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This article presents a robust and reliable human–robot col-
laboration (HRC) 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 compris-
es three modules: 1) a task-space sequential equilibrium and 
inverse kinematics optimization (task-space SEIKO) for retar-
geting 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 interactions. Experimental 
results show that the proposed framework successfully adapt-
ed infeasible and dangerous human commands into continu-
ous 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. Fur-
thermore, the framework demonstrated the capability in the 
assembly task of building blocks and the insertion task of 
industrial power connectors.

INTRODUCTION
Human-robot collaboration (HRC) allows humans and robots 
to work closely in a shared workspace, and it plays an impor-
tant role in Industry 4.0 [1], space exploration [2], and medical 
applications [3]. Efficient collaboration between human opera-
tors 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, multiarm robots 
have the same strength as parallel manipulators, but they are 
comparatively more powerful and rigid. The power or size of 
a gripper does not restrict the grasp of multiarm robots, mak-
ing them more versatile and efficient in certain applications. 
For example, dual-arm robots have unique advantages in car-
rying heavy, bulky, and large objects and performing com-
plex manufacturing tasks, such as part assembly or connector 
insertion. They also have the advantage of reconfiguring their 
grasp and are not limited to a fixed or smaller workspace. How-
ever, autonomous motion planning for high degree-of-freedom 
(DoF) robots during long-horizon and multiphase manipula-
tion tasks remains challenging because of the diverse interac-
tion modes as well as the complexity of contact dynamics and 
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friction. HRC frameworks are worth investigating to resolve 
the challenges in bimanual manipulation.

Teleoperation has great potential in dexterous manipulation 
tasks as it enables human operators to remotely control robots 
using master devices and their own motor skills [4], [5]. Recent 
development in collaborative robots (cobots) has made it pos-
sible to safely operate robots in close proximity to humans 
[1]. By incorporating the complementary expertise of human 
operators into the robotic control, the intelligence and capabil-
ities of the robotic system can be significantly enhanced. The 
assembly task shown in Figure 1 involves a sequential com-
bination of teleoperation and physical interaction by multiple 
operators. The remote operator, who has a global view of the 
situation, teleoperates the two robotic arms to reach, maintain 
contact with, hold, and move one part. The local operator then 
guides and fine-tunes the manipulation process by physically 
interacting with the held object, leveraging detailed on-site 
observations to complete the assembly task.

Teleoperation and physical interaction are two effective 
ways to realize HRC. However, human commands are inevi-
tably subject to errors because of 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 article introduces several technical innovations that 
enhance the robustness of collaborative bimanual manipula-
tion, building upon our previous works [6], [7]. Our frame-
work provides an optimal motion adaptation approach that 
enables the robot to execute operator commands from both 
remote teleoperation and local physical interaction, ensuring 
feasibility and robustness to errors. Constraint feasibility for 
robots refers to ensuring that the physical limits of the robots 
(joint torque and position limits, and singularity) are respect-
ed. Constraint feasibility for the operating payload refers to 
ensuring the stable grasping of the object by the two end effec-
tors during maneuvering and prevent-
ing any instances of slipping or falling. 
Our framework improves the safety of 
human operators in the vicinity of the 
robots by reliably holding heavy objects 
between two end effectors and avoid-
ing breaking the physical limits of the 
robots.

First, we introduce the 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 dif-
fers from our previous SEIKO work [6] 
because it considers the equilibrium of 
the grasped object in addition to the 
robot limits and task constraints. This 

allows the robot to complete the challenging grasping task of a 
significantly tilted box.

Second, our system receives physical interaction commands 
by measuring external wrenches. An admittance controller 
provides the robot with compliance to physically interact with 
local operators while resisting their push by adapting their 
commands within feasible boundaries. Our approach accepts 
remote and local commands simultaneously and superimpos-
es the remote position commands and the velocity commands 
(estimated from the measured external wrenches by the admit-
tance controller) from physical interaction. The task-space 
SEIKO ensures the feasibility of the combined commands. 
Our system is flexible and reliable and facilitates seamless col-
laboration 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 physical inter-
action at a low computation cost. The FIC’s conservative observ-
er 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 sys-
tem capable of real-world bimanual manipulation tasks that are 
considerably more complex than those of previous works.

