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Abstract—This work presents a compliant and passive shared
control framework for teleoperated robot-assisted tasks. Inspired
by the human operator’s capability of continuously regulating
the arm impedance to perform contact-rich tasks, a novel control
schema, exploiting the variable impedance control framework for
force tracking is proposed. Moreover, bilateral teleoperation and
shared control strategies are implemented to alleviate the human
operator’s workload. Furthermore, a global energy tank-based
approach is integrated to enforce the system’s passivity. The
proposed framework is first evaluated to assess the force-tracking
capability when the robot autonomously performs contact-rich
tasks, e.g., in an ultrasound scanning scenario. Then, a validation
experiment is conducted utilizing the proposed shared control
framework. Finally, the system’s usability is investigated with 12
users. The experiment results in system assessment revealed a
maximum median error of 0.25 N across all the force-tracking
experiment setups, i.e., constant and time-varying ones. Then, the
validation experiment demonstrated significant improvements re-
garding the force tracking tasks compared to conventional control
methods, and the system passivity was preserved during the task
execution. Finally, the usability experiment shows that the human
operator workload is significantly reduced by 54.6% compared to
the other two control modalities. The proposed framework holds
significant potential for the execution of remote robot-assisted
medical procedures, such as palpation and ultrasound scanning,
particularly in addressing deformation challenges while ensuring
safety, compliance, and system passivity.

Index Terms—Medical Robotics, Contact-Rich Tasks, Human-
Robot Shared Control, Compliant Control, System Passivity;

I. INTRODUCTION

ROBOTIC systems have been integrated into the medi-
cal domain, offering notable advantages over traditional

manual task execution, including high precision capability,
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reduced trauma, improved ergonomics, and enhanced acces-
sibility [1], [2]. Among the various control modalities, tele-
operation remains the most conventional approach, allowing
human operators to control the robot by transmitting and
mapping human commands to the robot for task execution
[3]. Nonetheless, the human operator typically needs to per-
form multiple tasks simultaneously, which requires significant
hand-eye coordination capability and potentially imposes high
physical and mental workloads. Consequently, increasing task
completion performance while reducing the human operator’s
workload has gained more attention in recent years [4]. How-
ever, achieving fully autonomous systems remains a signif-
icant challenge, particularly given the typically unstructured,
dynamic, and complicated medical scenarios [5]. Accordingly,
the exploration of human-robot shared control frameworks has
emerged as a promising paradigm, which leverages the human
operator’s decision-making and the controller’s autonomous
task execution capabilities [6], [7].

In medical applications, contact-rich tasks constitute a
significant focus, encompassing palpation for diagnosis and
abnormality detection [8], ultrasound for diagnosis and treat-
ment [9], physical examination training [10], minimally inva-
sive surgery operations [11], etc. Traditionally, manual-based
modalities for medical contact-rich tasks entail clinicians or
surgeons applying appropriate force and adjusting hand po-
sitions, or surgical instrument forces exerted on tissues or
anatomical structures (e.g., controlling the pose and contact
force of ultrasound probe) concurrently [12]. However, several
challenges inherent in manual/traditional medical contact-rich
tasks must be emphasized, including (i) a steep learning
curve for novice clinicians to acquire expertise, leading to
operator-dependent outcomes [13]; (ii) potential work-related
musculoskeletal disorders caused by high physical workload
[14]; and (iii) safety concerns such as infection risks due
to clinician-patient contact [2]. Conversely, the integration
of robotic systems to perform medical contact-rich tasks
presents several advantages, including (i) standardized results,
(ii) reduced workload during surgical task execution for the
operator in the human-in-the-loop approach, and (iii) facilitat-
ing infection prevention by eliminating direct patient-surgeon
contact.

Despite being deployed in medical robot applications to
enhance precision and dexterity [3] (e.g., via motion scaling
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for fine manipulation), provide remote access to expertise (e.g.,
rural areas), and mitigate infection risks, several inherent chal-
lenges in teleoperated robot-assisted contact-rich medical tasks
still need to be addressed. Firstly, the modeling of the medical
environment is challenging due to the nonlinear, deformable,
anisotropic soft tissues and anatomical structures properties,
alongside factors like friction force and elasticity [15], [16].
Additionally, the physical and cognitive workload imposed on
human operators during the teleoperated task execution needs
to be emphasized [17]. Furthermore, the safety and system
stability (i.e., passivity) considering unforeseen disturbances,
unstructured and dynamic environment, and human-robot-
environment interaction should be clarified [18]. For instance,
the explicit forces control strategy may exhibit instability in
scenarios where contact is not fulfilled.

The remainder of this work is organized as follows. Section
II describes the related works. Section III depicts the overall
workflow and problem formulation. Section IV illustrates the
details of the proposed control framework. Then, Section V
gives the details of the system design and the experimental
protocol. Section VI reports the experiment results. Finally,
Section VII concludes this work.

II. RELATED WORKS

A. Control Strategies for Robotic Medical Contact-Rich Tasks

To address the safety concerns, force handling capabilities,
and system stability in robot-assisted medical contact-rich
scenarios, various solutions have been deployed. Specifically,
according to the control strategies, they can be primarily classi-
fied into mechanism structure, model-based, optimization, and
learning-based force control methods.

Mechanism’s structure approaches are recognized for their
cost-effectiveness, simplicity in control, and reliability. For
instance, a novel force and position control mechanism was
exploited for hand-held ultrasound tasks, which showcased
the capability to mitigate instability issues induced by tissue
deformation and human hand trembling [19]. Moreover, a
constant-force mechanism was designed to facilitate stable
force modulation in robot-assisted minimally invasive surgery
tissue contact tasks [20]. However, customized mechanical
design is inherently time-consuming and complex to achieve
ideal force-tracking performance in contact-rich medical tasks.

