end-effector of a manipulator can be computed by the
rigid-body transformations (multiplications) throughout the
links. Similarly, a transformation between one hand to another,
e.g., x2 to x1, can be described by x2xr = x1 where xr
depicts the relative transformation.

The cooperative dual task-space (CDTS) explores the rela-
tive (xr) together with the absolute pose (xa) transformation,2
i.e.,

xr = x∗2x1, (1)
xa = x2xr/2, (2)

to describe different geometric primitives as shown in Fig. 2.
In (1)-(2), xr/2 depicts half of the transformation from left
to right end-effectors, i.e., half of the angle φr around the
axis nr = înx+ ĵny+ k̂nz of the quaternion P(xr) and half
of the translation between the two arms [25]. The associated
cooperative kinematics are mapped from joint space actions

ẋr = Jxr q̇, and ẋa = Jxa q̇,
1See [1], [25], for further details
2The absolute pose is located between end-effectors w.r.t. to a common

coordinate system yet, without loss of generality, it can be shifted by means
of a constant transformation.



Fig. 2. Overview of the proposed approach: detailed description of the task described in section I highlighting the features.

through the relative and absolute dual quaternion Jacobians,

Jxr =

[
+

H(x∗2)Jx1

−
H(x1)J

∗
x2

]
, (3)

Jxa =

[
−
H(xr/2)Jx2ext

+
+

H(x2)Jxr/2

]
, (4)

where q = [qT1 qT2 ]
T ∈ Rn is the augmented joint vector,

and Jxi = ∂fi/∂qi is the analytical Jacobian, which can be
straightforwardly derived using dual quaternion algebra as
in [28], [31]. The matrix Jx2ext

is defined by [0 Jx2
], and

Jxr/2 is given by

Jxr/2 =

 1
2

−
H4(r

∗
r/2)JP(xr)

1
4

( −
H4(rr/2)Jpr +

+

H4(pr)JP(xr/2)

)


where JP(xr/2) refers to the first four rows of the relative

dual quaternion Jacobian Jxr . The matrices
+

H and
−
H are

Hamilton operators that can be used to commute terms when
performing dual quaternions multiplications.3 Considering the
mapping of the dual quaternion set H into R8, that is, vec :
H → R8 and the dual quaternion z=xy, the Hamilton oper-

ators,
+

H and
−
H , satisfy vec z=

+

H (x) vecy=
−
H
(
y
)
vecx.

Similarly, we can use
+

H4 and
−
H4 for the mapping S3 → R4,

for further details, see [28], [31]. Notice that the cooperative
dual-task space formulation is more general than a leader-
follower framework, which often kinematically couples
follower arms within the nullspace of the leader motion
[32], [33]. The CDTS allows both asymmetrical (such as
leader-follower) and symmetrical coordinated motion between
arms. In our case, coordination is defined by cooperative and
individual arm tasks (e.g., joint limit avoidance). A leader-
follower framework can be obtained from CDTS, as does
other frameworks, see, e.g., [34].
III. COOPERATIVE SET-BASED TASK-PRIORITY (COSTP)

CONTROLLER

This section explains our control framework. Stemming
from relative and absolute variables defined in (1)-(2) and the
corresponding Jacobians (3)-(4), we directly extract several
cooperative geometric primitives and their local joint to task-
space mapping. For brevity, we will focus on most common
geometric primitives4, as shown in Table I, for the relative
or absolute variables χ = {r, a}.

3Similar to SE(3), unit dual quaternion multiplication is not commutative.
4For general geometric features that can be extracted from dual quaternions,

we refer to [1], [35], [36].

A. Geometric cooperative task primitives

In this work, we explore the relative/absolute position
between arms, the attitude transformation between them, the
square norm distance, and the deviation along the z-axis5

from a static line l and the current line lz , which is crucial to
control the tilt angle of an object, e.g. a glass, for instance. The
lz = rk̂r∗ is a Plücker line resulting from the transformation
of the z-axis (given by k̂) from the frame defined by the
rotation r to the coordinate system frame. Notice the line

constraint Jacobian Jrz=

[
−
H4(k̂r

∗)Jr +
+

H4(rk̂)C4Jr

]
is

defined as in [18], [36], with C4=diag (1,−1,−1,−1), and
Jr = JP(xχ)

being the rotation Jacobian – four upper rows
of the analytical Jacobian Jxχ .

