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Improved Human-Robot Collaborative Control of
Redundant Robot for Teleoperated Minimally

Invasive Surgery

Hang Su1, Chenguang Yang2, Giancarlo Ferrigno1 and Elena De Momi1

Abstract—An improved human-robot collaborative control
scheme is proposed for a teleoperated Minimally Invasive Surgery
(MIS) scenario, based on a hierarchical operational space for-
mulation of a 7 DoF redundant robot. The redundancy of the
manipulator is exploited to guarantee a remote center of motion
(RCM) constraint and to provide a flexible workspace for the
medical staff to assist physicians, supports patients, etc. Based
on the implemented hierarchical control framework, an RCM
constraint and a safety enhanced constraint are applied to the
null-space motion to achieve the teleoperated minimally invasive
surgical tasks with human-robot interaction. Due to the physical
interactions, issues with safety and accuracy of the surgical
task execution may arise. The control framework integrates
adaptive compensators to guarantee the accuracy of the surgical
tasks and to maintain the RCM constraint in a decoupled way
with uncertain physical interactions. The performance of the
proposed algorithm is verified with virtual surgical tasks in a
patient phantom. Compared with the methods proposed in the
literatures, it can be concluded that both the accuracy of the end-
effector and the RCM constraint are improved. The compliant
null-space motion is also constrained in a safe area, and the
interaction force on the abdominal wall is converged into a
smaller area.

Index Terms—Physical Human-Robot Interaction; Redundant
Robots; Surgical Robotics: Laparoscopy

I. INTRODUCTION

FOR teleoperated Minimally Invasive Surgery (MIS), the

end-effector of the surgical tip must go through small

incisions on the patient’s abdominal wall. It is important to

assure that the tool should not apply big forces on the incision

wall in order to prevent patient harm. Hence each small

incision produces a kinematic constraint, commonly known

as the RCM constraint [1][2], as shown in Fig. 1.

Maintaining the Remote Center of Motion (RCM) constraint

safely without any loss of accuracy of the surgical tip has
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always been a challenging task and has attracted towards in-

creasing research interest in recent years. In general, the RCM

constraint can be active or passive. The passive constraint is

mechanically maintained by utilizing spherical mechanisms or

by dual-parallelograms design and the passive joints guarantee

that no forces are exerted to the entry point, while the active

way is known to achieve the RCM constraint directly with

a software controller [3]. Parallel-type robots, such as the

da Vinci surgical system and the AESOP manipulator, are

specifically designed to passively achieve the motion [4].

Whereas, open-chained manipulators, such as the DLR MIRO

robots, usually adopt the motion controller to maintain the

RCM constraint [5]. Compared with the passive way, the active

way is more popular in the non-clinical research [3][6][7],

since it provides a lot of benefits, like economic feasibility and

task-space flexibility. Ortmaier et al. implemented an inverse

kinematic control to achieve RCM constraint motion, pre-

venting any force exerted on the trocar during the minimally

invasive robotic surgery scenario [8] without using high-cost

mechanisms to achieve the constraint. In our previous work

[7][9], we solved the RCM constraint in the task space and

implemented a Cartesian impedance controller to control it in

an active way.

High contact forces may emerge in case of a rigid

interaction[10][11], which can be dangerous for the surgical

operation. Impedance control is an efficient way to avoid rigid

interaction and force overshoots. However, most of the work

did not consider and analyze the physical interaction force

between the tool shaft and the abdominal wall on the RCM

constraint.

Redundancy of the serial manipulators can be exploited to

achieve additional tasks, for example, obstacle avoidance [12]

and human-like behavior [13]. It is effective to utilize the

redundancy to maintain the active RCM constraint. Sandoval et
al. proposed an improved dynamic control approach to utilize

the redundancy for RCM constraint [6]. In our previous work,

the redundancy was utilized to provide flexible workspace

[7][14] and an adaptive decoupling controller [15] was applied

to achieve the RCM constraint. Furthermore, we utilize the

redundancy to provide flexible workspace with compliant

motion behavior for the nurse or the surgeon to assist physi-

cians or to support the patients [7][9]. A safety enhanced

controller is proposed to guarantee a correct task execution

and a constrained compliant behavior of the robot’s body in

case of accidental interaction in the null-space, and introduce

direct fuzzy adaptive approximation [16][17] to compensate
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the disturbance from human-robot interaction in [9].