General robotic manipulators have been extensively em-
ployed in performing medical contact-rich tasks. Convention-
ally, explicit control strategies have been deployed to track the
desired force within simplistic control schemes. Nevertheless,
the stability of such systems is susceptible to compromise,
notably in the face of unforeseen external disturbance or
sudden human movement, potentially resulting in pronounced
oscillations [21]. Conversely, impedance control, which is an
implicit control modality, has been employed to facilitate safe
human-robot contact [22] [23]. However, accurate modeling
of the tissue or anatomical structures and the environment
was typically required when utilizing a constant impedance
controller. For instance, a regression-based technique was em-
ployed to model the nonlinear tissue stiffness, which was fur-
ther leveraged to correct the force-induced tissue deformation

during the ultrasound imaging [24]. Nonetheless, the model-
based approaches typically investigated the tool-tissue contact
properties in a specific static position, thus the adaptation to
the contact-rich tasks in a dynamic environment (e.g., sliding
on tissue surface) remains a persistent challenge [11].

Alternatively, optimization and learning-based approaches
have been exploited to address the force-tracking capability in
robotic contact-rich tasks by finding the optimal parameters.
For instance, in [25], a model predictive controller incorpo-
rating Hertz’s contact theory was deployed to optimize both
robot trajectories and regulate the contact force exerted on
the deformable soft tissue. Subsequently, in [26], optimal
impedance controller parameters to perform force-tracking in
the contact-rich insertion scenario were solved by reformu-
lating the problem as a Linear Quadratic Regulator (LQR).
Additionally, Imitation Learning [27], Inverse Reinforcement
Learning (IRL) [28], and Deep Learning (DL) [29] have
been deployed to learn the optimal control law in performing
robotic medical contact-rich tasks. However, the critical issues,
including the reward function design, training process, and
reliable simulation platform, should be further investigated.

B. Energy-based Robot System Passivity

Passivity-based control has emerged as a prevalent approach
in achieving robust and stable interaction within unknown
environments, serving as a sufficient condition for ensuring
system stability [30] [31]. This control methodology has
been seamlessly integrated into various robotic applications,
including human-robot collaboration, robot-assisted rehabilita-
tion, and bilateral teleoperation control [32], [33]. Within the
context of energy and passivity theory, an energy tank-based
approach has been exploited in robot control while preserving
the passivity properties, ultimately fostering safe human-robot
collaboration [34]. Notably, the “tank” was employed to store
the energy dissipated by the system, which can subsequently
be leveraged to replicate the desired behaviors (e.g., robot
variable stiffness [35]). To ensure the system’s passivity, a
certain level of energy must always be preserved within the
tank to execute the desired commands [35], [36].

Regarding the single robotic system passivity, the energy
tank-based approach has been exploited to regulate the system
passivity in robotic puncturing, accommodating variations in
robot stiffness encountered during needle insertion and inter-
action with diverse anatomical structures (e.g., skin, kidney,
and tumor) [35]. Moreover, in [37], a modulated tank-based
strategy was utilized to facilitate optimal robot stability and
task execution flexibility, which allows the robot to faithfully
replicate desired behaviors while preserving robust stability
across single-robot, multi-robot systems, and human-robot
collaboration scenarios. Furthermore, an energy-based hierar-
chical passivity-enforced framework was exploited to regulate
the time-varying robot stiffness, with predefined boundaries to
constraint maximum allowable kinetic energy, thereby ensur-
ing the energy injected into the robot system remains in a safe
range during multiple priority contact task execution [38].

In contrast to systems employing a singular robot, bi-
lateral or multilateral teleoperation control systems present
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heightened challenges, particularly in managing non-passive
and unstable dynamics caused by factors such as haptic or
force feedback, variable stiffness profiles, and latency issues.
For instance, a two-layer-based approach, comprising the
transparency layer and passivity layer, was deployed in a
bilateral telemanipulation system to ensure stable behavior
while accommodating unstable factors, including instances of
hard contact, user grasp released, various stiffness profile,
latency [39]. A novel single shared energy tank to interconnect
multiple robots in a multi-master-multi-slave bilateral teleop-
eration system was proposed [40]. Specifically, each robot
was endowed with controlled dissipation capabilities to harvest
some energy to fill the shared tank when necessary. In [41],
an energy tank aimed to ensure stable, time-varying interactive
behaviors and seamless transitions between autonomous and
bilateral teleoperation modes was developed in a teleoperated
robotic surgery scenario. Compared to the individual local
energy tanks, the global one was considered less conservative
and yielded superior control performance in replicating the
desired robotic behaviors [42], [43].

C. Human-Robot Shared Control for Medical Applications

Teleoperated robotic systems have garnered significant at-
tention in the medical domain, considering their benefits, such
as remote access capability, versatility, and adaptability. In
[44], a novel scalable framework was deployed in a mim-
icked teleoperated robotic auscultation contact-rich task on a
mock-up patient. Moreover, to mitigate the risk of secondary
infection during the nasopharyngeal swab specimen collection,
a teleoperated robotic system was developed for intuitive
nasal sampling, which addresses remote center of motion and
operability constraints concurrently [45]. Nevertheless, several
critical issues inherent in teleoperated medical systems should
be emphasized, including safety, reliability, operator comfort,
and task completion performance.