In addition to the geometric primitives, an efficient biman-
ual manipulation task requires control of variables concerning
the joint configuration, e.g., joint-limit avoidance (qi≤qi≤qi)
and the minimum singular value associated with the absolute
and relative cooperative kinematics. The former, for instance,
can be simply described by q̃lim = 1

2 (qc−q)
T (qc−q), where

qc(i) =
(qi+qi)

2 , with kinematics guided by Jq=(qc − q).
It is important to highlight that despite the desired pose

or planned trajectories, the dynamics and behaviour of the
system is guided by the geometric primitives from Table I
together with (3)-(4). In most cooperative tasks, for instance,
the relative pose is fixed (e.g., tightly grasping a shared object)
and actions, such as controlling the absolute (shared load)
position pa, are done in the nullspace of Jxr from (3). The
increased number of constraints required to successfully track
a trajectory while satifying such constraints may pose serious
issues for practical implementation. With this in mind, we
have previously designed switching strategies based on the
controllable primitives in Table I that follows the definition
below [1], [18].

Definition 1. For a given set S ⊆ Spin(3)nR3, the following
proper subsets can be drawn from geometric structures of
interest with regard to this set,

Rd (S) =
{
d ∈ R | d =

∥∥T (xg)∥∥ , xg ∈ S
}
,

Rp (S) =
{
p ∈ H0 | p = T

(
xg
)
, xg ∈ S

}
,

Ro (S) =
{
r ∈ Spin(3) | r = P

(
xg
)
, xg ∈ S

}
,

Rφι (S) =
{
φι ∈ R |φι=cos−1 (〈lz, l〉) , lz=rk̂r∗

}
,

5Without loss of generality, the deviation could take place along any
unitary axis.



TABLE I
MAIN GEOMETRIC COOPERATIVE TASKS PRIMITIVES AND TASK JACOBIANS FOR BOTH RELATIVE OR ABSOLUTE VARIABLES χ = {r, a}, AND

CORRESPONDING CONTROLLABLE SETS ACCORDING TO DEFINITION 1

Task Primitive u Contr. Sets DOFs Task Jacobian

Rel/Abs position (p∈Rp) pχ = 2D
(
xχ
)
P
(
xχ
)∗

p�p�p 3 Jpχ=

[
+
H(x∗2)Jx1

−
H(x1)J

∗
x2

]
Rel/Abs orientation (r∈Ro) rχ = P

(
xχ
)

r`� log r�r` 3 Jrχ=JP(xχ)

Rel/Abs distance (d∈Rd) d ,
∥∥pχ∥∥2 d≤d 1 Jdχ=2(vecT4 pχ)Jpχ

Rel/Abs tilt (φι∈Rφι ) l̃ = (l− lz)T (l− lz) φι≤φι≤φι 1 Jlzerr = −2(l− lz)TJrz

where T
(
xg
)

, 2D
(
xg
)
P
(
xg
)∗

is the translation de-
scribed as in Table I, and H0 is the set of all pure quaternions,
isomorphic to R3. Briefly, φι describes the opening angle of
a solid cone defined by the rotation of the body z-axis to the
coordinate frame, i.e., lz around a desired line l, as shown
in Fig. 2.

From the primitive sets, Definition 1, we can properly
define the controllable subsets as shown in Table I. To this
aim, let us now consider the spaces Rχ ⊂ Spin(3)nR3

which correspond to the space of controllable relative poses,
χ=r, and absolute poses, χ=a. Hence, each task primitive
in Table I should have a counterpart w.r.t. the absolute
and relative frames. For instance, consider the absolute
distant primitive set, which is defined by the Rd = {da ∈
Rd(Ra) | da≤da≤da}, where da is the absolute distance
bounded by da and da. Finally, notice that each geometric
primitive requires different DoFs from the CDTS (e.g., 1
for the relative/absolute distance, 3 for the absolute position,
etc) which can be further explored to enhance flexibility and
ensure desired reactiveness in cooperative planning scenarios.
More specifically, considering a symmetric tightly coupled
manipulation task, one can define the desired trajectory
according to the 3D translation – e.g., taking the desired
absolute trajectory pa(t) to be given by the sum of forces in
(14) – or according to the distance to the desired trajectory, i.e.,
building a funnel around the result from (14) which requires
only 1 DoF instead of 3. We refer readers to [18] for further
information about how to explore geometric primitives within
the motion generation context.

