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Abstract— Numerous studies have emphasized the
application of autonomous intelligence in human-robot shared
control to enhance surgical convenience and efficiency.
However, the neglect of human dominance may reduce surgical
safety. This paper developed a safety-enhanced human-robot
shared control method by intelligently allocating control
authority, with the surgeon remaining the leader during the
surgical procedure. Three controllers are designed initially,
including a master hand position (MP) controller and a master
hand velocity (MV) controller related to the surgeon's
manipulation, and a planned trajectory tracking (PT)
controller related to the robot. In precision surgical
manipulation scenarios, precise tracking of the human's
operation is achieved by combining MP and MV controllers,
while a combination of MV and PT controllers is developed in
high-efficiency surgical scenarios, which relaxes the
requirement for precise tracking of hand position and enables
precise robot assistance guided by the velocity of human hand.
The autonomous scenarios and controllers switching are
accomplished through a motion fusion mechanism, which is
achieved via optimizing evaluation functions that are reliant on
future states. Furthermore, a force feedback mechanism is
proposed to help human understand the intent of autonomous
control to improve safety. The feasibility and effectiveness of
this method have been validated through simulations and
experiments.

Keywords: surgical robot, shared control, motion fusion,
safety-enhanced, force feedback

I. INTRODUCTION

In most current clinical applications, robot-assisted
minimally invasive surgery (RMIS) is dominated by the
master-slave system, such as da Vinci Surgical Robot. Before
the advent of fully autonomous surgery [1], shared control[2]
shows great application potential for intelligent surgical
assistance by fusing human intelligence with autonomous
algorithms to improve surgical quality [3]. Earlier scholars[4,
5] have emphasized that the design of human-robot shared
control should prioritize human-centeredness and adhere to
the principles of convenience, -controllability, safety,
transparency, and adaptability.
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In the early stages, scholars sought to enhance the
convenience of surgical operations by developing various
shared control methods tailored to specific scenarios,
compensating for periodic physiological movements. For
instance, compensating for hand tremors [6], heart beating [7-
9], and respiratory movement [10]. Then, to further explore
the potential applications of shared control and enhance
surgical safety and quality, a number of studies have focused
on virtual fixtures [11] or other force interaction methods
[12-14], such as organ protection [15], target guidance [16-22]
and obstacle avoidance [23-25]. However, due to the limited
intelligence, these methods face challenges in dynamically
and flexibly adapting to changes in human control behavior.

Furthermore, some scholars focused on the arbitration
law to combine human intelligence with autonomous
algorithms [26-29]. Saeidi, Opfermann et al.[27] developed a
“self-aware” confidence based shared control strategy for
control allocation between human and robot, which triggers
the weight transfer based on the information of the acquired
image. Franceschi, Pedrocchi et al.[29] through the dynamic
interaction force imposed by human to manage the leader-
follower transition based on a Cooperative Game theory
method. Zhang, Wu et al.[30] proposed a role adaptation
mechanism that according to the surgical operation contexts
predicted by a neural network model. Although these
methods consider the integration of autonomous robot control
and human control, they have placed excessive emphasis on
the utilization of autonomous intelligence while neglecting
the human dominance in surgery. In other words, if
autonomous intelligence takes on as a leader, there is a risk of
system delay that can impact timely human intervention
when the surgeon becomes aware of an impending danger.

Overall, current researches for human-robot shared
control often emphasize the use of autonomous intelligence,
sometimes  neglecting the importance of system
controllability and the potential safety risks associated with
transferring control between the human and the robot. In
response to this oversight, we have proposed a safety-
enchanced shared control approach. The principal
contributions of this paper can be delineated as follows:

(1) Through the judicious design and integration of the
MP, MV, and PT controllers, the proposed control method
ensures the surgeon's sustained leadership throughout the
surgical procedure, thereby bolstering the safety of Human-
Robot Interaction.

(2) An intricate fusion motion mechanism has been
developed to facilitate intelligent and dynamic control
authority allocation between the MP, MV, and PT controllers.
This mechanism is realized by optimizing evaluation
functions predicated upon anticipated states.
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(3) A force feedback mechanism has been developed to
assist the surgeon in discerning the divergence between
human hand actual position and the motion fusion control
output. This refinement seeks to bolster the safety of the
shared control system.