The contributions of our work are summarized as follows:
1)	 The task-space SEIKO formulation 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 sat-
isfied in real time, improving the safety and effectiveness 
of bimanual manipulation (1 kHz).

2)	 A collaborative bimanual manipulation framework facili-
tates simultaneous teleoperation by a remote operator and 
physical interaction by a local operator, with the superim-
posed commands retargeted and adapted by the task-space 
SEIKO to ensure feasibility and improve the efficiency of 
multioperator scenarios.

Remote Operator Local Operator

FIGURE 1. Real-world part assembly task performed via teleoperation and direct physical 
interaction using the proposed collaborative bimanual manipulation framework.
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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 multiagent cooperation, reducing physical and cogni-
tive demands on human operators and significantly improving 
productivity and efficiency.

The article is organized as follows. The section “Related 
Works” summarizes the related works on human–robot col-
laborative bimanual manipulation. The section “Collabora-
tive Manipulation Framework” overviews the framework’s 
architecture and formulates the task-space SEIKO and 
the interaction controller. The sections “Experiments and 
Results” and “Discussion” detail our experimental setups 
and evaluate the performance of the proposed method, and 
the section “Conclusions and Future Work” draws the con-
clusions.

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 center of mass (CoM) projection is constrained 
within the feet support polygon. However, contact wrench-
es, which are important for bimanual manipulation tasks, 
are not considered in IK-based schemes. For loco-manipu-
lation tasks in multicontact settings, a motion retargeting 
framework—SEIKO—is proposed in [6] and has been val-
idated by the teleoperation of high-DoF robots, such as 
humanoids and quadrupeds. The retargeting of multicon-
tact motions is formulated as sequential quadratic pro-
gramming, which can opt imize 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.

HRC through physical interaction requires 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 inter-
action 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. The FIC controller [3] has the 
advantages of a passive impedance controller while improving 
responsiveness and tracking accuracy. Because of its highly 
nonlinear stable dynamics, the system can accurately track tra-
jectories while still maintaining the intrinsically soft behav-
ior of impedance controllers [7]. FIC can be combined with 
admittance controllers because it allows the superimposition 
of multiple independent controllers while retaining the sys-
tem’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 retargeting 
of human commands that violate the robot’s physical limits 
[15], [16], [17], [18]. The coordination of multiple robotic arms 
requires the formulation of dynamic-aware motion optimiza-
tion that deals with intrinsic nonlinearity and nonholonomic 
constraints in concave domains. There are multiple ways to deal 
with these constraints, such as hierarchical quadratic program-
ming (HQP) [15], [16], [17] and nonlinear programming (NLP) 
[18].

HQP solves this problem by dividing the action into a 
hierarchical set of tasks. The decomposition of the problem 
into subproblems simplifies the constraints by decoupling 
them while regarding the codomain of the higher task as 
the domain of the current optimization [15], [16]. NLP uses 
a general formulation to tackle nonlinear optimizations 
[18]. HQP and NLP can be formulated in both inverse and 
forward dynamics [15]. It is shown 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 subproblems enforcing boundary constraints during the 
transitions between subsequent domains, guaranteeing a 
smooth transition. The parallel processing of the optimiza-
tion problem solves complex 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 
because of the intrinsic variability in the interaction with the 
environment, which is either unknown or difficult to model. 

This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination. 

Authorized licensed use limited to: University College London. Downloaded on July 05,2023 at 16:51:09 UTC from IEEE Xplore.  Restrictions apply. 



5MONTH 2023     IEEE ROBOTICS & AUTOMATION MAGAZINE

The gap between simulation and reality will often reduce the 
robustness of interaction.

COLLABORATIVE MANIPULATION FRAMEWORK
The control framework of the collaborative bimanual manip-
ulation is shown in Figure 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, which optimizes the target 
pose of the object ( )X SE 3t etarg

O !  subject to the contact con-
straints and the physical limits of the robot; and the interac-
tion controller, which 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 a 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 con-
trollers and two compensatory terms to generate the desired 
joint torques for each arm.