B. Switching strategy
The differential equation which captures each task in the

CDTS is given by u̇=Juq̇. Each task has its corresponding
error for attaining a desired equilibrium represented by
e=u−û. The error dynamics are governed by ė=Juq̇. Now,
differentiating the above we obtain ë=J̇uq̇+Juq̈, which is
the resulting acceleration. Our CDTS definition helps us to
exploit the redundant degrees of freedom, thereby paving the
way for defining lower priority tasks in the nullspace of the
primary task u. Therefore, the joint velocities are given by,

q̇ = J+
u
˙̂e+ P uq̇lp,

where ˙̂e is the desired error convergence, and P u =
(I−J+

u Ju) is the nullspace projector that projects the desired
velocities q̇lp∈Rn of the lower priority tasks in the nullspace
of Ju, [37]. For a given order of η tasks, the joint velocities
would be computed as
q̇ = J+

u1
κ1 ˙̂e1+P u1

κ2 ˙̂e2+P u1:2
κ3 ˙̂e3+ · · ·+P u1:η−1

κη ˙̂eη,

κi is the positive gain which is defined accordingly to [38]
such to ensure asymptotic convergence of the resulting tasks.
The matrix P u1:i now denotes the nullspace projector for
an augmented Jacobian Ju1:i

=[Ju1
· · · Jui ]. Our switching

strategy is centred on the idea of activation and deactivation of

tasks, each of which evolve individually and are in accordance
with a set-based geometric region. For instance, for a given
task i, its first order dynamics is therefore expressed by the
task Jacobian mapping Jui and the controlled joint velocity
for the whole closed-loop system, such that

ėi = Jui q̇ = Jui

(
J+
u1
κ1 ˙̂e1+ · · ·+P u1:η−1

κη ˙̂eη

)
.

The scheme is designed to explore bounded geometric regions
as described in table I. As we are using specific control
gains, the asymptotic stability of the active tasks can be
proved leveraging the fact that all possible N modes are
asymptotically stable. Undesirable residual torques, which
usually reduce robot performance can be handled using a
hysteresis based fading. For a more detailed discussion on
set-based switching strategy we refer readers to [39], [18].

C. Bimanual collision detection and wrench estimation

Classical approaches to detect contacts in bimanual tasks
based on external torques such as [40] will fail in a bimanual
manipulation setting, as the internal strain of the system
even with low errors in the relative control will easily
exceed the torque thresholds and lead to false detections
continously. We therefore developed the following approach
for bimanual contact detection utilizing the estimation of
the external wrenches at the end-effectors of both arms. The
contact wrenches Fext,l =

(
fT
ext,l mT

ext,l

)T
and Fext,r =(

fT
ext,r mT

ext,r

)T
for left and the right arm respectively, are

calculated internally in the robot controller based on the
external torque estimation. We use them to calculate the
estimated external wrench Fext =

(
fT
ext mT

ext

)T
on the

intermediate frame between the two arms (absolute pose) as

Fext :=

(
fext,l+fext,r

mext,l+mext,r− 1
2
vlr×fext,l+

1
2
vlr×fext,r

)
. (5)

where vlr is the vector from the left to the right arm end-
effector. We test Fext against a fixed threshold Fext,th

element-wise for contact detection. The advantage of us-
ing Fext for contact detection is the elimination of false
detections due to internal strain, as any internal strain will
show up in both arms wrenches but with a different sign
and therefore not influence Fext. This information is further
exploited in the control and as an input to the planner to
enable contact reactions. The planner can straightforwardly
integrate contact forces that are sensed into the planning
scheme and the measured torque can be used for rotational
admittance control in the controller to be able to adapt to
unknown surfaces. In order to not react to modeling errors
or sensor noise, the following dead zone function is applied
to the elements of fext in the experiments:

f∗ext,i :=

{
fext,i + fo, fext,i < −fo
0, −fo <= fext,i <= fo
fext,i − fo, fext,i > fo

(6)

where i ∈ {x, y, z} and fo is the half size of the dead zone.