Leveraging the human decision-making capabilities and the
autonomy inherent in robot controllers, the shared control
paradigm has emerged as a compelling paradigm in the
robotics domain [46]. The shared control modality improved
task completion performance while alleviating the human
operator’s cognitive workload [6]. A classification of shared
control strategies for telerobotic systems has been investigated
[47], and it mainly includes (i) the state guidance strategy and
(ii) the semi-autonomous control strategy. For example, a novel
shared control framework, exploiting the haptic guidance,
was implemented to alleviate the human operator’s workload
with a 30% reduction in the perceived workload during the
teleoperated manipulation task [48]. In the context of [42], a
novel bilateral teleoperation architecture was crafted, leverag-
ing the variable impedance controller to conduct robot-assisted
contact tasks semi-autonomously. Specifically, the robot could
dynamically adapt to the environment by modulating stiff-
ness during task execution. Additionally, a shared control
framework based on local autonomy was proposed to ensure
transparency, fidelity, and robustness in teleoperated haptic-
robot interaction. This technique employed a dual-proxy model
to synchronize the two local autonomous controllers acting on

the robot and the haptic device, thereby facilitating optimal
motion and force reference based on the interaction tasks [49].

D. Contributions

This work introduces an active-compliant and passive
human-robot shared control framework to address the afore-
mentioned challenges in teleoperated robot-assisted medical
contact tasks. The primary objective of the proposed frame-
work is to enhance safe force-tracking capabilities in contact-
rich scenarios via a compliant controller. Additionally, it aims
to reduce the physical and cognitive workload of human
operators during the execution of teleoperated contact-rich
tasks and maintain system passivity throughout task execution.

Specifically, the proposed framework integrates Quadratic
Programming (QP)-based online optimization, variable
impedance control, and human-robot shared control while
ensuring system passivity through global energy-based
enforcement mechanisms. The primary contributions of this
study can be summarized as follows:

• (i) An active compliant control strategy that leverages
the QP optimization and variable impedance controller is
proposed to ensure safety and for desired force regulation
during robot-assisted contact-rich tasks.

• (ii) A global energy tank is introduced to preserve the
whole system’s passivity during the task execution.

• (iii) A human-robot shared control strategy is imple-
mented to mitigate human operators’ physical and cogni-
tive demands during contact-rich task execution.

Finally, comprehensive validation experiments have been
conducted on a simplified mock-up medical scenario to eval-
uate the effectiveness of the proposed framework.

III. ARCHITECTURE AND PROBLEM FORMULATION

A. Overall View of Proposed Framework

Fig.1 illustrates the architecture of the proposed framework,
the primary modules and functionalities are listed below.

• Operator and Haptic Interface: The haptic device enables
human operators to transmit commands by capturing
hand movements, denoted as ⁄xm. Additionally, a monitor
provides real-time visual feedback to the operator during
task execution, facilitating better situational awareness.

• Bilateral Teleoperation Control: Commands generated by
the human operator are recorded and appropriately scaled
before being transmitted to the follower robot for execu-
tion. Concurrently, haptic feedback forces, Lm

f
, are sent

back to the operator, establishing bilateral teleoperation.
• Compliant Controller: A Cartesian Impedance Controller

is employed to execute contact-rich tasks, which ensures
compliance and promotes safety during interactions be-
tween the robot and the medical environment.

• QP-Optimization: QP optimization is exploited to calcu-
late the optimal robot stiffness, Qopt , for the Cartesian
Impedance controller, which is essential for ensuring
efficient and effective execution of contact-rich tasks,
particularly on force tracking.
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Fig. 1. Block diagram of the proposed control framework. The left and right panels represent the local leader and remote follower sides, respectively.
Specifically, the human operator applies the force, Lh on the haptic interface. The input movement, ⁄xm , is then scaled, and the desired robot position, xrd

, is
sent to the robot afterward; ℵ and [ are the parameters to enable and disable the teleoperation control and motion scaling. Lm

f
is the haptic feedback force.

l<, W<, and V (C ) are the parameters to modify the controller and ensure system passivity. Qopt is the optimal stiffness of the Cartesian Impedance controller.
W and X are the weighting parameters in the optimization function. Lmsr is measured by the external force/torque sensor to formulate the closed-loop force
control by integrating the error compensation term, Lr

com , calculated by the PID controller. The desired contact force, Ldes , is initialized as input based on
the scenario. The robot joint states „q� ⁄q� ¥q” are acquired, xr � ⁄xr � ¥xr ∈ R< are the measured position, velocity, and acceleration terms in Cartesian space
derived from the forward kinematics. P) is the transpose of the Jacobin matrix. The dynamics of the robotic manipulator Ldyn „q� ⁄q� ¥q” is compensated.

• System Passivity: A passivity module ensures the overall
passivity of the system. This is achieved by leveraging en-
ergy tank-based enforcement and dynamically adjusting
the parameters of both the bilateral teleoperation control
and the compliant controller.

The connection between the “leader” (human operator,
illustrated in the left panel) and the “follower” (robot, depicted
in the right panel) components in Fig.1 is established via an
Ethernet cable, which serves as the communication channel
(labeled as the “communication channel” in Fig.1). Notably,
the delays in the communication channel are not considered in
the proposed framework. On the “leader” side, a haptic device
operates on a desktop computer connected via a USB protocol,
with a pedal used to activate and deactivate the “bilateral
teleoperation control”. On the “follower” side, the real-time
computation of “QP-optimization” and “system passivity” is
executed on the desktop computer. Subsequently, the gener-
ated commands and haptic feedback forces are transmitted
to the “compliant controller” and “bilateral teleoperation
control” modules to facilitate task execution. The system’s
data exchange relies on the Robot Operating System (ROS)
communication protocol. Further details about the device
implementation are provided in Section V-A.