However, the previous strategies solve the RCM constraint

with trajectory planning in the task space without decoupling,

which influences the accuracy of the surgical tip. Dietrich

et al. introduced a Hierarchical Operational Space combin-

ing multiple null-space controllers and proved its stability

[18][19], making it possible to solve the RCM constraint and

the compliant swivel behavior with hierarchical null-spaces in

a single controller. In this paper, we utilize the hierarchical

operational space formulation [19] to achieve the whole-body

impedance control of a 7-DoF serial robot. The surgical task

implementation in [9] is improved with our novel strategy by

achieving RCM constraint in its first lower-priority task in

the 1st Null-space of the Jacobian matrix of the surgical tip.

And we put the safety-enhanced compliant arm behavior as a

second lower-priority task in the 2nd Null-space of the Jacobian

matrix of the RCM constraint. Furthermore, we introduce a

decoupled fuzzy compensator to compensate the disturbances

and improve the accuracy of the surgical tip and the RCM

constraint, improving the human-robot collaborative control

in teleoperated MIS. A comparison of methods experiment

is performed to validate the proposed control method by

using the LWR4+ (KUKA, Germany) and Sigma 7 (Force

dimension, Switzerland) in a lab setup environment.

This paper is organized as follows: Methodology is pre-

sented in Section II. In Section III, the performance of the

proposed control schemes is evaluated in a lab setup environ-

ment. Finally, conclusions are drawn in Section IV.

II. Methodology

A. Prior work

1) Modeling of the Serial Robot: The dynamic model of an

n degree of freedom (DoF) serial manipulator can be expressed

as [20]:

M(q)q̈ + C(q, q̇)q̇ + g(q) − τe = τC (1)

where q ∈ Rn is the joint values vector, M(q) ∈ Rn×n is

the inertia matrix, which is bounded and symmetric positive

definite, C(q, q̇) ∈ Rn×n is a matrix representing the Coriolis

and Centrifugal effects, and g(q) ∈ Rn is the vector of gravity

torques. The torque vectors τC ∈ Rn and τe ∈ Rn represent

the control torques and the external disturbance torque vectors

respectively. For simplification, we assume that the robot is far

away from its singularity and the pseudoinverse of its Jacobian

matrix JT(q) ∈ Rm×n exists.

Since the desired behavior of the serial robot in the teleoper-

ated MIS is expressed in the task space, the above generalized

formulation can be rewritten as follows [21][22]:

MX(X)Ẍ + HX(X, Ẋ)Ẋ + J−T
T (q)g(q) − FeT = F (2)

where X ∈ Rm is the task space coordinates vector and Ẋ ∈ Rm

is the actual Cartesian velocity,

MX(X) = J−T
T M(q)J−1

T (3)

HX(X, Ẋ) = J−T
T [C(q, q̇) − M(q)J−1 J̇T]J−1

T (4)

FeT = J−T
T τe (5)

The matrix MX(X) ∈ Rm×m is the Cartesian inertia matrix,

HX(X, Ẋ) ∈ Rm×m is the Cartesian Coriolis and Centrifugal

force effects, FeT ∈ Rm is the external force vector in task

space, with

∃β ∈ R, ‖FeT‖ ≤ β,∀t ≥ 0 (6)

Property 2.1: The Cartesian inertia matrix MX(X) as defined

in (3) is symmetric and positive, which can be bounded as:

λ1‖A‖ ≤ AT MX(X)A ≤ λ2‖A‖,∀A, X ∈ Rm (7)

where λ1 ∈ R and λ2 ∈ R are positive constants.
Property 2.2: The Coriolis and Centrifugal force matrix

HX(X, Ẋ) and the time derivative of the Cartesian inertia

matrix MX(X) satisfy

AT[ṀX(X) − 2HX(X, Ẋ)]A = 0,∀A, q, q̇ ∈ Rn (8)

2) Hierarchical Operational Space Formulation:

Ẋ = JT(q)q̇ (9)

where JT(q) ∈ Rm×n is the Jacobian matrix from the base

frame to the end-effector. Since the number of the degrees of

freedom is greater than m = 3, the redundancy of the serial

robot could be utilized to achieve additional tasks. Extended

Jacobian method [23] is introduced to enrich the task space

including both the end-effector and the null-space kinematic

coordination. The corresponding control law of the extended

dynamical formulation can be written as [22][24]:

FT = MX Ẍd + HX Ẋd − KX(X − Xd) − DX(Ẋ − Ẋd) (10)

FN1 = −KN1(N1 − N1d) − DN1(Ṅ1 − Ṅ1d) (11)

FN2 = −KN2(N2 − N2d) − DN2(Ṅ2 − Ṅ2d) (12)

where FT ∈ R3 is the active force in task space. FN1, FN2
are the forces applied on the null-space kinematics. N1,N2
are the actual null-space coordinates vectors. N1d,N2d are the

corresponding desired null-space coordinates vectors. Finally,

the null-space force can be mapped into joints torque using

the null-space controller (τN ∈ Rn), which is defined as:

τN = (I − JT
T (q)JT(q)+M)JT

N FN (13)

where JN ∈ 3n−m is Jacobian matrix from the base frame to

the null-space kinematics, and JT(q)+M is the inertia-weighted

pseudo-inverse matrix [21]:

JT(q)+M = (JT(q)M(q)−1 JT(q)T)−1 JT(q)M(q)−1 (14)

The corresponding control diagram is shown in Fig. 2 and the

stability analysis are verified in [22][24].
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Fig. 2. Block diagram representing the hierarchical control architecture.
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Fig. 1. Typical teleoperated Minimally Invasive Surgery structure. Xr, Ẋr ∈ Rm are the desired Cartesian position and velocity in the master frame, respectively.
X, Ẋ ∈ Rm are the actual Cartesian position and velocity in the slave frame, respectively. Xd , Ẋd ∈ Rm are the desired Cartesian position and velocity in the
slave frame, respectively

3) Teleoperated Surgical Task Implementation: As it is

shown in Fig. 3, the interaction force Fe between the sur-

gical tool shaft and the abdominal wall should be minimized

during the teleoperated surgery to avoid increasing the invasive

wound. To drive the end-effector position (X ∈ R3) reaching

the desired position (Xr ∈ R3) from the master, an interpolation

method is introduced to reach the desired position smoothly

as [25]:
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Fig. 3. Tele-operated MIS surgical scene: During the surgery, the tool shaft
must go through the trocar position Pt , representing the RCM Constraint,
where X and Xr are the actual and desired Cartesian position inside the
abdomen, Fe is the interaction force between the surgical tool shaft and the
abdominal wall.

Xd = −k0(X − sTmXr) + sTmẊr (15)

where sTm is the transformation matrix from the master frame

to the slave frame, k0 > 0 is a positive coefficient. Then

a Cartesian compliance control term, τT ∈ R7, defined in

our previous work [7][9], is introduced to achieve impedance

control of the surgical tip.
4) Safety-enhanced Compliant Arm Behavior: The surgical

tip was utilized to perform surgical tasks and the RCM

constraint, the swivel angle ψ ∈ R of the robot arm, defined

in [26], was left as the kinematic redundancy. In our previous

work [7][9], a safe swivel motion constraint [ψmin f , ψmax f ] is

defined, which is assumed to depend on the actual situation

in the operating room, and a virtual force Fψ is defined to

prevent the swivel motion exceed the swivel boundary.

B. Control System Development

The prior work hierarchical operational space formulation

is introduced to integrate the teleoperated surgical task imple-

mentation and the safety-enhanced compliant arm behavior in

our previous work [7][14]. The surgical task implementation

in [9] is improved with our novel strategy by achieving RCM

constraint in its first lower-priority task in the 1st Null-space

of the Jacobian matrix of the surgical tip. And we put the

safety-enhanced compliant arm behavior as a second lower-

priority task in the 2nd Null-space of the Jacobian matrix of

the RCM constraint. Then we introduce the novel decoupled

adaptive fuzzy compensation to enhance both the accuracy for

the surgical tip and the RCM constraint. Details are listed as

follows:
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Fig. 4. Achieve RCM constraint with null-space controller: d is the distance
between the trocar position (Pt ) and the tool (the small incision is zoomed
for a better understanding). The actual tool-tip position X is controlled by
teleoperation to reach the target in the patient’s abdomen, FN is the virtual
force applied to the 1st null-space of the task space.