D. Landing-and-take-off-controller
When the robot is close to the landing surface of roughly

known position and orientation, it will establish contact with
that surface. At detecting a contact, the control for the rotation
of the intermediate frame will change from the tilt controller
to admittance control according to the control law

q̇rot := J+
g,rot

∫ t

0

m∗ext(τ)− kωω(τ)dτ (7)

where J+
g,rot, ω and kω denote a robust pseudo inverse of the

rotational geometric Jacobian, the rotational velocity of the
intermediate frame and the damping gain of the admittance
control, respectively. Similar to the force, the dead zone
function from (6) is also applied to mext. This approach
allows the robot to adapt to unknown surface inclinations
and establish a steady contact before releasing the object.
IV. REACTIVE COOPERATIVE PLANNING STRATEGY FOR

TASK SPACE TRAJECTORY GENERATION

In this section, we will explain how we generate the task-
space trajectory xd for the absolute position tracking task.
In the first part of this section, we will present the standard
algorithm based on circular fields that allows such reactive
planning behaviour in a broader context. This concept follows
closely the works of Haddadin et al. in [14], [19]. Thereafter,
we introduce the artificial repulsive forces stemming from
the task-flexibility approach based on cooperative set-based
task-priority, from sec. II, and from the bimanual contact
wrench estimation from sec. III-C. Finally, we introduce
the concept of the landing-and-take-off-controller based on
holistic integration of the cooperative tools introduced in the
previous section.
A. Reactive circular field

The proposed strategy builds from the classic idea of
integrating an attractor field – that, in our case, guides the
desired cooperative task-variable towards its goal – and a
repulsive field that reacts in the proximity to obstacles. From
a point-mass robot example, we would have the following
dynamics

mẍd = −ka(xd − xg)︸ ︷︷ ︸
Fa

−kdẋd︸ ︷︷ ︸
Fd

+Fc (8)

where xd denotes the desired position, xg the goal, ka is
some positive constant representing the intensity of the force
field, m denotes the mass of the robot, and kd is a positive
constant for damping out oscillations. These terms shape
the virtual attractor dynamics that pushes the system to the
target goal. This is directly affected by obstacle avoidance
force and others for desirable behavior. It is important to note
that these forces only affect the vector field responsible for
task-space behavior of the robot (i.e. the absolute position
of the intermediate frame). Robot joint motion is handled
entirely by the switching controller defined in Section II.

The circular field is a repulsive force generator Fc which
takes inspiration on electromagnetism laws, [41]. The robot’s
end-effector is pushed away from the object like a charged
particle in a megnetic field. We designed a proximity ball
(with radius r) wherein the repulsive actions take place –
otherwise, the external force is ignored to reduce the resulting
computation complexity. If the robot is located inside the
proximity ball, i.e. it is close enough to the obstacle, then it
will react with a circular force force given by

Fc = (v ×B)K(d) , (9)

where v is the particle velocity, B is the desired magnetic
field, and K(d) is a scaling factor depending on the distance.
In general we seek K ∝ 1

dγ for some γ ∈ N, so the force is
magnified in close proximity of the obstacle. In this work we
used γ = 1. The desired magnetic field B needs to be such
that the agent is pushed away from the obstacle. This is valid
if the field is perpendicular to both the agent velocity and
to the normal joining the agent and its goal to the obstacle.
This perpendicular vector equals to l = lOA − lGA

〈lOA,lGA〉
‖lGA‖2 ,

where lXY is the vector to a point X from a point Y ; and
A, O and G denote the positions of agent, obstacle and goal,
respectively. In case they are co-linear l = 0, and l is set
arbitrarily. Finally, we have B = v × l

‖l‖ which yields

Fc =
kc
d2

(
v × (v × l

‖l‖
)
)
, (10)

with kc being a constant parameter. Additionally, a repulsive
force scaled by constant parameter kr can also be used to
get additional traction in trap scenarios

Fr =
kr

d(xg,o)2
δd

δxg
, (11)

where d(xg,o) is the distance of the point to the obstacle o.

