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Abstract—This paper presents a robust and reliable human-
robot collaboration framework for bimanual manipulation. We
propose an optimal motion adaptation method to retarget arbi-
trary human commands to feasible robot pose references while
maintaining payload stability. The framework comprises three
modules: (1) Task-Space Sequential Equilibrium and Inverse
Kinematics Optimization for retargeting human commands and
enforcing feasibility constraints, (2) an admittance controller to
facilitate compliant human-robot physical interactions, and (3) a
low-level controller improving stability during physical interac-
tions. Experimental results show that the proposed framework
successfully adapted infeasible and dangerous human commands
into continuous motions within safe boundaries, and achieved
stable grasping and maneuvering of large and heavy objects on
a real dual-arm robot via teleoperation and physical interaction.
Furthermore, the framework demonstrated the capability in
the assembly task of building blocks and the insertion task of
industrial power connectors.

I. INTRODUCTION

Human-robot collaboration (HRC) allows humans and
robots to work closely in a shared workspace, playing an
important role in Industry 4.0 [1], space exploration [2],
and medical applications [3]. Efficient collaboration between
human operators and robots combines the advantages of both
sides, i.e., human dexterity, flexibility and adaptability, and
robots’ high payload, improved accuracy and 24/7 running.

Compared to single-arm manipulators, multi-arm robots
share the same strength as parallel manipulators and are
comparatively more powerful and rigid. Their grasp is not
restricted by the power or size of a gripper. Dual-arm robots
have unique advantages in carrying heavy, bulky and large
objects and performing complex manufacturing tasks such as
part assembly or connectors’ insertion. They also have the
advantage of reconfiguring their grasp and not being limited
to a fixed, smaller workspace. However, autonomous motion
planning in long-horizon and multi-phase manipulation tasks
is still difficult for high degree-of-freedom (DoF) robots be-
cause these tasks have different interaction modes and involve
complex contact dynamics and friction. HRC frameworks are
worth investigating to resolve the challenges in bimanual
manipulation.

Teleoperation has great potential in dexterous manipulation
tasks where human operators can use master devices to control
the robots with human skills remotely [4], [5]. Recent develop-
ment in collaborative robots (CoBot) has also enabled the safe
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Fig. 1: Real-world part assembly task performed via teleoperation and direct
physical interaction using the proposed collaborative bimanual manipulation
framework.

operation of robots close to humans [1]. Human operators have
complementary expertise, which can be integrated into robotic
control to increase the intelligence of the robotic system. Fig.
1 illustrates a multi-operator assembly task performed via
teleoperation and physical interaction sequentially. The remote
operator has a global view of the situation and teleoperates the
two robotic arms to reach, maintain contact with, hold and
move one part. Then the local operator can guide and adjust
the fine manipulation process by physically interacting with
the held object using detailed onsite observations to complete
the assembly task.

Teleoperation and physical interaction are two effective
ways to realize HRC. However, human commands are in-
evitably subject to errors due to the lack of direct access and
intuitive perception of the robot’s physical limits, which could
violate the robot’s physical constraints and cause task failures
and safety issues. Therefore, the robot’s local control system
should be robust to infeasible commands. To realize safe HRC,
it is necessary to adapt these references to feasible motions that
satisfy the robot’s physical limitations and task constraints.

This paper introduces several technical innovations that en-
hance the robustness of collaborative bimanual manipulation,
building upon our previous works [6], [7]. Our framework
provides an optimal motion adaptation approach that enables
the robot to execute operator commands from both remote
teleoperation and local physical interaction, ensuring feasibil-
ity and robustness to errors. Constraints feasibility for robots
refers to ensuring that the physical limits of the robots (joint
torque and position limits, and singularity) are respected. Con-
straints feasibility for the operating payload refers to ensuring
that the object is stably held by the two end-effectors during
maneuvering and preventing objects from slipping and falling.
Our framework improves the safety of human operators in
proximity to robots by reliably holding heavy objects between
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two end-effectors and avoiding breaking the physical limits of
the robots.

First, we introduce Task-Space Sequential Equilibrium and
Inverse Kinematics Optimization (Task-Space SEIKO). This
formulation addresses the safety concerns caused by error-
prone human commands used to control the poses of a grasped
object. The new formulation presented in this study differs
from our previous SEIKO work [6], because it considers the
equilibrium of the grasped object besides the robot limits
and task constraints. This allows the robot to complete the
challenging grasping task of a significantly tilted box.

Secondly, our system receives physical interaction com-
mands by measuring external wrenches. An admittance con-
troller provides the robot with compliance to physically inter-
act with local operators while resisting their push by adapting
their commands within feasible boundaries. Our approach
accepts remote and local commands simultaneously and su-
perimposes the remote position commands and the velocity
commands (estimated from the measured external wrenches
by the admittance controller) from physical interaction. The
Task-Space SEIKO ensures the feasibility of the combined
commands. Our system is flexible and reliable and facilitates
seamless collaboration between remote experts and local users
in a wide range of human-robot collaborative scenarios.