OPERATOR INTERFACE
We use three cameras as multicamera feeds to capture live 
streams of the robot for the remote operators; the interface is 
shown in Figure 2(a). 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 modes. These modalities also include two submo-
dalities, namely pose and twist, that can be chosen by the 
operator online. The pose submodality 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 submodality 
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 Cartesian space, using either 
command mode (pose/twist) or a hybrid of both. After plac-
ing 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 
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FIGURE 2. The overall architecture of the collaborative bimanual manipulation framework. (a) The teleoperation interface with 
multicamera 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. (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 [see (1) for details]. The 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 nonlinear FIC) to provide stability during human–robot interaction, and the compensatory controllers for 
the load compensation and the nonlinear dynamics (gravity, Coriolis and centrifugal effects). PD: proportional derivative. 
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device. In bimanual mode, the target pose commands from 
the operator are optimized by the 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 Xop

target  for 
the two command modes in the bimanual mode can be com-
puted using (1) from human commands, which will be sent to 
the task-space SEIKO for motion adaptation.

	
,    

,    

mod

mod

X X X

X X X t
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twist e
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D D

= +
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� (1)

where Xref
target  is the reference rest pose of the end effector, 

XS 7-D  is the displacement of the current pose from the nominal 
pose measured by the Sigma 7 haptic device, and Xref0

target  is the 
end effector’s reference pose of the arm at the last time step.

END-EFFECTOR FORCE MODULATION
The model-based state estimation uses an admittance control-
ler 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 handle the task performance inde-
pendently and drive the impedance controller to generate the 
desired behavior. The admittance controller filters the mea-
sured force tracking error and generates the desired robot 
end-effector pose, which can be adaptive to different tasks by 
producing the desired interaction dynamics at the end effec-
tor, as follows:

	 MX O
d1

adm
target

adm
extm m= --p ^ h� (2)

where M 1-  is the desired inertia at the end effector, O
extm  is 

the estimated end-effector effort, and d
admm  is the desired 

interaction wrench. d
admm  can be treated either as an external 

input or modeled as a preassigned spring–damper system  
as follows:

	 ,K X X D Xadm
d

d
d

dm = - - o^ h � (3)

where Kd  and Dd  are the desired damping and stiffness, 
respectively. The desired acceleration of the two arms is inte-
grated twice to get the desired end-effector pose ,Xadm

target^ h   
as follows:
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where

sign max ,X X X Xt maxadm
max

adm admD D D=o p p o^ ^h h

where ( ) ( )X X Xt t tmax O O
dtargetD D= -o  is the feasibly maxi-

mum 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 Figure 2(b) estimates the external 
interaction with the manipulated object by subtracting the 
weight of the held object from the wrench computed from 
the superimposition of the measured wrenches at the robot 
end effectors X X* *

O
O

L L
O

R R
extm m m= + , where X*O

L  and 
X R*O
R

6 6! #  are the wrench transformation matrix between 
the robot end-effector frames of the two arms (L, R) and the 
object frame (O). Lm  and RR

6!m  are the measured end-
effector wrenches for the left and the right arm, respectively.

MOTION ADAPTATION
The motion adaptation method takes the end-effector pose 
commands as input and solves the posture and contact forces 
( , )q m  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 in Cartesian space. The reference frames used to 
estimate the object’s static equilibrium from the robot state 
are shown in Figure 3. SEIKO transforms an input target 
pose of the CoM of the manipulated object ( )X SE 3O

target
!  

expressed in the world frame to the optimized state of the 
arms that guarantees feasibility. The task-space SEIKO exe-
cutes a single iteration of the optimization for each control 
cycle. At each iteration, the state change ( , )q mD D  is comput-
ed to update the previous state to a new desired state 
q Rd n! , where n is the total number of the left and right 
robotic arms, and the desired wrenches applied on the object 
are , RL

d
R
d 6!m m  by the two arms. The Cartesian poses 

, ( )X X SE 3L
d

R
d !  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. 