B. Cooperative dual-task space forces

When generating motions in the cooperative task-space,
the planner needs to explicitly consider the geometric and
force-feedback constraints stemming from previous sections.
In our previous work [18], we introduced the concept of
cooperative manipulability guidance force (Fσ) to address
geometric constraints from the cooperative system geometry.
Based on the singular value decomposition of the absolute
position Jacobian, described in Table I, we designed forces in
positive and negative directions of the output singular vector
umin associated with the min. sing. value σmin, that is,

F σ = λumin, (12)

λ =

{
(1− σmin

εσ
)kσ, if σmin < εσ;

0, otherwise,
(13)

where λ is a gain as defined in [42]. If above a specific
threshold λ is zero and linearly growing up to a maximum
value (kσ), otherwise. This also allows to scale the maximum
velocities stemming from the virtual force – which is only
introduced in this paper. The resulting guidance force leads
the robot towards directions that require less effort (in terms
of kinematic velocity) from the bimanual system.

In this work, we also introduce the concept of repulsive
contact wrenches F cw. These are virtual forces generated
when the robot is in undesired contact with obstacles. When
such a contact is happening, the estimated wrench is fed to
the circular field planner. The planner is then able to react to
this contact force, thus being pushed away from the obstacle.
The updated force field with all geometric-, manipulability-
and contact and wrench-based perceptual feedback is given
by

mẍd = Fa + Fd + Fc + F r + F σ + F cw (14)
F cw = kcwfext, (15)

where Fa is the attractive force towards the goal, Fd is the
damping force, and fext is the contact force at the shared load
estimated from (5) and kcw≥0 is it’s proportional gain. After
(14) has been computed, the output velocity ẋd is limited
to a defined maximum value. All these forces influence the



TABLE II
COMPARISON BETWEEN DECOUPLED PLANNING STRATEGY AND THE

PROPOSED CIRCULAR-FIELD BASED COOPERATIVE SET-BASED TASK

PRIORITY WITH ADMITTANCE CONTROL.

Scenario Planner Success Rate Exec. Time

Static Scene
Decoupled CF 66 11055 ms

CF-CoSTP 82 7854 ms

Dynamic Obstacles
Decoupled CF 44 10155 ms

CF-CoSTP 90 6128.5 ms

geometric primitive(s) which are controlled based on the
respective error dynamics resulting in appropriate joint inputs
from the cooperative set-based task priority strategies in
Section III.

V. SIMULATIONS AND EXPERIMENTS

This section explores quantitative and experimental aspects
concerning the performance and evaluation of our proposed
framework. Our reactive planner is successful in handling
geometric constraints with respect to its responsive collision
avoidance capabilities – while ensuring cooperative task
constraints are satisfied. For experiments, we use the two
arm system KoBo that features two slightly modified Franka
Emika Panda arms. The controller is programmed (C++) in
the ROS control framework and runs at a frequency of 1 kHz
while the planner is running at 100 Hz in a separate process.

A. Quantitative analysis
To this aim, we devised two different scenarios, both

implemented with two Franka Emika Panda robots,6. The
first task is to bring a tray from a top shelf to a bottom
one in a static yet highly constrained scene due to the size
of the obstacles and the load. A second scene included two
dynamic obstacles that were allowed to move in a plane along
the environment. Both scenarios were executed sufficient
times with different initial conditions. The obtained results
were compared against a decoupled circular field with a
cooperative control tracker (constrained both in relative and
absolute poses). The results, summarized in Table II, clearly
indicate the necessity of an integrated approach as proposed.
Furthermore the exploration of the relaxation techniques
stemming from the proposed strategy enlarges the cooperative
manipulability workspace and allows an increase in the
success rate. Most of the tasks within the decoupled approach
failed due to hard cooperative constraints.

B. Collision avoidance in constrained environment
In this experiment, the robot does a placement task after

handover from a human. The main objective here is to carry
the tray with a glass of water while avoiding obstacles along
the way (the scene is similar to Fig. 2) and reaching the goal.
The control tasks that we consider here are maintaining the
relative pose, tilt angle, the absolute position and joint limit
avoidance with gains κrp=0.001, κee=−0.05, κap=50.0, and
κjl=0.0005 respectively. The tasks are prioritized in the given
order and not switching was required. Finally, the parameters
for the task-space trajectory generation are m = 0.5 [kg],
ka = 0.8, kd = 0.0, kc = 0.3, kr = 0.08, kσ = 0, kcw = 0.2,
kω = 0.5, fo = 6 for the force and fo = 1.5 for the torque.