B. Dynamics of the Robot and Compliant Control

1) Dynamics of the Robotic Manipulator: Without loss of
generality, the dynamics of a 𝑛-DoFs serial robotic manipula-
tor in the 𝑚-DoFs Cartesian space is formulated as:

Sr (xr ) ¥xr + Ir (xr , ⁄xr ) ⁄xr + „Py))Mr (𝑞) − Lr
ext = Lr

cmd (1)

where Sr ,Ir ∈ R<×<, and Mr ∈ R< represents the symmetric
and positive definite mass matrix, the Coriolis and Centrifugal

matrix, and the gravitational vector, respectively. xr , ⁄xr , ¥xr ∈
R< are the measured position, velocity, and acceleration terms
in Cartesian space; q, ⁄q ∈ R= are the vectors of the joint angles
and velocities. 34GC ∈ R= and 32<3 ∈ R= are the vectors
of external and command torques to the robot. Specifically,
Lr

ext , Lr
g , Lr

cmd ∈ R< are the external, gravity, and com-
manded force of the robotic manipulator and calculated by:
3ext = P„q”)Lr

ext , M „q” = P„q”)Lr
g „x”, 3cmd = P„q”)Lr

cmd ,
respectively. P„q” ∈ R<×= is the Jacobian matrix of the
robotic manipulator. P† represents the generalized inverse of
the Jacobian matrix and can be computed using the right-
hand Moore-Penrose pseudo-inverse. Furthermore, Sr „xr ”

and Ir (xr , ⁄xr ) are approximately calculated by [50]:

Sr (xr ) =
�
PSr (q)−1 P)

�−1
(2)

Ir (xr , ⁄xr ) = „Py))
�
Ir (q, ⁄q) − Sr (q)Py ⁄P

�
Py (3)

2) Compliant controller: To facilitate safe contact be-
tween the robot and the target anatomical structure during
the contact-rich task, a compliant controller is exploited, as
presented in Eq.(4), which is represented by the Mass-Spring-
Damper (𝑀𝑆𝐷) system. The external contact force of the
robot, Lr

ext ∈ R<, can be approximately calculated by [51]:

LA4GC = Sc ¥xr − Jc ⁄xr + Qc x̃r (4)

where x̃r , ⁄xr , and ¥xr ∈ R< are the robot end effector
position displacement between the measured and commanded
one, velocity, and acceleration in the Cartesian space. x̃r is
calculated as x̃r = xrd − xr , where xrd and xr ∈ R< are
the desired and current robot end effector position. Sc , Qc

and, Jc ∈ R<×< denote the positive definite mass, stiffness,
and damping parameters of the robot controller. Jc can be
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calculated by the damping law Jc = 2𝜉
√

Sc Qc , where 𝜉

is the positive damping coefficient and 𝜉 = 1 represents
the coefficient for critical damping. Moreover, Eq. (4) can
be simplified into a Spring-Damper model by neglecting the
Sc ¥xr term in scenarios involving low-speed motion.

C. Bilateral Teleoperation Control
1) Dynamics of Haptic Device: Similarly, assuming that the

gravity force is pre-compensated, the dynamics of a 𝑚-DoFs
haptic device in the Cartesian space is given by:

Sm (xm) ¥xm + Im (xm, ⁄xm) ⁄xm − Lm
f = Lm

cmd (5)

where Sm,Im ∈ R<×< are the symmetric and positive
definite Mass matrix and the Coriolis and Centrifugal matrix,
respectively. Lm

f
and Lm

cmd
∈ R< are the external and

commanded forces of the haptic interface. Furthermore, xm

and ⁄xm, ¥xm ∈ R< are the measured position, velocity, and
acceleration terms of the leader side haptic device.

2) Teleoperation control: As illustrated in Fig.1, an incre-
mental teleoperation control method is adopted to enlarge the
workspace of the leader by switching the system state using
the pedal of the haptic device. Specifically, the teleoperation
control is activated when the human operator steps on the
pedal. The human hand movement can be sent to the robot on
the remote side and vice versa. Consequently, the remote side
robot position can be expressed as below:

xrd (𝑡) = xrd (𝑡0) + ℵ
„ CB

C>

𝜂A<𝑇 ⁄xm𝑑𝑡 (6)

where 𝑡0 and 𝑡B are the time instant of the pedal switch on and
off; xrd (𝑡0) ∈ R< and xrd (𝑡) ∈ R< are the robot’s initial and
desired positions during the task execution; ℵ is the parameter
used to enable and disable the teleoperation control via the
state switch pedal of the haptic device, which is expressed as:

ℵ =
(

0, pedal off
1, pedal on

(7)

where 𝜂 is a positive motion scaling parameter, which can be
specified according to the task; A<𝑇 ∈ R<×< is the transforma-
tion matrix from the haptic device fSg to the robot fHg frame,
which is determined by the relative position between the robot
and the haptic device. ⁄xm ∈ R< is the measured velocity of
the leader side haptic device in the Cartesian space.

3) Haptic feedback: To improve the human operator’s
situational awareness during the task execution, the feedback
force Lm

f
∈ R< is provided to the human operator via the

haptic device, which is expressed as

Lm
f = −𝛽(𝑡)Lr

msr − Jm ⁄xm (8)

J< ∈ R<×< is a damping coefficient to stabilize the teleop-
eration; 𝛽(𝑡) is a variable used for the gradual occurrence of
the force feedback to avoid oscillation and calculated by:

𝛽(𝑡) = 1
2

�
1 − cos

�
𝜋(𝑡 − 𝑡B)
𝑡 5 − 𝑡B

��
, 𝑡B < 𝑡 < 𝑡 5 (9)

𝑡B and 𝑡 5 represent the starting and finishing time for smooth,
haptic force feedback. Specifically, the function is designed to
vary gradually from 0 to 1, aligning with the start and end of
the force feedback smoothing time window.