Finally, the optimal and feasible motions generated by the
Task-Space SEIKO are realized by an interaction controller.
This low-level controller based on Fractal Impedance Control
(FIC) [7] provides robust stability during human-robot physi-
cal interaction at a low computation cost. FIC’s conservative
observer enables multiple controllers’ stable superimposition,
which is robust to time delay and reduced control bandwidth
[3], [8]. This architecture enables the development of a fully
operational system capable of real-world bimanual manipula-
tion tasks considerably more complex than previous work.

The contributions of our work are summarized as follows:

1) Task-Space SEIKO formulation that enables real-time
bimanual manipulation of heavy payloads by optimally
adapting infeasible Cartesian commands from operators,
which ensures that robot limits and task constraints are
satisfied in real-time, improving the safety and effective-
ness of bimanual manipulation (1 kHz).

2) Collaborative bimanual manipulation framework that
facilitates simultaneous teleoperation by a remote oper-
ator and physical interaction by a local operator, with
the superimposed commands retargeted and adapted by
Task-Space SEIKO to ensure feasibility and improve the
efficiency of multi-operator scenarios.

3) Complex and realistic bimanual manipulation tasks
involve maneuvering heavy objects in arbitrary ways,
guiding the robot through physical interactions with
stacks of unknown objects, collaborative part assembly
among multiple operators, and insertion of industrial
connectors, highlighting the potential impact of our work
in real-world applications.

Through challenging experiments, we have demonstrated
the capability of our framework to ensure constraint feasibility
for robots, human operators, and the grasped payload in real-
world collaborative bimanual manipulation tasks. The results

demonstrate a high level of flexibility to fuse commands
from multiple intelligent agents, each possessing unique motor
skills and feedback mechanisms, thus facilitating decision-
making. The contributions of our work pave the way for more
robust multi-agent cooperation, reducing physical and cogni-
tive demands on human operators and significantly improving
productivity and efficiency.

The paper is organized as follows. Section II summarizes the
related works on human-robot collaborative bimanual manipu-
lation. Section III overviews the framework’s architecture, for-
mulates the Task-Space SEIKO and the interaction controller.
Section IV details our experimental setups and evaluates the
performance of the proposed method, and Section VI draws
the conclusions.

II. RELATED WORKS

Inverse kinematics (IK) has been extensively used to com-
pute whole-body joint positions to get the desired end-
effectors’ poses while considering kinematic constraints in
teleoperation. For example, the quasi-static equilibrium of
humanoids on flat ground is formulated as an IK problem
where the CoM projection is constrained within the feet
support polygon. However, contact wrenches, which are im-
portant for bimanual manipulation tasks, are not considered
in IK-based schemes. For loco-manipulation tasks in multi-
contact settings, a motion re-targeting framework — SEIKO is
proposed in [6] and has been validated by the teleoperation of
high DoF robots such as humanoids and quadrupeds. The re-
targeting of multi-contact motions is formulated as sequential
quadratic programming, which can optimize the whole-body
configurations and contact wrenches in real-time. Although
originally formulated in joint space for floating base robots,
SEIKO can be rewritten to address bimanual manipulation
by specifically considering the task space constraints of the
grasped object and the kinematic loop of the two arms.

Human-robot collaboration through physical interaction re-
quires either direct contact between humans and robots or
indirect force exchange through an object. The applications
of physical human-robot interaction range from collaborative
manufacturing, such as assembly [9] to emotional support,
such as hugging robots [10]. Impedance control [11] and
admittance control [12] are typically used for physical human-
robot interaction to realize the desired dynamic behavior at its
ports of interaction with the environment, and their improved
control for reactive interaction has enabled close and efficient
collaboration between robots and humans.

Multiple admittance and impedance controllers have been
proposed to modulate the contact port performances to adapt
to different task requirements over the years by exploiting
both optimization and learning methods [13], [14]. Although it
is theoretically possible to combine the admittance controller
with any passive impedance controller, it has limited respon-
siveness and tracking accuracy. FIC controller [3] has the
advantages of a passive impedance controller while improving
responsiveness and tracking accuracy. Its highly non-linear
stable dynamics allows it to track trajectories accurately while
retaining the intrinsically soft behavior of impedance con-
trollers [7]. FIC can be combined with admittance controllers
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(a) The teleoperation interface with multi-camera views. The interactive 3D scene is rendered from the robot state for the remote operator to switch mode. The images show that
the remote user is operating in the bimanual mode with hybrid command mode.
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(b) Both the pose commands from the teleoperation interface and the physical interaction commands are simultaneously superimposed to generate the target object pose. Pose
commands are expressed relative to a reference pose; external forces are processed by an admittance controller to velocity commands, which are integrated into the reference pose.
Please see Eq. (1) for details. Task-Space SEIKO then adapts this combined target pose to satisfy the physical limits of the robotic system and the task constraints to produce
the desired object poses as well as the desired contact wrenches. The interaction controller implements the superimposed controllers, including the passive impedance controllers
(Joint-Space PD, Cartesian Coordination, and Non-Linear FIC) to provide stability during human-robot interaction, and the compensatory controllers for the load compensation and
the non-linear dynamics (Gravity, Coriolis and centrifugal effects).