In addition, we also performed tasks where the human
would intentionally generate forces along the trajectory. The
results from one of the trials is shown in Fig. 4. For more
details we refer readers to our video attachment.

6Simulations were executed with CoppeliaSim & DQ Robotics [43].
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Fig. 3. Cooperative collision evasion strategy: the plot in green depicts the
trajectory the planner generated without external forces whilst the red curve
shows the response along time. Notice that both scenarios are different and
therefore a different path is not only expected but desired.

Fig. 4. Trajectory for a landing (p) with a sliding motion along the y axis,
and normal angle (ϕ) along z-axis, and external forces (f ) and torques (m)
according to (5). The landing takes place in the marked area of the plot –
starting with the contact detection and ending when the final goal is reached
by sliding the object over the table.

C. Landing task
In this experiment, the robot is holding a box and is

commanded to go down until it detects a contact with
the table surface. In contrast to the previous experiment,
the rotational admittance task with gain κad is added. The
planning parameters are m = 0.5 [kg], ka = 0.5, kd = 0.0,
kc = 0.3, kr = 0.08, kσ = 0, kcw = 0.2, kω = 0.5, fo = 6
for the force and fo = 1.5 for the torque. Task gains are
the same from the previous subsection. When the contact
is detected, the controller switches the tilt controller for the
rotational admittance controller, at third priority. Afterwards it
lands by sliding on the table surface along the y-axis. As the
planner starts with an angle of 15 degrees towards the table,
it needs to adapt its orientation during the sliding motion.

Fig. 4 shows the motion behavior during the task. After
about 3 seconds, the contact is detected and the landing
control is in command. It can be seen from the angle plot,
that the planner clearly aligns to the table. As it reacts to
the torque it senses, the overall torque stays in a small range
between -5 and 5 Nm although the force is at an equilibrium



of -20 N after the adaptation, as can be seen in Fig. 4. Also
the initially high forces of -60 N in z direction decrease
significantly as soon as the planner adapts to the surface after
about 1.5 seconds. Therefore, the landing strategy can be
evaluated as successful.

VI. CONCLUSION

In this paper, we present a strategy for safe reactive
constrained bimanual planning for scenarios where the
robot has to interact (intentional or unintentional) with the
environment. This is achieved by a reactive cooperative
planning policy along with bimanual collision detection in
addition to a landing-and-take-off controller. In future work,
we plan to integrate online adaptation schemes for grasping
and predictive multiple agents for a global planning method.
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ning for robots in partially unknown environments,” IFAC Proceedings
Volumes, vol. 44, no. 1, pp. 6842–6850, 2011.

[15] O. Brock and O. Khatib, “Elastic strips: A framework for motion
generation in human environments,” The International Journal of
Robotics Research, vol. 21, no. 12, pp. 1031–1052, 2002.

[16] Y. Yang, V. Ivan, Z. Li, M. Fallon, and S. Vijayakumar, “idrm:
Humanoid motion planning with realtime end-pose selection in complex
environments,” in IEEE-RAS International Conference on Humanoid
Robots (Humanoids), 11 2016, pp. 271–278.

[17] R. Laha, A. Rao, L. Figueredo, Q. Chang, S. Haddadin, and
N. Chakraborty, “Point-to-point path planning based on user guidance
and screw linear interpolation,” in Proceedings of the ASME Interna-
tional Design Engineering Technical Conferences and Computers and
Information in Engineering Conference (IDETC/CIE), August 2021.

[18] R. Laha, L. F. Figueredo, J. Vrabel, A. Swikir, and S. Haddadin,
“Reactive Cooperative Manipulation based on Set Primitives and
Circular Fields,” in IEEE International Conference on Robotics and
Automation, Xi’an, China, May 2021.

[19] S. Haddadin, H. Urbanek, S. Parusel, D. Burschka, J. Roßmann,
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