1) RCM Constraint in the 1stNull-space: To guarantee that

the tool shaft always goes through the trocar position, the RCM

constraint distance error d = ‖(Pt − X)× ûc‖ ∈ R is defined in

Fig. 4, where ûc ∈ R3 is the unit direction vector of the actual

surgical tip pose. To satisfy the constraint without having any

influence on the main surgical task, the safer solution is to

drive the last joint “wrist” (qn) tracking a circular movement

around the end-effector from the actual position N1 to the

desired position N1d until the tool shaft passes through the

trocar position Pt , as shown in Fig. 4. Accordingly, the grey

joint qn is viewed as the desired position (N1d) of the last

joint. Hence, the RCM controller can be introduced as:

FN = −KNeN1 − DNėN1 (16)
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where KN, DN ∈ R3 are the corresponding stiffness and

damping matrix, Ṅ1 is the actual velocity of the “wrist” and

eN = N1−N1d is the tracking error. Since ‖eN‖ is proportional

to the RCM constraint error d: d = λ‖eN1‖, 0 < λ ≤ 1. Hence,

eN1 = (Pt − X) × ûc/λ. The first null-space controller can

introduced as:

τN11 = (I − JT
T (q)JT(q)+M)JT

W FN (17)

where JW(q) ∈ R3×5 is the Jacobian matrix from the base

frame to the robot wrist. In general, λ varies according to the

tip position during the teleoperation. In this paper, we choose

λ as a constant, but we resolve the time-varying system with

fuzzy compensator in the following steps.

2) Constrained Compliant Behaviour in the 2nd Null-space:
The 2nd null-space controller, introduced in our previous work

[7][9], is defined as:

τN2 = (I − JT
W(q)JW(q)+M)JT

EFψ (18)

where JE(q) ∈ R3×3 is the Jacobian matrix from the base to

the robot elbow.

3) Decoupled adaptive fuzzy compensation for uncer-
tain disturbances with physical interaction: Since there is a

physical interaction between the surgical tool shaft and the

patient’s abdominal wall, as shown in Fig. 3. It should also

be mentioned that the tissue characteristic discrepancies exist

and vary between different patients [27][28]. The dynamics

of Fe is unknown and nonlinear in a real clinical application

and has been introduced for analysis. Furthermore, the hand

force FH, shown in Fig. 6, applied on the robot arm [7][9]

is also uncertain and time-varying. It is known that Fe and

FH can be decomposed into two components influencing the

accuracy of the surgical tip and the RCM constraint, separately.

The implementation of the surgical task could be viewed as

controlling the surgical tip regarding external disturbances.

The approximation of a nonlinear disturbance f (Z) : Rn →
Rm can be represented as follows:

f (Z) = θTS(Z) + ε(Z) (19)

where the vector Z = [z1, z2, ..., zn] ∈ Rn is the input

vector of the approximators, and S(Z) ∈ Rl is a chosen

linear or nonlinear basis function, θ ∈ Rl is a vector of

adaptable weights, and ε ∈ R is the approximation error

which is bounded over the compact set, meeting the condition:

∃ε̄ ∈ R+, |ε(Z)| ≤ ε̄,∀Z ∈ ΩZ . In this paper, the FLS rule

[29][30][31]is chosen by

ξ j =

∏n
i=1 μAl

i(zi)∑m
j=1

∏n
i=1 μAl

i(zi)

, j = 1, . . . ,m (20)

The adaptive control law [9] to adjust the weight parameters Θ

is chosen as Θ̇ = [θ̇1, θ̇2, ..., θ̇m] ∈ Rm×l, θ̇i ∈ Rl, i = 1, 2, ...,m:

θ̇i =

⎧⎪⎪⎪⎨⎪⎪⎪⎩
γei PξT(Z), ||θi|| < Mθi or (||θi|| ≥ Mθi

& γEPξT(Z) < 0).
Γ(Z), ||θi|| ≥ Mθi & γei PξT(Z) ≥ 0.