R
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z

O

z
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λR
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λL

LX *w

OX *L

OX *R
(q)

RX *w (q)

FIGURE 3. Illustration of notation of reference frames, force, 
and spatial transformations 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 , ,L Rm m  respectively, while Om  denotes 
the gravitational wrench. The friction cones of the two contact 
wrenches are depicted by the orange dashed lines.
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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 squares optimization problem to be solved at each control 
loop is as follows:

	

( ) ( )

( ) ( ) ,
( ) ( )

,

,

min C x x c x

C x x c x
C x x c x

x
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x
q

0
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d

R
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2
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eq eq

ineq ineq H

m

m

m

m

D

D
D

D
D
D
D

-

+ =

+

= =

D

> >H H
� (5)

where x Rn 6 6! + +  is the current desired state, and the incre-
mental change xD  is the decision variable. q Rd n!  is the 
vector containing all joint positions of the two robotic arms, 
and , , , , ,  C c C c C candcost cost eq eq ineq ineq  are the matrices and 
vectors defining the cost, equality, and inequality constraints, 
respectively. Our decision variable here is the incremental 
change ,xD  and the desired state is updated at each iteration 
by ( ) ( ) ( ) .x x xt t t tD D+ = +  The equality and inequality 
constraints are detailed as follows.

EQUALITY CONSTRAINTS
To adapt the motions within the stability region for the suc-
cess of bimanual manipulation tasks, we introduce a con-
straint term based on the grasp matrix and the robot state to 
the given optimization formulation. The frames used to for-
mulate the optimization problem include the world frame 
W, the object frame O, and the left and right end-effector 
frames L, R, respectively, depicted in Figure 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 bimanu-
al manipulation task is as follows:

	 ( )X q X X* * *

R

O
W

O
L
O

R
L

Om
m

m
= 6 ;@ E � (6)

where , RL R
6!m m  are the wrenches expressed in the left 

and right end-effector frames L, R, while X*O
L  and 

X R*O
R

6 6! #  are the spatial wrench transformation matrix 
[20] from L and R to the object frame O, respectively. The 
z-axes of L and R are parallel to the normal direction of 
the contact surface. [  ] [    ]f mg0 0 0 0 0O O Om x= = -< <  is 
the gravitational wrench of the object expressed in the world 
frame W, where m is the object’s mass and g the gravitational 
acceleration. X ( )q R*O

W
6 6! #  is the wrench transformation 

from the world frame W to the object frame O. Because Om  

does not have a torque component )( 0Ox =  since it acts on 
the CoM of the object, ( )X q*O

W  can be simplified as 

( )R q
0
0

0
O

W
; E

, where ( ) ( )R q SO 3O
W !  is the rotational term 

of ( )X q*O
W , which only depends on the joint positions.

The equality constraint for static equilibrium in (6) is dif-
ferentiated with respect to [   ]q L Rm mD D D < , resulting in the 
following equation:
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and where ( ), ( )J q J q RL
W

R
W

n3rot rot ! #  are the angular parts of 
the Jacobians of the frames L and R expressed in world frame 
W, respectively. ( ), ( ), ( ), ( ) ( )R q R q R q R q SO 3L

W
R

W
O

L
O

R !  
are the spatial rotational transformations between the frames 
depicted in Figure 3. ( ) :S R R3 3 3" #$  is the operator gener-
ating the skew matrix associated to a 3D vector. We rear-
ranged the terms in ( , )H q fO  so that (7) is linear with respect 
to the decision variable xD  and is suitable for the QP formu-
lation Ceq  and ceq  in (5).

INEQUALITY CONSTRAINTS
The inequality constraints used in the optimization enforce 
the feasibility of the bimanual manipulation. Two sets of dif-
ferent constraints are defined. In joint space, we enforce the 
physical limits of the robotic arms by setting constraints for 
each joint: the maximum torque ),( dx  the maximum velocity 

),(qdo  and the angular position range ) .(qd  In task space, we 
constrain the contact wrenches ,Ld R

dm m^ h to enforce the sta-
bility of the contact, e.g., minimal and maximal normal con-
tact force and limits on the friction pyramid and center of 
pressure. All of these constraints can be written in the linear 
form ,C cineq ineq  with respect to the decision variable xD  (see 
[6]), spawning 4n rows for the joint space and 36 rows for the 
task-space contact.