D. Problem Formulation

1) Compliant force control: Typically, in scenarios involv-
ing rigid contacts, the deformation of the material caused by
the contact is minor, and almost equal to zero. However, in soft
material contact scenarios, the deformation is significant, and
the force calculated by the 𝑀𝑆𝐷 model could not represent the
actual contact force when in contact with deformable objects
[11]. When exploiting a constant stiffness value in Eq.(4), x̃r

needs to be experimentally explored [52] to achieve acceptable
desired force tracking performance. Alternatively, instead of
setting an appropriate x̃r and leveraging a constant stiffness
coefficient, an optimization-based solution can be formulated
by actively finding the optimal time-varying robot stiffness,
Qopt , to track the desired contact force, Ldes .

Fig. 2. Characterization of the communication block in a bilateral teleoper-
ation control framework [53].

2) System passivity analysis: The calculated optimal robot
stiffness profile, Qopt (𝑡), is time-varying, and the passivity
of the system could be violated. Specifically, taking into
consideration the power ports

�
⁄xr , Lr

cmd

�
from the remote

robot side and
�
⁄xm, Lm

cmd

�
from the leader haptic device side

in a bilateral teleoperation control framework [53], as depicted
in Fig.2. ⁄xm ∈ R< is the measured velocity of the leader side
haptic device in the Cartesian space and Lm

f
∈ R< is the

external force applied on the haptic interface. According to
the passivity definition, the system passivity can be guaranteed
when the following condition is fulfilled:

𝑉 (𝑡) −𝑉 (𝑡0) ≤
„ C

0

�
⁄x)r Lr

cmd + ⁄x)m Lm
cmd

�
𝑑𝑡 (10)

where 𝑉 is the energy storage function, 𝑉 (𝑡) and 𝑉 (𝑡0) denotes
the stored energy at time 𝑡 and 𝑡0, respectively.

The energy of the developed bilateral teleoperation control
system, 𝑉 (𝑡), is composed of the kinetic energy, 𝑉: , and elastic
potential energy, 𝑉4, which is formulated as below:

𝑉 =
1
2

⁄x)m Sm ⁄xm + 1
2

⁄x)r Sr ⁄xr|                           {z                           }
+:

+ 1
2

x̃)r Qc x̃r|     {z     }
+4

(11)

where Sr ∈ R<×< represents the symmetric and positive
definite mass matrix. Furthermore, taking the time derivative
of the energy equation, 𝑉 , in Eq. (11) and substituting the
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¥xm, ¥xr terms obtained from Eq. (1) and Eq. (5), and lever-
aging the property that the Mass, Coriolis, and Centrifugal
matrix

� ¤S (x) − 2I (x, ⁄x)
�

is a skew-symmetric one [35], the
following formulation can be obtained:

¤𝑉 = ⁄x)r Lr
cmd − ⁄x)r Jc ⁄xr + ⁄x)m Lm

cmd − ⁄x)m Jm ⁄xm|                                                    {z                                                    }
passive

+
�
1
2

x̃)r ⁄Qc x̃r + ⁄x)rdQc x̃r − ⁄x)m Lr
msr

�
|                                        {z                                        }

uncertain

(12)

The derivation process for Eq. (12) is comprehensively
detailed in the Appendix. Specifically, as shown in Eq. (12),
the sign of the squared brackets is uncertain, i.e., can be
positive or negative, and the passivity condition expressed in
Eq. (10) could not be guaranteed.

Safety and stability concerns: To ensure safe interaction
during contact-rich tasks and enforcing system passivity, this
study focuses on two key aspects, outlined as follows:

• In this work, a novel QP-based optimization strategy is
proposed, as described later in Section IV-A.

• To preserve the system’s passivity of the proposed frame-
work, a global energy tank-based approach is developed,
as presented later in Section IV-B.

IV. PROPOSED CONTROL FRAMEWORK

A. Active Compliant Control for Medical Contact-Rich Task

1) Multiple tasks optimization: Although the Impedance
Controller allows the robot to perform contact-rich tasks in a
compliant manner, the balance between the task completion
performance (i.e., the force tracking task) and compliance
should be considered. To facilitate steady and effective ex-
ecution of the contact-rich task within the medical context,
the robotic system is expected to have a trade-off between
force tracking and compliance behavior with different levels
of priorities. For instance, executing the force-tracking tasks
while maintaining the robot’s compliance simultaneously.

To achieve this, a novel online optimization strategy is
introduced in the contact-rich scenarios, which simultaneously
considers both (i) the force-tracking capability and (ii) the
robot environment-compliant contact behavior. Specifically,
this is achieved through a dual optimization framework, which
is expressed below:

min
Qc ∈R<×<

1
2

#Õ
==1



Lr
ext

= −
�
Ldes + Lr

com

�

2
W|                                     {z                                     }

force tracking

+ 1
2

#Õ
==1



Qopt
= − Qmin



2
X|                         {z                         }

compliance

(13)

where Qopt (𝑡) ∈ R< is the optimized stiffness at time instant
𝑡. 𝑛 represents the length of time frames considered in the
optimization problem (In this work, 𝑛 = 1 has been leveraged
for real-time optimization). ∥ · ∥2 represents the two-norm

calculation. W and X ∈ R<×< are the diagonal positive definite
weighting matrices. Specifically, a high value of W means the
primary priority for force tracking, while the robot compliance
can be adjusted by setting a proper X value. Qmin represents
the minimum robot stiffness value during the task execution.
Lr

com is the compensated force error term that is integrated
into Eq.(13) to formulate closed-loop force tracking control.