Fig. 2: The overall architecture of the collaborative bimanual manipulation framework.

because it allows the superimposition of multiple independent
controllers while retaining the system’s stability.

However, the ability to generate robust interaction with high
tracking accuracy is not sufficient to enable the success of
bimanual manipulation tasks. The challenges of these tasks
include the coordination of the two arms and the re-targeting of
human commands that violate the robots’ physical limits [15]—
[18]. The coordination of multiple robotic arms requires the
formulation of dynamic-aware motion optimization that deals
with intrinsic non-linearity and non-holonomic constraints in
concave domains. There are multiple ways to deal with these
constraints, such as Hierarchical Quadratic Programming (H-
QP) [15]-[17] and Non-Linear Programming (NLP) [18].

The H-QP solves this problem by dividing the action into a
hierarchical set of tasks. The decomposition of the problem
into sub-problems simplifies the constraints by decoupling
them while regarding the co-domain of the higher task as the
domain of the current optimization [15], [16]. NLP uses a
general formulation to tackle non-linear optimizations [18]. H-
QP and NLP can be formulated both in inverse and forward
dynamics [15]. It shows that the formulation of the inverse
dynamics has faster convergence when using simultaneous
methods (e.g., direct transcription) for NLP. These methods
decompose the problem into a discrete set of sub-problems
enforcing boundary constraints during the transitions between
subsequent domains, guaranteeing a smooth transition. The
parallel processing of the optimization problem solves com-
plex mathematical problems faster, which allows for modeling

the mechanism capabilities more accurately.

These methods have become increasingly more efficient
over the last decade, and the computational time has been
reduced drastically. Nevertheless, the coordinated dynamic
interaction of multiple robotic arms is still an open problem in
robotics due to the intrinsic variability in the interaction with
the environment that is either unknown or difficult to model.
The gap between simulation and reality will often reduce the
robustness of interaction.

III. COLLABORATIVE MANIPULATION FRAMEWORK

The control framework of the collaborative bimanual ma-
nipulation is shown in Fig. 2. The operator commands can be
given via teleoperation or physical interaction. The proposed
framework consists of three parts: the admittance controller
for compliant physical interaction and modulating the contact
forces, the Task-Space SEIKO that optimizes the target pose
of the object X ;" € SE(3) subject to the contact constraints
and the physical limits of the robot, and the interaction
controller that generates the joint torque commands for robots’
stability during the interaction.

We propose a task-space formulation of SEIKO for the
motion adaptation of infeasible human commands. It runs one
iteration per control cycle to optimize the feasible state for the
next time step, with the computation time of less than 1 ms.
The optimal commands generated by the Task-Space SEIKO
are realized by the interaction controller, which has three FIC
controllers and two compensatory terms to generate the desired
joint torques for each arm.
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A. Operator Interface

We use three cameras as multi-camera feeds to capture live
streams of the robot for the remote operators, and the interface
is shown in Fig. 2a. The remote operators can teleoperate
the robot via two 6-DoF haptic devices (Force Dimension
Sigma 7) using two operation modes: the independent and
the bimanual mode. These modalities also include two sub-
modalities, namely pose and twist, that can be chosen by the
operator online. The pose sub-modality uses the displacement
of the current pose from the nominal pose measured by the
Sigma 7 haptic device as the control reference of the robot,
which is more intuitive to operators. The twist sub-modality
has better use of the limited workspace of the haptic device
as it can accumulate the displacement of the operator’s pose
from the nominal pose as the desired end-effector pose. In
the independent mode, the remote operator teleoperates the
left end-effector via the left haptic device and the right end-
effector via the right device in the Cartesian space, using either
command mode (pose/twist) or a hybrid of both. After placing
the object between the two hands, the operator can enable
the bimanual mode in which the human commands are sent
to control the pose of the CoM of the object via one haptic
device. In bimanual mode, the target pose commands from
the operator are optimized by Task-Space SEIKO to satisfy
the task constraints and physical limits of the robots.

The controller used for the haptic feedback on the Sigma 7
is adopted from our previous work, and its technical details can
be found in [19]. The target end-effector pose Xgp°"' for the
two command modes in the bimanual mode can be computed
by Eq. (1) from human commands, which will be sent to the
Task-Space SEIKO for motion adaptation.

target target
Xopg =X £ + AXS-%

ref

Xtarget _ Xtarget + AXS,7At,

ref refQ

pose mode
twist mode

(D

where Xrt:;get is the reference rest pose of the end-effector,
AXg7 is the displacement of the current pose from the
nominal pose measured by the Sigma 7 haptic device, and
X1 is the end-effector’s reference pose of the arm at the
last time step.