INTERACTION CONTROLLER
The interaction controller adopted from FIC, which is 
robust to time delay and stably superimposes multiple 
control efforts, is used to generate desired joint torques 
and control the dual-arm robot. As shown in Figure 2(b), 
the interactive controller is composed of five independent 
controllers.

The nonlinear FIC Cartesian controller NLPD( ( , , ))X Xd o  
independently drives the arms’ end effectors toward their 
respective desired poses. The linear task-space proportional 
derivative (PD) controller PD( ( , , ))X Xd

rel rel relo  generates 
a wrench command to maintain the desired relative pose 
between the two arms. The linear joint-space PD controller 
PD( ( , , ))q q qd o  drives the arms toward the desired poses opti-

mized by the task-space SEIKO.
The remaining components of the controller compensate for 

the arm nonlinear dynamics (Coriolis matrix and gravity com-
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pensation) and the load weight ) .( dm  The torque command sent 
to the robotic arms is as follows:

	
NLPD

PD(

PD
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( )
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X X
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d

d
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x
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o

o

= + +

+

+

+ <

<

<

o o

� (8)

where ( , )C q q Rn!o  is the vector containing the Coriolis 
and centrifugal torques, while ( )G q Rn!  is the vector con-
taining the gravitational torques; q Rn!  and q Rn!o  are 
the vectors containing the measured joint positions and 
velocities of the two arms; q Rd n!  is the desired joint 
positions computed by SEIKO; Jlocal  and J R( ) n6 6

world ! #+  
are the stacked Jacobian matrices of the two arms 
expressed in the local and world frames, respectively; and 
J R n6
rel ! #  is the relative Jacobian between the two hands; 
Rd 6 6!m +  is the stacked vector of the desired contact 

wrenches of the two arms computed by SEIKO, applied as 
a feedforward term; X, ( ) ( )X SE SE3 3d #!  and R6 6!o +  
are the measured and desired Cartesian poses and mea-
sured twist of the two hands expressed in the world frame; 
Xrel  and ( )X SE 3d

rel !  and R6
rel !o  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 monodimensional con-
troller:

	 a a-

sign

PD
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else
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where a  is the position (i.e., the monodimensional pose), 
da  is the desired position, and ao  is the velocity (i.e., the 

monodimensional twist). The gains /k f d Rp !=  and 
,k k2 Rd p

joint
!g=  which allow an intuitive tuning of the 

controllers.

The NLPD is implemented using six decouple dimensions 
of the following mono-dimensional controller:
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where kp  is the constant stiffness, da a a= -u  is the position 
error (i.e., the monodimensional pose error), and d is the track-
ing error when the force saturation occurs. ,E Emax 0K = -  

, / ( )E k d S d1 2p0 p p r= = -^ ^h h  controls the saturation 
speed, and .0 9p =  controls the starting of the saturation 
behavior while approaching d. Further details on the theoreti-
cal background of these controllers can be found in [3]. The 
parameters used for all of the controllers are reported in 
Table 1.

EXPERIMENTS AND RESULTS

EXPERIMENTAL SETUP
We set up a dual-arm robot using two Franka Emika robotic 
arms to validate the performance of the proposed collabora-
tive 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 com-
pared 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 the task-
space SEIKO. We set the parameters of the impedance con-
troller to be the same as the ones used by the relative Cartesian 
PD controller in the section “Interaction Controller.” We 
designed a series of teleoperation experiments using a heavy 
box (approximately 3 kg). Because the contact force optimizer 
was disabled, we had to set the value of the force feedforward 
term manually. Referring to the previously recorded contact 
force (between 40 and 50 N), we set the contact force to 45 N.  
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 the task-space SEIKO affects the 
motion adaptation performance, we conducted teleoperation 

Table 1. Control parameters for the joint space, and 
linear and angular control in Cartesian space.

