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Abstract— Robot-assisted vascular interventional surgery can
isolate interventionists and X-ray radiation, and improve sur-
gical accuracy. However, the leader side outside the operating
room still has problems such as incomplete collection of op-
erating information and unrealistic tactile feedback. The main
objective of this paper is to design a haptic interface that can
simultaneously capture the force-position information of the
interventionists and generate force to assist the interventionists
in performing surgeries on the leader side. It can capture the
interventionists’ delivery displacement, twisting angle, clamping
force, and provide real-time force feedback. A leader-follower
bidirectional force feedback control strategy was proposed.
Based on this strategy, on the one hand, the interventionist
perceives the multi-modal information fed back from the fol-
lower side, makes judgments, and actively adjusts the surgical
operation. On the other hand, the interventionist controls the
grasping state of the instruments remotely to control the safety
operating force threshold. Finally, the experimental setup was
built and a series of evaluation experiments were performed.
The experimental results verified the feasibility of the designed
haptic interface. It can generate dynamic and accurate force
feedback and realize leader-follower grasping force control.

Index  Terms— Robot-assisted vascular interventional
surgery, force feedback, Leader-follower system, haptic
interface.

I. INTRODUCTION

Cardiovascular and cerebrovascular diseases are the lead-
ing cause of death of human beings [1]. Vascular interven-
tional surgery(VIS) has become the main treatment method
because of its small trauma [2]. Traditional VIS uses the
Digital Subtraction Angiography System(DSA system) to
perform imaging of blood vessels and instruments frequently
to provide interventionists with information such as vascular
lesions and paths. X-ray radiation will be generated during
the process, and the accumulated radiation will greatly affect
the interventionists’ health. Therefore, the VIS robotic sys-
tem based on the leader-follower structure can isolate the in-
terventionists and radiation in space [3]. The structure of the
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Fig. 1. Control framework of the master-slave VIS robot [3].

robot-assisted VIS system is shown in Fig. 1. The left side is
the patient side, which includes the DSA system for imaging
and a follower robot for reproducing the interventionists’ op-
eration. The right side is the surgeon side. The interventionist
operates the leader interface outside the operating room by
observing the DSA images or video. Surgical information is
transmitted between the leader and follower sides remotely.
The follower side feeds back information such as images and
operating force to interventionists. The leader side transmits
control instructions to the follower side, including operating
position, operating force, and so on.

The leader side of several commercial VIS robots is
usually a combination handle, which lacks tactile feedback
[4], [5]. To improve the safety of remote surgery, the haptic
interface for VIS robotic system has become a hot research
topic. Wang et al. designed a tactile force feedback leader
side based on the series elastic actuator(SEA). It can collect
the interventionists’ delivery displacement and twisting an-
gle, and provide inserting force feedback [6]. Akinyemi et
al. proposed a CNN-based hand motion recognition model,
which can recognize multiple motions of surgeons’ hands [7].
Hooshiar et al. designed a wearable rotation measurement
bracelet [8]. Combined with the designed force feedback
system based on the magnetic elastomer, the haptic interface
can measure operator position and generate force feedback
[9]. Based on the viscosity behavior of magnetic fluid under
different currents, Guo et al. designed a force feedback
method based on magnetic fluid and a non-contact operation
measurement method based on photoelectric sensors [10].
Bao et al. designed a haptic interface based on force sensors
and magnetic powder brakes to feedback force and torque
[11]. However, the existing haptic interfaces for VIS still
have the following problems: 1) The leader side only controls
the position of the follower robot. The grasping state of
surgical instruments is ignored, which is closely related to the
contact state between the follower fingers and the instrument.
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Fig. 2. The follower side. (a) Structure of the follower side. (b1) Opening. (b2) Reaching. (b3) Grasping. (b4) Retreating. (b5) Twisting. (b6) Adjusting
grasping force. (c) Schematic diagram of grasping force control. (d) Multifunctional finger pulp mechanism.

2) Most existing haptic interfaces use load cells to measure
interactive force and then control motor position or velocity,
which risks oscillation under large operating accelerations.

To overcome the existing limitations mentioned above,
we propose a novel haptic interface based on SEA. It can
not only capture the interventionist’s delivery displacement,
twist angle and clamping force, but also can generate inter-
active force through the force feedback control component
based on SEA. The operator handles the catheter directly,
enabling them to utilize prior accumulated clinical operation
experience. Leader-follower bidirectional force feedback is
constructed to achieve active and passive safety operations. A
series of evaluation experiments were performed to demon-
strate the feasibility of the designed haptic interface. It can
realize dynamic, stable and accurate tracking of the delivery
force and grasping force between leader side and follower
side.