B. End-Effector Force Modulation

The model-based state estimation uses an admittance con-
troller to track the desired interaction force at the end-effector,
which takes the force tracking error as input and generates
the end-effectors’ pose commands. The admittance controller
and the Task-Space SEIKO handles the task performance
independently and drive the impedance controller to generate
the desired behavior. The admittance controller filters the
measured force tracking error and generates the desired robot
end-effector pose that can be adaptive to different tasks by
producing the desired interaction dynamics at the end-effector,
as follows:

Xta'r‘get — M—l (APOTf _ )\d ) , (2)

adm adm

where M ! is the desired inertia at the end-effector, )\60“ is

the estimated end-effector effort, and the A%,  is the desired
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Fig. 3: Illustration of notations of reference frames, force and spatial transfor-
mations formulated in the optimal motion adaptation. The end-effector frames
of the left hand (L) and the right hand (R), and the object frame (the origin
O is located at its CoM) are depicted. The world frame W is at the base of
the left arm. The contact wrenches between the object and the left and right
arms are denoted by Ar,, AR, respectively, while Ao denotes the gravitational
wrench. The friction cones of the two contact wrenches are depicted by the
orange dashed lines.

interaction wrench. A% can be treated either as an external

input or modeled as a pre-assigned spring-damper system as
follows:
A = K4 (X7 — X) - Dy X, 3)

where K; and Dy are the desired damping and stiffness,
respectively. The desired acceleration of the two arms is
integrated twice to get the desired end-effector pose (X % "),
as follows:

Xtarget(t + At) — Xtarget(t> + AXme (t)

adm adm adm
G
X (t+ At) = XG0 (8) + Xaam (AL
where

AX;’}f;rf = sign (Xadm) max (‘Xadm‘ At, AXWH) ’

where AX 00 = || X579 (1) — X3 (t)||/At is the feasibly
maximum twist change of the selected arm at the current time
step, bounding the end-effector twist to the feasibility sphere
around the current end-effector state effectively.

The state estimator in Fig. 2b estimates the external interac-
tion with the manipulated object by subtracting the weight of
the held object from the wrench computed from the superim-
position of the measured wrenches at the robot end-effectors
AGT = O XA + 9 X AR, where © X7 and X}, € RO*6
are the wrench transformation matrix between the robot end-
effector frames of the two arms (L, R) and the object frame
(0). A and Ar € RS are the measured end-effector wrenches
for the left and right arm, respectively.

C. Motion Adaptation

The motion adaptation method takes the end-effector pose
commands as input and solves the posture and contact forces
(g, A) simultaneously as a nonlinear optimization problem.
We formulate a Task-Space SEIKO in which the equilibrium
of the external object held between the two arms is expressed
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in the Cartesian space. The reference frames used to estimate
the object’s static equilibrium from the robot state is shown
in Fig. 3. SEIKO transforms an input target pose of the CoM
of the manipulated object X 5" € SE(3) expressed in the
world frame to the optimized state of the arms that guarantees
feasibility. The Task-Space SEIKO executes a single iteration
of the optimization for each control cycle. At each iteration,
the state change (Ag, AA) is computed to update the previous
state to a new desired state qd € R™, where n is the total
number of the left and right robotic arms, and the desired
wrenches applied on the object A¢, A% € RS by the two
arms. The Cartesian poses X4 X ¢ € SE(3) of the two end-
effectors are then computed by forward kinematics.

The task-space SEIKO is formulated as a constrained non-
linear optimization and solved by a sequence of QP problems.
Both the cost function and the constraints are linearized and
approximated at the first-order and rely on analytical deriva-
tives for computational speed and stability. The constrained
least square optimization problem to be solved at each control
loop is as follows:

min ||CCOS[(€B)ACE - Ccost(w)Hi;
Ax

s.t. Cq() Az + ceq(x) = 0,

C'ineq(m)A:c + cineq(m) 2 07 (5)
q° Aq

where z = [A¢ |, Az = [AXL |,
AL Adp

where € R™16+6 is the current desired state, and the
incremental change Az is the decision variable. ¢ € R"
is the vector containing all joint positions of the two robotic
arms, Clost, Ceost, Ceq, Ceqr Cineqs Cineg  are  the matrices and
vectors defining the cost, equality and inequality constraints
respectively. Our decision variable here is the incremental
change Az, and the desired state is updated at each iteration
by x(t + At) = x(t) + Az(t). The equality and inequality
constraints are detailed as follows.

1) Equality constraints: To adapt the motions within the
stability region for the success of bimanual manipulation tasks,
we introduce a constraint term based on the grasp matrix
and the robot state to the given optimization formulation. The
frames used to formulate the optimization problem include the
world frame W, the object frame O, as well as the left and
right end-effector frame L, R, respectively, depicted in Fig. 3.
We align the object frame O to the frame L and set its origin
at the CoM of the object for a simplified static equilibrium
equation. The position of O can be estimated from the contact
state.