PARAMETER VALUE UNIT PARAMETER VALUE UNIT 

f lin  10–40 N fang  2 N m 

d lin  0.08 m dang  8 degree

ling  0.8 angg  0.2 

f rel,lin 50 N f rel,ang 5 N 

drel,lin 0.05 m drel,ang 5 degree

rel,ling 0.4 rel,angg 0.1 

f joint 0.3 N m 

d joint 10 degree

jointg 0 
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experiments to move the same heavy box with SEIKO enabled 
and disabled. 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 x-axis, making it 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 the joint torque limits. The operator 
teleoperated the dual-arm robot to move the box with transla-
tional 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 x-axis (in the world frame), as shown in Figure 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 
tasks, including maneuvering a stack of objects via direct 
physical interaction, a multioperator part assembly task, and 
an industrial connector insertion task.

COMPARISON RESULTS
The snapshots in Figure 5 for the first comparison and in Fig-
ure 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 imped-
ance controller baseline is shown in Figure 5. Using our frame-
work, 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 
happened because our proposed framework adapted the com-
manded pose from the operator using the task-space SEIKO to 
satisfy the robot’s task constraints and physical limits. Please 
find more details of these experiments in the accompanying 
video in the supplementary materials available at https://doi.
org/10.1109/MRA.2023.3270222. It also shows that the imped-
ance 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 vali-
dated on the real dual-arm robot with the same heavy box. For 
the comparison, we disabled the constraint enforcement mod-
ule of the task-space SEIKO, preventing motions from being 
adapted to the physical limits of the robot. Without motion 
adaptation, while everything else was kept the same, slippage 
and crashing happened to the box during teleoperation, which 
can be seen in Figure 6(a) and (b). The robotic arms failed 
to apply enough contact forces when the shoulder joint torque 
limits were violated. In comparison, when the task-space 
SEIKO was fully enabled in the framework, the robot suc-
ceeded in holding the box, even when the commands from the 
operator violated the joint torque limits. The Cartesian trajec-
tories of the CoM of the box including the human commands 
and the adapted motions are shown in Figure 6(c) and (d).

During the first 2 s of the translational experiment with 
adaption enabled, the right shoulder joint had reached its 
torque limit, while the joint torque of the left shoulder con-
tinued to increase. The Cartesian trajectories show that the 
robotic arms still followed human commands, even though 
one joint had reached its torque limit. This happens because 
the proposed motion adaptation can optimize and adjust the 

x-axis

x-axis

(a)

(b)

FIGURE 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.
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joint-space configuration within the physical constraints of the 
robots. After 2 s, 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 Figure 6(c) and (d) show that the robot stopped 
moving the box, even though the operator was still sending 
forward commands through haptic devices.

During the first 3 s of the rotational experiment with adap-
tion enabled, the robot could rotate the box to follow human 
commands, shown by the trajectories of the Euler angles in 
Figure 6(d). 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.

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

Two long-horizon complex manipulation tasks: multiop-
erator part assembly and teleoperated industrial connector 
insertion, validate the extensive capability of the proposed 
collaborative framework.

Figure 8(a) shows the multioperator part assembly task 
completed 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 

(d)

(c)

(b)

(a)

FIGURE 5. Proposed framework with the 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. (a) Baseline: The box fell when teleoperated to move along the y-axis and reached right arm joint position 
limits. (b) Proposed framework with SEIKO: The box remained stable when teleoperated to move along the y-axis and reached right 
arm joint position limits. (c) Baseline: The box fell when teleoperated to rotate along the x-axis and friction cone limits were reached.  
(d) Proposed framework with SEIKO: The box remained stable when teleoperated to rotate along the x-axis at friction cone limits.
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FIGURE 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. (a) Without motion adaptation, the box dropped when the arms were teleoperated to stretch 
forward and reached the shoulder joints’ maximum torque limits. (b) Without motion adaptation, the box dropped when teleoperated to 
rotate, and shoulder joint torque limits prevented application of the correct contact force. (c) With motion adaptation, commands were 
retargeted not to stretch the arms beyond torque limits when teleoperated to move forward along the x-axis. (d) With motion adaptation, 
commands were retargeted not to tilt the box beyond torque limits when teleoperated to rotate the box around the x-axis.
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physically interacting with it using the more detailed con-
tact information.