Furthermore, inspired by the human operator’s capability of
instinctively reducing their effort or arm stiffness to prevent
damage to the environment (i.e., delicate objects), several
similar constraints have been incorporated into the optimiza-
tion problem. Specifically, the constraints should be imposed
considering the hardware limitations and safety, including:

• (i) the robot stiffness profile, Qc , needs to be regulated to
avoid damaging the robotic manipulator and ensure the
system compliance, which is denoted as Qmin ≤ Qc ≤
Qmax. Where Qmin and Qmax are set appropriately based
on specified scenarios.

• (ii) the maximum allowed contact force, Lmax, should
be regulated to avoid damaging the anatomical structures,
which is expressed by: 0 ≤



Lr
ext



 ≤ Lmax.
2) Closed-loop force tracking: Considering the nonlinear

properties and non-uniformity of deformable materials [25],
e.g., soft tissue, the approximate force Lr

ext , calculated by the
Mass-Spring-Damper model in Eq. (4), could not represent
the actual contact force in deformable contact-rich scenarios
[11], [54]. Consequently, to track the desired contact force,
Ldes , a proportional–integral–derivative controller (PID) con-
trol scheme is utilized to calculate the compensated force
term, Lr

com (𝑡) at the time instant 𝑡, and integrated into the
optimization formula, which is expressed as below:

Lr
com (𝑡) = Qp Lerr (𝑡) +Qi

„ C4

CB

Lerr (𝑡)𝑑𝑡 +Qd
𝑑Lerr (𝑡)

𝑑𝑡
(14)

where Lerr ∈ R< is the force-tracking error and calculated by:

Lerr = Ldes − Lmsr (15)

where Ldes and Lmsr ∈ R< are the desired and measured
contact forces during the task. Qp , Qi , and Qd ∈ R< are
the proportional, integral, and derivative gains of the PID
controller, respectively. 𝑡B , 𝑡4, and �𝑡 represent the starting and
ending time sliding windows considered in the integration and
the discrete-time of the control loop, respectively.

3) QP optimization formulation: In this work, Qopt (𝑡)
is estimated in real-time to track the desired contact force.
Moreover, considering the typically low-speed requirement in
medical applications, (e.g., 5-20 mm/s is adopted in ultra-
sound imaging scenario), Eq. (4) can be further simplified
as a Spring-Damper model by neglecting the Sc ¥xr term.
Subsequently, by substituting the force Lr

ext , calculated by Eq.
(4) into the Eq. (13), an objective function, 𝑓

�
Qopt

�
, can be

defined and formulated as:

𝑓
�
Qopt

�
=

1
2

Q)opt [x̃)r Wx̃r + X]Qopt

+ [Wx̃r (Jc ⁄xr − (Ldes + Lr
com)) − XQmin]Qopt

(16)
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To minimize the objective function 𝑓
�
Qopt

�
, Eq.(16) can

be further formulated as the general expression of QP, which
is expressed as below:

min
x∈R<

𝑓 (x) = 1
2

x)Mx + b)x (17)

where x ∈ R< and b ∈ R< are vectors, M ∈ R<×< is the
symmetric matrix.

Furthermore, to formulate the proposed optimization prob-
lem in Eq. (16) as the general expression in Eq. (17) and
ensure all the matrices follow the criteria for a standard QP
problem, the following formulation is implemented:

M = x̃)r Wx̃r + X (18)

b = [Wx̃r (Jc ⁄xr − (Ldes + Lr
com)) − XQmin] (19)

where M and b are the quadratic and linear items in the
standardized QP optimization function. Then, the optimal
robot stiffness, Qopt (𝑡) for performing the medical contact-
rich task can be obtained.

This section introduces an active compliant control strategy
to enhance safety and improve force-tracking performance.
Unlike traditional approaches that rely on explicit force control
or a constant Cartesian Impedance Controller, the proposed
strategy integrates QP optimization for real-time adjustment
of robot stiffness and incorporates closed-loop force control.

B. Global Energy Tank-Enhanced System Passivity

1) Energy tank formulation: To tackle the above-mentioned
system passivity issue in Section III-D2, a promising solu-
tion is to design a passivity-preserving control strategy to
regulate the system behavior, e.g., robot stiffness, Qc , and
haptic feedback force, Lm

f
. Therefore, an energy tank-based

control strategy is utilized to enforce the proposed framework
passivity, the details are summarized in Algorithm.1.

The energy stored in the tank, 𝑇 (𝑠C ) is defined as a function
of the tank state as below:

𝑇 (𝑠C ) =
1
2
𝑠C

2 (20)

where 𝑠C ∈ R is the tank state at the time instant 𝑡.
Remark 1: When the intended robotic behavior requires

more than passive engagement and there is limited energy
available, incorporating a damper term into the system presents
a promising solution that allows the system to harvest energy,
and refill the energy tank while maintaining passivity [37],
[42]. Consequently, the robotic system can effectively execute
the desired behavior without compromising its passive nature.