II. PROBLEM STATEMENT

This paper takes the surgical cutting task as an example.
As shown in Fig. 1, a surgical cutting trajectory is predefined
based on the surgeon's experience, called planned trajectory.
A guiding channel is further defined as human-robot shared
control workspace according to the planned trajectory.
Within this range, the surgeon can seek assistance from the
robot to achieve efficient and precise cutting. The blue line
denotes the trajectory that is generated by the surgeon during
surgical procedure through the control of the master console.
During the surgical cutting procedure, myriad factors merit
attention. In certain instances, robotic assistance can enable
the surgeon to achieve an exact cutting trajectory tailored to
their requirements or circumvent erroneous maneuvers.
Under these circumstances, the desired fusion trajectory
should align closely with the planned path. Conversely, there
are scenarios where the surgeon's control is paramount for
actively adjusting the cutting trajectory — for example,
during electric coagulation hemostasis, obstacle evasion,
emergency halts, and deliberate cessation of the cutting
process. In these situations, the ideal fusion trajectory should
mirror the surgeon's operational path. Consequently, the
desired fusion trajectory is depicted as a green line in Fig. 1.
It is seen that the robot's guidance can effectively mitigate
both hand tremors and aberrant actions. Moreover, active
hand control signals, such as obstacle avoidance, robot
assistance pause and active termination, are discernible and
strictly executed by surgical robot, ensuring alignment with
the surgeon's operative trajectory.

Obstacle avoidance Active termination
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Fig. 1: The detailed operations in the robotic surgical cutting task

For the aforementioned surgical cutting procedure,
relying solely on sensor data or a predefined threshold for
achieving weight transfer between the human and robot may
compromise the system's adaptability to the diverse
operational demands of the surgeon. Furthermore, a complete
weight transition or alternating leadership roles between the
human and robot could risk depriving the surgeon of control
authority during the operation. Such interaction modalities
might impede surgeons from executing certain proactive
tasks, subsequently diminishing the surgery's safety and
controllability. To cater to the adaptability of human-robot
interactions within the surgical environment and the diverse
nuances of human operations, it is imperative to devise a
human-led shared control methodology to improve the safety
of surgical procedures.

III. METHODOLOGY

The safety-enhanced shared control method we propose is
depicted in Fig. 2. It encompasses the following components:
initial controller design, a motion fusion mechanism, a
predictive evaluation and optimization model, and a force
feedback mechanism. Both human and robotic control
objectives are taken into account, which are divided into a
master hand position (MP) tracking objective, a master hand
velocity (MV) tracking objective and a planned trajectory
tracking (PT) tracking objective.

Firstly, three controllers are designed, including a MP
controller and a MV controller related to the surgeon's
manipulation, and a PT controller related to the robot
autonomous trajectory. The MP controller is designed to
track the position signal generated by the human's operation
of the master console. The MV controller aims to track the
velocity signal when human operates the master console.
Meanwhile, the PT controller is focused on tracking the
planned trajectory. Secondly, a predictive evaluation
optimization model is designed to improve the performance
of each controller and balance the authority allocation of each
controller in different scenarios. And a penalty mechanism is
introduced to affect the evaluation function of the MP
controller and the PT controller, and to accomplish the switch
between different autonomous scenarios and controllers.
Furthermore, during the real-time motion fusion control
phase, the initially designed controllers’ inputs and the
evaluation function gradient of each controller are fused
based on the gradient in the global weighting. Finally, a
master force interface is constructed to provide feedback on
the discrepancy between human hand actual position and the
motion fusion control output.

In this study, we first establish a virtual mass-spring-
damper system to ensure the continuity of the surgical
instrument tip's trajectory, expressed as:

o [ R m
e e

where x represents the Cartesian space coordinate of the
surgical instrument tip, anchored to a 6-degree-of-freedom
manipulator, and is defined as the state vector, u is the
fusion control input vector by fusing the aforementioned
three controllers and the evaluation function gradient values
of three controllers, x is the velocity vector of state, X is the
acceleration vector of state, m, b, and k denote the inertia,
damping, and stiffness parameters of the spring-mass-
damper system, respectively.

The state x related to the instrument tip is further
transform to the state X, which is Cartesian space coordinate
of the robot end-effector under the remote center of motion
(RCM) constraint. Finally, the state representation of @ in
the joint space of a robot is obtained by Jacobian matrix
operation, so the joint speed @ € R® can be defined:

0 =] (0% 2
where J71(@) represents Jacobian matrix from joint space to

Cartesian space, and X represents the velocity of the robot’s
end-effector velocity in Cartesian space.
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Fig. 2: The framework of the safety-enhanced human-robot shared control method

A. Initial controller design

Consider the tissue electrocoagulation cutting of a
minimally invasive surgical robot defined in section 2, three
control objectives are defined as Xp4, Vpq and Xx,.q4, and
calculated by the master hand position xj, the master hand
velocity v, and the planned trajectory x,, respectively.
According to the three control objectives, three feedback
controllers are designed based on system (1).