The static equilibrium equation of an object in the bimanual
manipulation task is as follows:

* * * )\
9Xiy(a) Xo = [7X] OX] {Aﬂ : (©)
where Az, Ar € RS are the wrenches expressed in the left and
right end-effector frame L, R, while © X} and © X}, € R6*6
are the spatial wrench transformation matrix [20] from L and

R to the object frame O, respectively. The Z axis of L and
R are parallel to the normal direction of the contact surface.

X =1[10 fo] T =[00000 —mg]" is the gravitational
wrench of the object expressed in the world frame W, where
m 1is the object’s mass and g the gravitational acceleration.
O X (q) € R*C is the wrench transformation from the world
frame W to the object frame O. Because Ao does not have
a torque component (To = 0) since it acts on the CoM of the

C O v N 0 0
object, “ X7, (g) can be simplified as [0 ORyy
9Rw (q) € SO(3) is the rotational term of © X7}, (q), which
only depends on the joint positions.

The equality constraint for static equilibrium in Eq. (6) is
differentiated with respect to [Aq AXr AXg]T, resulting in
the following equation:

o] e

|0 10) N
OX* Ox*:| A)\L +
L R
H(q, fo) A
Xy (@Ao — O XiAL + O XjAr =0,
where H(q, fo) € R¥*" = (7

_ %o RS (“Rw(q)fo) “Ti(q)

- %ORRS ("Rw (q)fo) "It (),

and where L J% (q), T Ji% () € R3*™ are the angular parts of
the Jacobians of the frames L and R expressed in world frame
W, respectively. “Rw(q),"Rw(q),°R.(q),“Rr(q) €
SO(3) are the spatial rotational transformations between the
frames depicted in Fig. 3. S(-) : R® — R3*3 is the operator
generating the skew matrix associated to a 3d vector. We
rearranged the terms in H(q, fo) so that Eq. (7) is linear
with respect to the decision variable Az and is suitable for
the QP formulation C¢q and c¢q in Eq. (5).

2) Inequality constraints: The inequality constraints used
in the optimization enforce the feasibility of the bimanual
manipulation. Two sets of different constraints are defined.
In joint space, we enforce the physical limits of the robotic
arms by setting constraints for each joint: the maximum torque
(t%), the maximum velocity (¢%) and the angular position
range (g%). In task space, we constrain the contact wrenches
(A%, %) to enforce the stability of the contact, e.g. minimal
and maximal normal contact force and limits on friction
pyramid and center of pressure. All these constraints can
be written in the linear form Ciyeq, Cineq With respect to the
decision variable Az (see [6]), spawning 4n rows for the joint
space and 36 rows for the task space contact.

D. Interaction Controller

The interaction controller adopted from FIC, which is robust
to time delay and stable superimpose multiple control efforts,
is used to generate desired joint torques and control the dual-
arm robot. As shown in Fig.2b, the interactive controller is
composed of five independent controllers.

The non-linear FIC Cartesian controller (NLPD(X %, X, v))
independently drives the arms’ end-effectors towards their
respective desired poses. The linear task-space PD controller
(PD(XY,, Xiel, Vre1)) generates a wrench command to main-
tain the desired relative pose between the two arms. The linear
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(a)

(b)

Fig. 4: Validation of feasibility adaptation visualized by the original references (green boxes) of arbitrary human commands versus the optimized adaptations
(transparent boxes) with contract forces (blue arrows) in (a) translational and (b) rotational tasks, respectively. The orange arrows indicate the directions of

the translational and rotational motions.

Table I: Control parameters for the joint space, and linear and angular control
in Cartesian space.

Parameter Value Unit Parameter  Value Unit
Tin 10 — 40 N fane 2.0 Nm
d'n 0.08 m de 8.0  degree

Clin 0.8 ¢ang 0.2

rel,lin 50.0 N frel,ang 5.0 N
drellin 0.05 m drel-ang 5.0 degree
Crel,lin 0.4 Crel,ang 0.1
fJOmI 0 3 N m
dioint 10.0 degree
Cjoml 00

joint-space PD controller (PD(g%,q,q)) drives the arms to-
wards the desired poses optimized by the Task-Space SEIKO.

The remaining components of the controller compensate
for the arm non-linear dynamics (Coriolis matrix and gravity
compensation) and the load weight (A%). The torque command
sent to the robotic arms is as follows:

T=C(q,9) +Glq) +
PD(¢%.q.q) +
Jiocal (@) TAY + )
Jwora(@) "NLPD(X?, X, v) +
Jrel(‘])TPD(Xr%laXrelerel)

®)

where C(q,q) € R"™ is the vector containing Coriolis and
centrifugal torques, while G(q) € R™ is the vector containing
the gravitational torques; g € R™ and ¢ € R™ are the vectors
containing the measured joint positions and velocities of the
two arms; g% € R” is the desired joint positions computed by
SEIKO; Jioea and Jyora € ROT6*7 are the stacked Jacobian
matrices of the two arms expressed in local and world frames
respectively, and Jy € R6%™ is the relative Jacobian between
the two hands; A% € R6%6 is the stacked vector of the desired
contact wrenches of two arms computed by SEIKO, applied as
a feedforward term; X, X? € SE(3) x SE(3) and v € R6+6

are the measured and desired Cartesian poses and measured
twist of the two hands expressed in world frame; X, and
X4, € SE(3) and v, € RS are the measured and desired
relative poses and measured relative twist between the two
hands, respectively.