Afterwards, considering the power ports for energy ex-
change between the system and the environment, i.e.,�

⁄xr , Lr
cmd

�
from the robot side and

�
⁄xm, Lm

cmd

�
from the

leader side, the tank dynamics can be formulated as [42]:

¤𝑠C =
𝜎< ⁄x)m Jm ⁄xm

𝑠C
+ 𝜎A ⁄x)r Jc ⁄xr

𝑠C
+
𝜔< ⁄x)m Lr

msr

𝑠C

− 𝜔A ⁄x)r Qc x̃r

𝑠C
+
𝛾< ⁄x)m Jm�h ⁄xm

𝑠C
+
𝛾A ⁄x)r Jr �h ⁄xr

𝑠C|                                   {z                                   }
damping injection

(21)

Algorithm 1 Energy Tank-Based System Passivity
Initialization: Initialize the energy stored in the tank with
𝑇 (𝑠0) = 𝐸0 = 𝐸

1: while Shared-control loop is active do
2: if 𝑇 (𝑠C ) ≤ 𝐸 then
3: 𝜎< = 1, 𝜎A = 1
4: 𝜔< = 0, 𝜔A = 0
5: 𝛾< = 1, 𝛾A = 1
6: else if 𝐸 < 𝑇 (𝑠C ) < 𝐸̄ then
7: 𝜎< = 1, 𝜎A = 1
8: 𝜔< = 1, 𝜔A = 1
9: 𝛾<, 𝛾A =

1
2

�
1 + cos

�
c (�−� )
�̄−�

��
⊲ Eq. (25)

10: else if 𝑇 (𝑠C ) ≥ 𝐸̄ then
11: 𝜎< = 0, 𝜎A = 0
12: 𝜔< = 1, 𝜔A = 1
13: 𝛾< = 0, 𝛾A = 0
14: end if
15: Update the energy tank state ¤𝑇 (𝑠C ) using Eq. (24)
16: 𝑇 (𝑠C ) = 𝑇 (𝑠C−1) + ¤𝑇 (𝑠C )�𝑡 ⊲ Discrete model
17: end while

where 𝜎< and 𝜎A are the parameters that manage the amount
of energy stored in the tank through the dissipation channel
(inject energy to the tank), which is expressed as:

𝜎<, 𝜎A =

(
1, if 𝑇 (𝑠C ) < 𝐸̄,

0, otherwise
(22)

where 𝐸̄ represents the upper boundary of energy that can be
stored in the tank for implementing the non-passive practical
application.

Similarly, a minimum amount of energy, 𝐸 , must always be
kept in the tank to avoid singularity. 𝜔< and 𝜔A are adopted to
modify the control actions when the energy level in the tank
reaches the lower limit 𝐸 , which are expressed below:

𝜔<, 𝜔A =

(
1, if 𝑇 (𝑠C ) > 𝐸,

0, otherwise
(23)

The rate of the energy change in the tank, ¤𝑇 (𝑠C ), can be
obtained by its derivation and expressed as below:

¤𝑇 (𝑠C ) = ¤𝑠C 𝑠C = 𝜎< ⁄x)m Jm ⁄xm + 𝜎A ⁄x)r Jc ⁄xr + 𝜔< ⁄x)m Lr
msr

− 𝜔A ⁄x)r Qc x̃r + 𝛾< ⁄x)m Jm�h ⁄xm + 𝛾A ⁄x)r Jr �h ⁄xr

(24)

where 𝜎< and 𝜎A are the parameters that manage the amount
of energy stored in the tank through the dissipation channel
(inject energy to the tank); 𝜔< and 𝜔A are the parameters that
are utilized to modify the control actions. 𝛾< and 𝛾A are the
coefficients that allow the additional damping term Jm�h and
Jr �h to be injected into the system [42].

Specifically, the damping injection parameters 𝛾< and 𝛾A in
this work are designed to smoothly rise from 0 to 1 according
to the current amount of energy, 𝐸 , reserved in the tank.
Specifically, 𝛾< and 𝛾A are calculated as below:

𝛾<, 𝛾A =
1
2

�
1 + cos

�
𝜋(𝐸 − 𝐸)
𝐸̄ − 𝐸

��
(25)
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where 𝐸 and 𝐸̄ are the lower and upper boundaries of energy
stored in the tank. Furthermore, considering integration of the
system passivity regulation, the original haptic feedback force,
Lm

f
in Eq. (8) and the robot Cartesian impedance controllers

represented by Eq. (4) can be reformulated as follows:(
Lm

f = −𝜔<𝛽(𝑡)Lr
msr − Jm ⁄xm − 𝛾<Jm�h ⁄x<

Lr
ext = 𝜔AQc (𝑡)x̃r − Jc ⁄xr − 𝛾AJr �h ⁄xr

(26)

It should be noted that the variable 𝛽(𝑡) (𝑡B < 𝑡 < 𝑡 5 ), as
defined in Eq.(9), serves as a smoothing factor for the force
feedback during the initial activation of the pedal. During task
execution, 𝛽(𝑡) = 1. Subsequently, by integrating the time-
varying energy stored in the tank from Eq. (20), the energy
storage function of the system can be further expressed as:

𝑉 = 𝑇 (𝑠C ) +
1
2

⁄x)m Sm ⁄xm + 1
2

⁄x)r Sr ⁄xr (27)

Deriving the energy storage function in Eq.(27), substi-
tuting Eq.(1) and Eq.(5) as well. Furthermore, leveraging
the property that the Mass, Coriolis, and Centrifugal matrix� ¤S (x) − 2I (x, ⁄x)

�
is a skew-symmetric one [35], both the

haptic device and the robotic manipulator, the following for-
mulations can be obtained:

¤𝑉 = ¤𝑇 (𝑠C ) +
1
2

⁄x)m ⁄Sm ⁄xm + ⁄x)m Sm ¥xm + 1
2

⁄x)r ⁄Sr ⁄xr + ⁄x)r Sr ¥xr

= ¤𝑇 (𝑠C ) +
1
2

⁄x)m ⁄Sm ⁄xm + ⁄x)m [Lm
cmd + Lm

f − Im ⁄xm]

+ 1
2

⁄x)r ⁄Sr ⁄xr + ⁄x)r [Lr
cmd + Lr

ext − Ir ⁄xr ]