(1) MP Controller Design

The MP controller uy, is simply designed as follows:
3)
(4)

where kjand kg, are the corresponding parameters of PD

Upy = kpxehx + kax€nx

€hx = Xpa — X

control method, ey, represents the error between the desired
position of the MP controller and the final state.

(2) MV Controller Design

The wvelocity tracking controller uy, is deliberately

designed to be imprecise, which is just to obtain the
movement trend of the human hand.

®)

€hy = Vpqg — X (6)

Upy = kpvehv

where k,,, is the corresponding parameters of P control
method, ey, represents the error between the desired
velocity of MV controller and the velocity vector of state.

(3) PT Controller Design
The PT controller u,., is simply designed as follows:

(7
®)

Upy = kprerx + karérx

rx = Xpg — X

where k,, and kg, are the corresponding parameters of PD
control method, e, represents the error between the desired
position of the PT controller and the final state.

B. Predictive evaluation and optimization

The effect of each control strategy is evaluated by using
the evaluation function. The whole evaluation processes are
established by system (1) and use a prediction model with
fixed prediction horizon[31] to obtain the future states of
three control objectives Xpq, Vpq and X,4. The gradient
optimization function is used to improve the performance of
each simply initial designed controller and to allocate
control authority between three controllers. The penalty
function is introduced to limit the effects of MP or PT
controllers, by reducing the values of the evaluation function
to zeros. Therefore, the autonomous scenarios switching
between the precision surgical manipulation scenario and the
high-efficiency surgical scenario can be accomplished.

(1) MP evaluation function

The MP evaluation function (9) is derived to evaluate the
MP controller effectiveness during the prediction period T.

to+T ~ =~
Jhx = ftoo max (0, Gnyx (X0, Xnx» Xha) — Prx(Vha, Vo))dt (9)
Ghx = 1%na — Znell’ (10)
Phx = max(O, IIvhdII - Vo)z (1 1)
0/hx
V]hx = # |x=x0 (12)

where [, represents the accumulated evaluation value of
MP at time t,. Gy, is the evaluation value of MP at time t in
the prediction period, Xy, denotes the system state under the
MP controller action during the prediction period T, Py, is
the penalty function designed to reduce Jp, to zero when
[lvhall > vy, thereby limiting the effect of controller MP. v,
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is the velocity threshold to trigger the penalty function Pp,.
X, is the system state at time t,. V/p, is the evaluation
gradient of the MP controller.

(2) MV evaluation function

The MV evaluation function (13) is derived to evaluate
the MV controller effectiveness during the prediction period
T.

tot+T

Jhw = fro Gho (X0, Dnas Xpp)dt (13)
~ -~ 2
Ghy = ||Pha — Xno| (14)
)y
Vi = a_z |x:x0 (15)

where [, represents the accumulated evaluation value of
MV at time ty, Gy, is the evaluation value of MV at time t
during the prediction period, Xp,, denotes the system velocity
under the MV controller action in the prediction period T,
Dpq 1s the predicted future state of MV control objective.
V/h, is the evaluation gradient of the MV controller.

(3) PT evaluation function

The PT evaluation function (16) is defined to evaluate the
PT controller effectiveness during the prediction period T.

Jrx = [ max(0, Gpe (X0, Ry Rra) = Pra (%0 Rra, do) —
Py (Vo, Vpg))dt (16)

Grx = Zra — Ryl (17)

P = max(0, 1xg — Ryl — do)? (18)

Py = max(0,v = ||vpall)? (19)

W rx = 2 |y (20)

where J,., is the accumulated evaluation value of PT at time
to, G, 1s the evaluation value of PT at time t during the
prediction period, X,., is the system state under the PT
controller action in the prediction period T, X,4 is the
predicted future state of PT objective. B, is the penalty
function designed to reduce J,, to zero when the system
trajectory deviates from the guiding channel [|xg — X,4lI? >
dy, P, is the penalty function designed to reduce J,., to zero
when ||[vpq]l < vg. d is the radius of the guiding channel.
C. Motion fusion method

To balance the authority allocation of each controller in
different scenarios, the motion fusion method is used to find
an optimal solution by fusing the inputs of each controller
and evaluation gradient of each controller:

_ 7/ nxll 7T ol N el B

= T M g e+ g Pt — AK o0 (V) (21)

V] =V]hx+ Vi + Viex (22)
_(avj/Ivill, VIl >«

0. (V]) = {V], 1771l < a (23)

where K, represents the proportionality coefficient matrix,
V] denotes the accumulated gradient of three controllers, A
is the step size of gradient, ¢,(-) is the saturation
suppression function, « is a threshold constant designed to
avoid system instability caused by excessive gradient value.