(21)

where Γ(Z) = γei P(1 − θiθ
T
i

‖θi‖2 )ξT(Z), and γ ∈ Rm×m is

a diagonal matrix determining the updating speed, E =

[e1, e2, ..., em; ė1, ė2, ..., ėm]T ∈ Rm×2 is the system output error

vector, and P ∈ R2×1 is the last column of a symmetric positive

definite matrix based on the Lyapunov function [32]. We

adopted the following decoupled compensator to approximate

the disturbance on the end-effector and the RCM constraint,

separately. The input of FLS rule is desired position, desired

velocity, actual position, and actual velocity. The output of

FlS is the impedance force on each axis. To approximate the

extern disturbances:

τT2
= JTθ

T
XS(X) (22)

τN12
= (I − JT

T (q)JT(q)+M)JWθ
T
NS(N) (23)

where ET = [X−Xd; Ẋ− Ẋd]T ∈ R3×2 and EN = [eN1; ėN1]T ∈
R3×2.

The overview of proposed improved human-robot collabo-

rative control (IHRCC) block diagram is shown in Fig. 5. The

desired control term can be expressed as:

τd = τT1 + τT2 + τN11 + τN12 + τN2 (24)

4) System Description: The lab setup of the teleoperated

MIS system is shown in Fig. 7. A redundant robot (LWR4+,

KUKA, Germany) is torque-controlled through the Fast Re-

search Interface (FRI) [33]. The teleoperation scheme imple-

ments a Cartesian position control for 3D coordinates with a

master device (Sigma 7, Force Dimension, Switzerland) and a

switch pedal [34]. An endoscopic camera HD and an ArUco

maker board are used to create the virtual surgical tasks in

augmented reality [35]. A 6-axis force sensor (M8128C6, SRI,

China) is used to measure the interaction force between the

surgical tool shaft and the abdominal wall on the RCM con-

straint. The description of the software system is in [7][9][14].

TABLE I
Experimental controller parameters

Controller Controller parameters
KX = diag[3000, 3000, 3000]

DCAC DX = diag[30, 30, 30]
(τd = τT1 + τN11 ) KN = diag[800, 800, 800]

DN = diag[10, 10, 10], λ = 0.5
KX = diag[3000, 3000, 3000]
DX = diag[30, 30, 30]

IHRCC KN = diag[800, 800, 800]
(τd = τT1 + τN11 DN = diag[10, 10, 10], λ = 0.5
+τT2 + +τN12 + τN2 ) k0 = 0.1, kψ = 150.0, dψ = 5.0, ρ = 0.06

γ = diag[0.3, 0.3, 0.3, 0.03, 0.03, 0.03]
P = diag[14, 2]
MΘ = [0.5, 0.5, 0.5, 0.5, 0.5, 0.5]

III. Experimental Demonstration

Here we experimentally demonstrate the concept of the

proposed control approach. One teleoperator (User 2) and one

medical staff (User 1) were enrolled and the whole procedure

[9] is shown in Fig. 8. The constraint swivel motion and

the RCM constraint are validated with physical interaction,

while the surgical tip is teleoperated to track virtual trajectories

without physical interaction. The tool shaft should always go

through the RCM constraint on the patient phantom during

the teleoperation. The medical staff is free to move the robot
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Fig. 5. Block diagram representing the proposed control architecture: The “Task-space controller” block is used to achieve the end-effector tracking. The
“RCM” block and the “1st Null-space Projector” are adopted to respect the RCM constraint, while the “Swivel Constraint” and the “2nd Null-space Projector”
calculates the virtual force applied on the 2nd null-space, and the “Fuzzy Approximation” compensates the unknown disturbance in the task space and the 1st

null-space in a decoupled way. “Robot” is robot arm dynamic model with uncertain physical interaction.
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Fig. 6. Physical interaction and corresponding external disturbance: FH is
the human hand force on the elbow, and Fe is the external force generated
by the interaction between the surgical tool shaft and the abdominal wall.
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Fig. 7. Overview of the teleoperated surgical robot control system.

arm in an allowed swivel area with hands [9]. Virtual task

paths were designed in the surgical space and overlaid on the

camera image. The virtual task for teleoperation tracking is

with different shapes [9]. The user 2, sitting at the remote desk

and using the monitor to observe the scene, is asked to follow

the line with the robot end-effector. The performed trajectory

is overlaid on the camera image plane.

The magnitude of Cartesian position error, EX, the RCM

constraint error, d, and the interaction force Fe, shown in Fig.