The passive PD controllers are implemented using six
decoupled dimensions of the following mono-dimensional

controller:

PD(ad, a, d) = Fk - kdd,
kp(a? — ), if [a? —a| <d
sigh(a? —a)f, else

. ©

where « is the position (i.e., mono-dimensional pose), ad
is the desired position, and ¢ is the velocity (i.e., mono-
dimensional twist). The gains k, = f/d € R and k)™ =
2¢ \/k? € R which allows an intuitive tuning of the controllers.

The NLPD is implemented using six decouple dimensions
of the following mono-dimensional controller:

NLPD(ad,a,o'z) = Fk — kdd,
(@), Divergence
Fk, = 2E(dmax) ~ &max
~ a— Convergence
Qmax 2
Fyd, g <ea 10
E= O (o
12\ Tsa, T
+Eo, else

where £k, is the constant stiffness, & = agq — « is the position
error (i.e., mono-dimensional pose error), and d is the tracking
error when the force saturation occurs. A = En.x — Fg, Fg =
Ekyd, S = (1 —¢&)(d/(2m)) controls the saturation speed, and
& = 0.9 control the starting of the saturation behavior while
approaching d. Further details on the theoretical background
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(d) Proposed framework with SEIKO: the box remained stable when teleoperated to rotate along the x axis at friction cone limits.

Fig. 5: Proposed framework with task-Space SEIKO can successfully adapt the original Cartesian commands from the human operator to ensure the satisfaction
of the joint position limits, while the baseline impedance controller fails at enforcing the equilibrium of contact wrenches of the box.

of these controllers can be found in [3]. The parameters used
for all the controllers are reported in Table L.

1V. EXPERIMENTS AND RESULTS
A. Experimental Setup

We set up a dual-arm robot using two Franka Emika robotic
arms to validate the performance of the proposed collaborative
bimanual manipulation framework. The external wrenches at
the two end-effectors are estimated from the measured joint
torques. We validated the performance of our framework
against two different baselines. We initially compared against
a typical task-space impedance controller by teleoperating the
robotic arms to violate the joint position limits. Later, we also
compared with and without the motion adaptation capability
by teleoperating the robot to violate the joint torque limits.

First, as a baseline, we implemented a typical impedance
controller in Cartesian space with a force feedforward term for
bimanual tasks. We disabled the contact force optimizer and
the motion adaptation module, both realized by Task-Space
SEIKO. We set the parameters of the impedance controller the
same as the ones used by the relative Cartesian PD controller
in Section III-D. We designed a series of teleoperation ex-
periments using a heavy box (approximately 3.0 kg). Because
the contact force optimizer was disabled, we had to manually
set the value of the force feedforward term. Referring to the
previously recorded contact force (between 40 and 50 N), we
set the contact force to 45N. We compared the performance of

the proposed framework and the baseline impedance controller
in experiments where the operator teleoperated the dual-arm
robot to move both the position and the orientation of the
heavy box. During a large range of commanded motions, the
operator’s commands for the dual-arm robot to move in a
posture will violate the joint position limits at times.

Second, to validate how Task-Space SEIKO affects the
motion adaptation performance, we conducted teleoperation
experiments to move the same heavy box with SEIKO enabled
and disabled, respectively. We misaligned the CoM of the box
with the center of the two end-effectors to create a large
gravitational torque at each contact point. The torque will
increase when rotating the box around the z axis, making it is
easy to reach the robots’ joint torque and friction cone limits.
We manually set the torque limits of both shoulder (joint 2)
joints to 90% of their maximum torques to protect the robot
from damage caused by the violation of joint torque limits.
The operator teleoperated the dual-arm robot to move the box
with translational and rotational motions. We initially tested
the proposed method in simulation and visualized the adapted
motions of moving the box along the x axis and rotating the
box around the z axis (in world frame) in Fig. 4. The green
boxes indicate the object’s original references calculated from
arbitrary human commands, which were adapted to the feasible
motions indicated by the transparent box.

Furthermore, we validated the extensive capability of the
proposed method with collaborative bimanual manipulation
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Fig. 6: The Cartesian trajectories of the box CoM in the world frame, along with the snapshots of the robotic arms and haptic devices during the teleoperation
of translational and rotational motions. The data plots of the commanded (dashed lines) and the retargeted motions (solid lines) show that the proposed
Task-Space SEIKO can adapt the human Cartesian commands to satisfy the joint torque limits and the box’s equilibrium constraint.
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tasks, including manoeuvring a stack of objects via direct
physical interaction, a multi-operator part assembly task and
an industrial connectors insertion task.