D. Force feedback

The force feedback scheme is designed to give the
surgeon intuitive tactile sensation and enhance safety:
e = X — Xphd (25)

where F represents the feedback force given to human hand,
calculated by the error e between the MP control objective

and the system final state. my, by, and k; denote the inertia,
damping, and stiffness parameters, respectively.

IV. EXPERIMENT

To wverify the effectiveness of the proposed safety-
enhanced shared control method, a series of experiments
have been conducted both on simulation platforms and real
experimental platforms.

A. Experimental setup

The human interacts with sigma.7 haptic device in a
simulation environment conducted by chai3d framework, as
shown in Fig. 3(a). To facilitate experimental operations,
real-time refreshing screens of the front view and top view
images are added to the simulation environment. Human can
move the white ball freely in the absence of robot assistance
(such as adjust the trajectory, obstacle avoidance, suspended
and so on), and human also can accurately perform planned
trajectory (red line) tracking with the assistance of robot.
Fusion position (green ball) is the final state of our system.
While without robot assistance, the fusion position is
generally close to the haptic position. While within robot
assistance, the fusion position is generally close to the
planned trajectory. The distance between haptic actual
position and the motion fusion control output will be sent to
the human hand through the sigma.7 haptic device.

Haptic position

Fusion position !

Planned trajectory]|

Fig. 3: (a) The simulation experiment designed by chai3d. (b) The
experimental master-slave surgical robot platform.

The master-slave surgical robot platform was self-
developed by authors, as shown in Fig. 3(b). The main
hardware included: a force dimension device, a 3D display, a
computer, an NDI, a binocular endoscope, an electric
coagulation rod, a switch, and two robot arms. The optical
tracking system NDI (Polaris Vega XT) is used to unify the
coordinate system and calibrate the rotation matrix from the
robot’s end to the surgical instrument’s end. The endoscope
clamped by the arm robot (FRANKA) is used to capture
operation images and display them on the 3D display. The
robot arm (AUBO 1i5) is used to clamp surgical instrument
and connect to Sigma.7 realizing master-slave control and
force feedback.
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B. Simulation result

In the simulation section, the Fig. 4(al-a3) illustrate the
procedure of cutting under different velocity threshold
scenarios: vy = 0.5mm/s , vy =1.0mm/s , and v, =
1.5 mm/s. The planned trajectory (red line) consisted of the
predetermined planned waypoints drawn by a surgeon, the
hand motion trajectory (blue line) data are collected from the
haptic device, the green line denotes the motion fusion
trajectory of the shared control method. Fig. 4(bl-b3)
illustrate the velocity changes of human hand during the
procedure of cutting. In Fig. 4(c1-c3), the green line denotes
the errors between fusion trajectory and planned trajectory,
and the blue line denotes the errors between fusion trajectory
and hand trajectory, the red line is a baseline with dy, =

1.0 mm, which denotes the radius of the guiding channel. Fig.
4(d1-d3) illustrate the force feedback values of Fy, F,, and F;,
calculated by the discrepancy between human control output
and fusion control output. Fig. 4(el-e3) illustrate the
proportion of human and robot control evaluation gradient,
the black area denotes control by human position tracking,
the gray area denotes control by human velocity tracking, and
the white area denotes control by robot assistance. In all
pictures, the box area of A denotes that the operator is
required to move quickly along the planned trajectory, the
box area of Bl and B2 denotes that the operator actively
perform obstacle avoidance tasks, the box area of C denotes
that the operator actively simulated shaking and external
collisions, the box area of D denotes that the operator actively
terminate the operation task.
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Fig.4: Comparison 51mulat10n results under different velocity threshold scenarios. (a) Cartesian trajectory tracking by integrating three controllers. (b) The
magnitude of master hand velocity. (¢) The errors between fusion trajectory and planned trajectory, and the the errors between fusion trajectory and hand
trajectory (d) The force feedback values set to haptic device. (¢) The stacked area chart illustrates the allocation of control authority between three controllers.
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Firstly, to verify the precision of the robot-assisted cutting,
the operator is required to move quickly along the planned
trajectory as shown in the area A of Fig. 4(al-a3). The
average errors d,, between fusion trajectory and planned
trajectory for the three scenarios are 0.07mm, 0.11mm, and
0.16mm respectively. From Fig. 4(al-a3), it can be observed
that the fused green line can more accurately fit the planned
trajectory, but as the speed threshold v, increases, the
precision cutting performance of robot-assisted cutting
decreases. Overall, increasing hand velocity to trigger robot
assistance has been proven to be a feasible approach, and can
reduce the deviation error of the hand by approximately
0.66mm, as shown in Fig. 4(c1-c3).