= ¤𝑇 (𝑠C ) +
1
2

⁄x)m
hhhhhh[ ⁄Sm − 2Im] ⁄xm + ⁄x)m [Lm

cmd + Lm
f ]

+ 1
2

⁄x)r
XXXXXX[ ⁄Sr − 2Ir ] ⁄xr + ⁄x)r [Lr

cmd + Lr
ext ]

= ¤𝑇 (𝑠C ) + ⁄x)m Lm
cmd + ⁄x)m Lm

f + ⁄x)r Lr
cmd + ⁄x)r Lr

ext
(28)

Afterwards, replacing the derivative of the energy 𝑇 (𝑠C )
from Eq. (20) and Eq. (24). Moreover, considering the forces
calculated using Eq.(26) and substituting the tank dynamics in
Eq. (24), the following formulations can be obtained:
¤𝑉 = ¤𝑇 (𝑠C ) + ⁄x)m Lm

cmd + ⁄x)m [−𝜔<Lr
msr − Jm ⁄xm − 𝛾<Jm�h ⁄x<]

+ ⁄x)r Lr
cmd + ⁄x)r [𝜔AQc x̃r − Jc ⁄xr − 𝛾AJr �h ⁄xr ]

=𝜎< ⁄x)m Jm ⁄xm + 𝜎A ⁄x)r Jc ⁄xr +
XXXXX𝜔< ⁄x)m Lr

msr

−XXXXX𝜔A ⁄x)r Qc x̃r +
hhhhhhh𝛾< ⁄x)m Jm�h ⁄xm +XXXXXX𝛾A ⁄x)r Jr �h ⁄xr

+ ⁄x)m Lm
cmd + ⁄x)m [XXXXX−𝜔<Lr

msr − Jm ⁄xm −XXXXX𝛾<Jm�h ⁄x<]
+ ⁄x)r Lr

cmd + ⁄x)r [XXXX𝜔AQc x̃r − Jc ⁄xr −XXXXX𝛾AJr �h ⁄xr ]
=𝜎< ⁄x)m Jm ⁄xm + ⁄x)m Jm ⁄xm + 𝜎A ⁄x)r Jc ⁄xr + ⁄x)r Jc ⁄xr

+ ⁄x)m Lm
cmd + ⁄x)r Lr

cmd

= ⁄xr Lr
cmd + ⁄xm Lm

cmd

+ (𝜎A − 1) ⁄xr
)Jc ⁄xr + (𝜎< − 1) ⁄x)m Jm ⁄xm|                                               {z                                               }

≤0
(29)

Considering 𝜎<, 𝜎A ∈ {0, 1} by design (Please refer to Eq.
22 for the details) and Jm, Jc as positive definite damping
parameters, the last two terms are always negative. Conse-
quently, the inequality in Eq. (29) holds, and the system’s

passivity condition presented in Eq. (10) can be guaranteed. It
should be noted that the energy tank is implemented discretely
in the physical robot system, which is expressed as below:

𝑇 (𝑥C ) = 𝑇 (𝑥C−1) + ¤𝑇 (𝑥C ) �𝑡 (30)

where �𝑡 is the sampling time step of the control loop.
2) Constraints to the controller: Subsequently, the energy

constraint has been added to the QP-based optimization prob-
lem, which is expressed as:

• (iii) The energy, 𝑇 , stored in the tank should always
be regulated within the range of lower boundary, 𝐸 and
upper boundary, 𝐸̄ .

In this section, a global energy tank-based approach is
introduced to address the stability challenges associated with
teleoperated robot-assisted contact-rich tasks. This method
ensures stability by imposing defined boundaries on the energy
stored within the tank. Specifically, it modifies both the robot’s
active compliance and the bilateral teleoperation controller
behavior, enhancing its capacity to maintain stability.

C. Passive Human-Robot Shared Control Strategy

As depicted in Fig.1, the robotic manipulator has been
equipped with the tool for performing medical contact tasks.
In surgical scenarios, the robot can be first teleoperated or
programmed to approach the medical environment for task
execution from the free space. Afterward, the robot is posi-
tioned close to the medical environment (e.g. on top of the
phantom 1 or tissue), yet physical contact has not yet been
established with the target anatomical structure. Afterwards,
the initial pose of the robot xr (𝑡0) is recorded, and the desired
contact force, Ldes , is set based on the specific application
scenario, ensuring an appropriate force level is set with the
anatomical target.

Subsequently, the robot performs an (i) “initialization” step,
aimed at achieving a static contact state with the medical
environment, maintaining the desired force, Ldes , between the
robot and the environment; (ii) Afterward, when the “shared
control loop” is activated (the first time “pedal on”), the
human operator controls the remote side robot position using
the leader side haptic device as the input and incorporating
the teleoperation control strategy delineated in Eq. (6) of
Section III-C2. Meanwhile, the robot autonomously maintains
the desired contact force Ldes by actively shaping the robot
stiffness Qopt (𝑡), utilizing the QP-based optimization strategy
(outlined later in Eq. (13) in Section IV-A). Specifically, the
desired contact force aligns with the normal direction of the
tissue or phantom model surface, which is required in vari-
ous medical contact scenarios, e.g., ultrasound imaging, and
palpation [55], [56]. In this way, the operator can effectively
control the robot’s position while enabling the robot to execute
the contact-rich tasks simultaneously. Eventually, the details
of the proposed active compliant and passive shared control
strategy are summarized in Algorithm.2.

1In the medical context, the term “phantom” refers to a physical or virtual
model that mimics the properties of human tissues, organs, or anatomical
structures. It has been extensively utilized for various purposes, including
medical testing, surgical training, simulation of physiological processes, etc.