B. Comparison Results

The snapshots in Fig. 5 for the first comparison and in Fig.
6 for the second comparison show the motions of the box
when the operator teleoperated the robotic arms to move the
box via two haptic devices.

The performance of our framework compared to the
impedance controller baseline is shown in Fig. 5. Using our
framework, the system still held the object when the operator
tried to move the robotic arms near the joint position limits.
However, when the operator commanded the robotic arms near
the joint position limits with the impedance controller, the
end-effectors failed to hold the object and the system stopped
working. This is because our proposed framework adapted the
commanded pose from the operator using Task-Space SEIKO
to satisfy the robot’s task constraints and physical limits.
Please find more details of these experiments in the accompa-
nying video. It also shows that the impedance controller works
for slow teleoperated motions within the feasibility boundary,
but becomes less robust for faster motions and fails and the
operator’s commands are infeasible.

The performance of the motion adaptation module is val-
idated on the real dual-arm robot with the same heavy box.
For the comparison, we disabled the constraint enforcement
module of Task-Space SEIKO, preventing motions from being
adapted to physical limits of the robot. Without motion adap-
tation, while everything else were kept the same, slippage and
crashing happened to the box during teleoperation, which can
be seen in Fig. 6a and Fig. 6b. The robotic arms failed to apply
enough contact forces when the shoulder joint torque limits
were violated. In comparison, when Task-Space SEIKO was
fully enabled in the framework, the robot succeeded to hold
the box even when the commands from the operator violated
the joint torque limits. The Cartesian trajectories of the CoM
of the box including the human commands and the adapted
motions are shown in Fig. 6¢ and Fig. 6d.

During the first 2 seconds of the translational experiment
with adaption enabled, the right shoulder joint had reached
its torque limit, while the joint torque of the left shoulder
continued to increase. The Cartesian trajectories show that the
robotic arms still followed human commands even one joint
had reached its torque limit. This is because the proposed
motion adaptation can optimize and adjust the joint-space
configuration within the physical constraints of robots. After
2 seconds, the shoulder joints of both arms reached their joint
torque limits, and the joint-space configuration could not be
further adjusted to follow human commands. The right two
snapshots in Fig. 6¢c and Fig. 6d show that the robot stopped
moving the box even though the operator was still sending
forward commands through haptic devices.

During the first 3 seconds of the rotational experiment with
adaption enabled, the robot could rotate the box to follow
human commands, shown by the trajectories of Euler Angles
in Fig. 6d. However, the human commands were adapted after

the right shoulder joint reached its torque limit. The right two
snapshots show that the box rotation was stopped even though
the human operator continued giving rotational commands.
The success of this task validated that SEIKO is capable
of real-time motion adaptation by optimizing the maximum
rotational motions of the end-effectors subject to joint torque
limits and the static equilibrium by generating enough contact
forces while keeping them within the friction cones.

C. Further Experimental Validations

An operator and the robot collaborated to move a stack
of books via direct physical interaction, as shown in Fig. 7.
The trade-off of the admittance and impedance behaviors is
critical to the success and robustness of coordinated tasks. This
adaptive trade-off increases the robustness of the coordinated
motions in the presence of model inaccuracy.

Two long-horizon complex manipulation tasks: the multi-
operator part assembly and the teleoperated industrial connec-
tors insertion, validate the extensive capability of the proposed
collaborative framework.

Fig. 8a shows the multi-operator part assembly task com-
pleted by the collaboration of a remote operator, a local
operator and a dual-arm robot. The remote operator first
teleoperated the two robotic arms using the independent mode
to approach the part on the conveyor belt and then switched to
the bimanual mode to maneuver it over the other part placed on
the table. Then the task was handed over to the local operator,
who interactively guided and adjusted the fine manipulation
process of the pose of the part by physically interacting with
it using the more detailed contact information.

Fig. 8b shows the connector insertion task, where two
customized end-effectors were designed to manipulate a cylin-
drical connector. The connector insertion task includes three
sub-tasks: opening the lid of the socket, which is partially
covered by pebbles, unplugging the connector from an existing
socket and inserting the connector to the new socket. Firstly
one robotic arm was teleoperated to reach the socket covered
by pebbles and open its lid. The dual-arm robot was then
teleoperated to reach and grasp the connector and unplug it
from the socket on the table. At last, the robot was teleoperated
to maneuver the connector to approach the socket in the
pebbles and complete the insertion task.

The success of the part assembly task validated that the
proposed framework has achieved reliable human-robot col-
laboration in teleoperation and direct physical interaction. The
connectors insertion task further validated that the proposed
framework is compatible with dual-arm robots and customized
effectors for more dexterous grasping and manipulation.