Secondly, the operator can regain control by reducing the
hand velocity at any time. As shown in Fig. 4(al-a3), the
operator can actively perform obstacle avoidance tasks in the
areas of B1 and B2. However, by comparing graphs c1-c3, it
can be observed that in the areas of Bl and B2, the errors dj,
between the hand trajectory and the fusion trajectory are
significantly greater in scenario 1. Similarly, the force values
of F, and F, are significantly greater in scenario 1 in the areas
of B1 and B2 compared to scenarios 2 and 3. This indicates
that while setting a speed threshold too low can make it
easier for the operator to obtain robot assistance, it can also
result in frequent intervention from the robot and disrupt the
operation of the human hand.

Thirdly, this mechanism has the potential to effectively
filter out some hand tremors or non-subjective error
operations. As shown in Fig. 4(al-a3), the operator actively
simulated shaking and external collisions during the
operation in the areas of C, and the results showed that the
fusion trajectory did not deviate significantly from the
planned trajectory. Similarly, from the Fig. 4(c1-c3) in the
areas of C, it can be observed that the errors in the deviation
of the human hand trajectory is larger than the errors in the
fusion trajectory. Moreover, the force feedback mechanism in
this case also demonstrates the ability to allow the operator to
become aware of some intentional operations, as shown in
Fig. 4(d1-d3), the force opposite to the movement of the hand
is applied to the hand device.

Finally, we present the allocation of control authority
between three controllers in a stacked area chart depicted in
Fig. 4(el-e3). When ||vp4l] < vy, the penalty function B,
reduces /., to limit the robot's assistance capability. Similarly,
when the fused trajectory deviates from the guiding channel
(d, >dy), the penalty function P, limits the robot's
assistance capability. As shown in Fig. 4(e3), during the
obstacle avoidance progress, the white area disappears in the
areas of B1 and B2. Moreover, as the v, increases, the robot's
assistance becomes difficult to be triggered, so white areas in
Scenario 3 are less than Scenario 1. On the other hand, when
[[vpall > vy, the penalty function Py, reduces Jj, to reduce
the accuracy of hand position tracking. And the operation is
jointly controlled by hand velocity and robot assistance
controller, which can eliminate hand tremors, avoid
erroneous operations, and improve cutting accuracy.
Additionally, the total area of the gray area and the black area
remains greater than white areas at each time, indicating that
in our shared control method, human control always
maintains a dominant position.

C. Experimental results

In the real experiment, the operator completed a cutting
process within 30 seconds, and the velocity threshold is set
as vy = 1.0 mm/s and the radius of the guiding channel is
set as dy = 1.0 mm. The operation process includes robot
assistance in the box A, human active obstacle avoidance in
the box B, human hand tremors in the box C and deliberate
cessation in the box D, as shown in Fig. 5.
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Fig.5: The experimental results. (a) Cartesian trajectory tracking by
integrating three controllers. (b) The force feedback values set to haptic
device. (c) The magnitude of master hand velocity. (d) The stacked area
chart illustrates the allocation of control authority between three controllers.

As can be seen from the Fig.5(a), when ||vnq4ll > vy,
high-efficiency robot assistance can be achieved in the box
A and C, and both hand tremors and aberrant actions are also
effectively mitigated. When ||vpq4]l < vy, the operator can
adjust the cutting trajectory freely, accomplishing some
active actions, for example obstacle evasion in the box B and
deliberate cessation in the box D. The gray area in Fig.5(d)
remains greater than white area, indicating that the human
remains the leader during the whole procedure. As shown in
Fig.5(b) effective tactile forces have been fed back to human
hand in the box A and C and improve the safety of control.

V. CONCLUSION

This work proposed a safety-enhanced shared control for
surgical assisted cutting based on position-velocity-force
integration. The intelligent dynamic switching of autonomous
scenarios and controllers can be realized through a motion
fusion mechanism. And the novel allocation of control
authority between three controllers can’t deprive the surgeon
of control authority during the operation. On the aspect of
safety enhancement, the results shows that this method has
the potential to effectively filter out some hand tremors and
accidental operations, and the force feedback mechanism
actually assist the surgeon in discerning the divergence
between human hand actual position and the motion fusion
control output. In conclusion, the proposed method shows
good capabilities in human-robot shared control tasks,
ensures the controllability, safety, transparency, and
adaptability of the surgical robot system. Future works will
apply this method to more complex surgical operation, and
more intelligent controllers will be introduced to verify the
performance of human-robot integration.
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