Figure 8(b) shows the connector insertion task, where two 
customized end effectors were designed to manipulate a cylin-
drical connector. The connector insertion task includes three 
subtasks: opening the lid of the socket, which is partially cov-
ered by pebbles; unplugging the connector from an existing 
socket; and inserting the connector to the new socket. First 
one robotic arm was teleoperated to reach the socket covered 
by pebbles and open its lid. The dual-arm robot was then tele-

operated 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 HRC in teleopera-
tion and direct physical interaction. The connector insertion 
task further validated that the proposed framework is compat-
ible with dual-arm robots and customized effectors for more 
dexterous grasping and manipulation.

FIGURE 7. A local operator and dual-arm robot collaborated to move a stack of books translationally via physical interaction.

Independent Mode

Reach the Socket Open the lid Reach to Grasp the Connector 

Move the ConnectorUnplug the Connector Insert the Connector Complete the Insertion

Physical Interaction

Connector

Socket

Physical Interaction Physical Interaction

Bimanual Mode Bimanual Mode

(a)

(b)

FIGURE 8. Part assembly and connector insertion tasks using collaborative bimanual manipulation. (a) A multioperator part assembly 
task. (b) A teleoperated industrial connector insertion task.
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DISCUSSION
Our framework ensures 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 con-
straints include the robots’ physical constraints in the joint 
space and the contact wrenches in the task space (more 
details are provided in the section “Motion Adaptation”). 
When given a lower bound of the 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 previous 
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; and 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 valid-
ity of this assumption, we use a lowpass filter (Butterworth 
first order, cutoff frequency at 2 Hz) to remove jerky motion 
artifacts in human operator commands. We also use a velocity 
and acceleration filter to limit the maximum Cartesian linear 
velocity to 0.2 m/s and acceleration to 2 m/s2 (the same applies 
to the angular components). A human operator’s original com-
mands will not always be exactly tracked by robots. Rather, 
the task-space SEIKO adapts human commands, e.g., those 
that exceed the workspace, to feasible motions, satisfying the 
task constraints and the robots’ physical limits.

Our proposed interaction controller combines higher 
level admittance control with lower level impedance control, 
enabling online adjustment of the tradeoff between the wrench 
and pose tracking accuracy. Admittance controllers track the 
desired interaction wrench using an equivalent dynamics 
model, but accurate pose control cannot be guaranteed. By 
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 
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 control-
ler available in the Franka application programming interface 
was also performed, and the outcome is shown in the attached 
video in the supplementary materials available at https://doi.
org/10.1109/MRA.2023.3270222. 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. By contrast, the FIC can rely on its 
nonlinear behavior to preserve motion accuracy in the pres-
ence 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].

CONCLUSIONS AND FUTURE WORK
This article presents a collaborative bimanual manipulation 
framework using optimal motion adaptation. The human 
Cartesian commands both from teleoperation and physical 
interaction are optimized by the 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. The experimental 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 simul-
taneous remote and local human–robot interactions and is 
not limited to the completion of grasping and manipulation 
tasks. Because of its flexibility in handling multiple inputs 
simultaneously, our system facilitates seamless collaboration 
between remote experts and local users, enabling the latter to 
provide additional assistance based on their on-site observa-
tions, despite potentially having lower skill levels. Our system 
is more flexible and versatile in challenging scenarios that 
require multiple operation modalities and multiple opera-
tors. In the future, we will explore more use cases that would 
benefit from our system’s capability of handling simultane-
ous 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 per-
sonnel who have less experience can provide basic adjustments 
or guidance as needed through physical interactions using bet-
ter 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 a cylindrical connector. We 
will also explore the possibility of applying the motion adap-
tion method with customized and/or commercial grippers for 
dexterous manipulation tasks for manufacturing and medical 
applications.
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