V. DISCUSSION

Our framework assures feasibility for robots, objects, and
human operators by respecting two types of constraints —
equality and inequality constraints. The equality constraint
is the static equilibrium of the object, and the inequality
constraints include the robots’ physical constraints in the
joint space and the contact wrenches in the task space (more
details in Section IIT - C). When given a lower bound of the



COLLABORATIVE BIMANUAL MANIPULATION VIA MOTION ADAPTATION

10

Fig. 7: A local operator and dual-arm robot collaborated to move a stack of books translationally via physical interaction.
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Fig. 8: Part assembly and connectors insertion tasks using collaborative bimanual manipulation

friction coefficient and an upper bound of the object’s mass,
our model-based motion adaptation framework optimizes the
desired joint positions, end-effector poses, and wrenches with
respect to the above constraints.

Uncertainties in real-world systems include: (1) human
commands, which are not always guaranteed to be realized by
real robots; (2) model uncertainties, the model errors of the
robot and the manipulated object from the ideal model used
for optimization; (3) sensor noises, which affect the estimation
and accuracy of the proprioceptive state of the system; (4)
actuation, referring to how accurately the mechatronics of the
robot can execute the desired actions.

The proposed Task-Space SEIKO was formulated under the
assumption of quasi-static motions. To ensure the validity of
this assumption, we use a lowpass filter (Butterworth first
order, cutoff frequency at 2 Hz) to remove jerky motion
artifacts in human operators’ commands. We also use a ve-

locity and acceleration filter to limit the maximum Cartesian
linear velocity to 0.2 m/s and acceleration to 2 m/s? (the
same applies to the angular components). Human operators’
original commands shall not always be exactly tracked by
robots. Rather, Task-space SEIKO adapts human commands,
e.g., those that exceed the workspace, to feasible motions,
satisfying the task constraints and robots’ physical limits.

Our proposed interaction controller combines higher level
admittance control with lower level impedance control, en-
abling online adjustment of the trade-off between wrench and
pose tracking accuracy. Admittance controllers track the de-
sired interaction wrench using an equivalent dynamics model,
but accurate pose control cannot be guaranteed. In contrast,
impedance controllers enable control of the desired pose but
do not accurately track the interaction wrench [3], [7]. Our
approach allows for online tuning of the admittance and
impedance ports, thereby modulating their behavior. It enables
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the modulation of the dominant behavior by controlling the
admittance port, while maintaining softness in the robot even
when the velocity command, estimated from the physical
interaction, is fully saturated due to retargeting constraints.
This is possible because the impedance controller takes over
in such cases.

An experiment using the linear passive Cartesian controller
available in the Franka API was also performed, and the out-
come is shown in the attached video. The passive impedance
controller can perform the task in most conditions; however,
the system fails when reaching challenging configurations
(e.g., singularities) where the model errors reduce the motion
accuracy of the robots. In contrast, the FIC can rely on its
nonlinear behavior to preserve motion accuracy in the presence
of model error, ensuring higher robustness compared to the
linear controller. It is also worth mentioning that the FIC is
an extension of the passive impedance controller to nonlinear
force profiles its behavior converges to the linear controller
when a linear force profile is chosen [3], [7], [8], [19].

VI. CONCLUSIONS AND FUTURE WORK

This paper presents a collaborative bimanual manipula-
tion framework using optimal motion adaptation. The human
Cartesian commands both from teleoperation and physical
interaction are optimized by Task-Space SEIKO to satisfy the
physical limits of the robots and the contact constraints. The
desired motions are realized by the interaction controller which
combines independent controllers to generate the desired joint
torque commands to control the two robotic arms. Experimen-
tal results validate that the proposed task-space formulation of
SEIKO creates robust and feasible motions during interactive
and collaborative bimanual manipulation.

Our system ensures feasibility constraints during simulta-
neous remote and local human-robot interactions and is not
limited to the completion of grasping and manipulation tasks.
Due to its flexibility in handling multiple inputs simultane-
ously, our system facilitates seamless collaboration between
remote experts and local users, enabling the latter to pro-
vide additional assistance based on their on-site observations,
despite potentially having lower skill levels. Our system is
more flexible and versatile in challenging scenarios that require
multiple operation modalities and multiple operators. In the
future, we will explore more use cases that would benefit
from our system’s capability of handling simultaneous inputs
from teleoperation and physical interaction. For example, in
teleoperation scenarios such as remote surgery and space
maintenance, experts who are located remotely can only
operate through a teleoperation system, while local personnel
who have less experience can provide basic adjustments or
guidance as needed through physical interactions using better
on-site observations.

The usage of the customized end-effectors of the Franka
robotic arms has achieved the success of bimanual manipula-
tion tasks for the insertion task of the cylindrical connector.
We will also explore the possibility of applying the motion
adaption method with customized and/or commercial grippers
for dexterous manipulation tasks for manufacturing and med-
ical applications.
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