9, are recorded to evaluate the proposed control method:

‖EX‖ = ‖Xd − X‖ (25)

d = ‖(Pt − X) × ûc‖ (26)
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Fig. 8. Experimental setup procedures: 1) Firstly, hands-on control is utilized
to allow user 1 locate the RCM constraint by hand on the patient phantom, 2)
Secondly, teleoperation tracking is activated in the following procedure. User
2 uses the master to control the tool-tip tracking the virtual surgical tasks in
augmented reality.
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Fig. 9. Accuracy measurement. “Actual” represents the actual surgical tool
shaft placement and “Desired” represents the desired surgical tool shaft
placement.

‖Fe‖ =
√

F2
x + F2

y + F2
z (27)

where ûc is the actual unit direction vector of the tip pose,

Fx, Fy and Fz are the 3-axis force output of the force sensor.

The corresponding control coefficients table can be found in

Table I. Firstly, comparison of performance between improved

human-robot collaborative control strategy (IHRCC) τd =

τT1+τT2+τN11+τN12+τN2 and decoupled Cartesian admittance

control (DCAC) proposed by Sandoval et al. [6] τd = τT1+τN11

were conducted on the fixed end-effector pose. Secondly, the
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performance is compared with three different teleoperation

tracking tasks. All the tracking tasks are repeated for 5 trials.

Fig. 10 shows the comparison of the two controllers with the
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Fig. 10. Performance comparison with fixed pose between DCAC and IHRCC
during human-guided swivel motion, hand force is applied by the human user
on the robot arm but resisted by the robot from tH .

same desired cartesian position and the same RCM constraint.

The DCAC was applied first and then the IHRCC was switched

online. Fig. 10(a) shows the swivel motion ψ with the human-

robot interaction. The online Cartesian position error is shown

in Fig. 10(b) and the online RCM constraint error is in Fig.

10(c). Fig. 10(d) shows the magnitude of the interaction force

Fe on the abdominal wall. It is easy to see that the proposed

IHRCC can constrain the swivel boundary in a safe area

[ψmin f , ψmax f ]. Furthermore, the online Cartesian error and

RCM constraint error converges to a smaller area. Compared

with the DCAC, ‖Fe‖ is also constrained intro a small area.

Fig. 11(a) shows the corresponding error distribution of EX.

Fig. 11(b) shows the corresponding error distribution of d.

Since the surgical task is with the virtual trajectory in aug-

mented reality, there is no interaction force on the surgical tip.

The force is exerted on the abdominal wall by the tool shaft.

Fig. 11(c) shows the corresponding distribution of interaction

force ‖Fe‖ between the tool shaft and the abdominal wall

during the teleoperation tracking. By comparison with DCAC,

the accuracy of the surgical tip is improved, while the error of

the RCM constraint and the interaction forces are converged

into a smaller range.

IV. Discussion and Conclusion

This paper introduces a method for improved human-robot

collaborative control for the teleoperated MIS. The results

show that the proposed control algorithm not only can achieve

the surgical task with RCM constraint but also can constrain

the compliant null-space motion in a safe area and compensate

the time-varying disturbance generated by the interaction,

securing the quality of the surgery.
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(a) Distribution of end-effector error ‖EX‖
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(b) Distribution of RCM constraint error d
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(c) Distribution of interaction force ‖Fe‖ on the RCM
constraint

Fig. 11. Comparison between DCAC and IHRCC.

Compared to the method proposed by Sandoval et al. [6],

the surgical task accuracy is improved, the RCM constraint and

interaction force are constrained into a smaller area. Compared
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with our previous work [9][14], not only the surgical task

accuracy and RCM constraint are improved, but also the

computation efficiency is improved without online trajectory

planning. The surgeons can move the surgical arm during the

ongoing surgery and the force imposed on the abdominal wall

are decreased, providing flexible workspace and lower the risks

for enlarging the small incision on the abdominal wall. The

interaction force between the tool shaft and the abdominal

wall around 1N is acceptable without hurting the small incision

[36]. And the experimental evaluation is for a feasibility study

of the proposed method with a proof of concept. More subjects

and a through experimental validation will be conducted to

verify its performance. And a more sophisticated testing setup

(adding one more force sensor for external forces sensing)

will be conceived and performed with the physical interaction

between the surgical tip and the organs).
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