The rest of this paper is organized as follows. Section
II introduces related work on the follower robot. The me-
chanical structure and control strategy of the leader side are
designed in Section III. Section IV introduces the evaluation
experiments. Section V concludes the paper.

II. RELATED WORK
A. Mechanical Structure of the Follower Side

The mechanical structure of the follower side for the
VIS is shown in Fig. 2(a), previously designed by the
authors [12]. It mainly includes a PG2 gripper that can
grasp and twist, and a timing belt component that can insert
linearly. PG2 is a parallel gripper with three actuators, which
was designed based on two parallelogram mechanisms. It

has potential to operate thin catheters and guidewires. By
combining the motion space of two fingers, the dexterous
operations is performed including opening, reaching, grasp-
ing, retracting, twisting, adjusting grasping force, etc., as
shown in Fig. 2 (bl-b6). The fingers can be opened to
hold instruments of different diameters (0.2-10mm). Similar
to the human forefinger and thumb, the two fingers move
in the same direction to reach and retract, and move in
opposite directions to twist. The instrument is inserted by
a motor driving a timing belt that is firmly connected to the
gripper. The inserting displacement closed loop is established
based on an encoder, and the average inserting accuracy is
0.0848mm.

B. Operation Force in Follower Side

The follower side can accurately measure the grasping
force and inserting force. The schematic diagram of mea-
suring and controlling the grasping force between fingers
is shown in Fig. 2(c). The SEA component consists of a
maxon motor, an encoder, and an elastic component. The
elastic force of the elastic component is equal to the grasping
force of the instrument. The SEA component controls the
compression of the elastic component to adjust the grasping
force. The designed multifunctional finger pulp mechanism
is shown in Fig. 2(d). Since the forefinger pulp is free in the
axial direction of the instrument, the force sensor embedded
in the thumb pulp directly measures the inserting force of
the instrument. The limit switch installed on the forefinger
pulp is used to perceive the instrument sliding between the
fingers. The sliding state can provide important information
for surgical safety.
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III. LEADER SIDE DEVELOPED

A. Mechanical Structure of the Leader Side

As introduced in Section I, the leader side of the VIS
robot system is an interactive device used by interventionists
to remotely control the follower side in the operating room. It
needs to capture the interventionists’ operation in real-time,
mainly including clamping and releasing, delivery and twist-
ing. To solve the existing problems of incomplete collection
of operation information and unrealistic tactile generation,
we designed a novel haptic interface for the VIS. The
mechanical structure is shown in Fig. 3. The haptic interface
mainly includes two components: the grasping and twisting
component and the force feedback component, as shown
in the red and blue dotted boxes in Fig. 3(a) respectively.
The grasping and twisting component is designed to capture
operations such as clamping, releasing, and twisting. The
force feedback component is used to capture the delivery
displacement and generate force feedback to the operator’s
hand.

The structure of the grasping and twisting component is
shown in Fig. 3(b). To capture the clamping force and retain
the interventionist’s prior clinical operating experience as
much as possible, it is designed as a finger cot with a real
catheter as the operating handle. A clamping force sensor
(SBT674-19.6N, SIMBATOUCH, China) is embedded in
the back of the finger cot to measure the clamping force
between the operator’s thumb and forefinger. Between the
two fingers are the forefinger cot, force transmission and
catheter. The force transmission part is slidingly connected

to the forefinger cot through a linear guide. The clamping
force is transmitted by the force transmission and measured
by a force sensor. The back of the forefinger cot is slidingly
connected to the movable base through a linear guide, which
has a degree of freedom(DoF) in the z-axis direction. The
DoF is used to compensate for the movement of the catheter
in the z-axis direction caused by twisting. The catheter is
coaxially connected to the shaft of the encoder-1 through a
coupling that is firmly connected to the inner ring of the
bearing. The twist angle of the catheter is measured by the
14-bit absolute encoder (1505, RoboBrain, China).

The measurement and generation of interactive force is
an important research direction of the haptic interface. Sur-
geons perceive the excessive operating force of instruments
remotely through the force feedback generated by the leader
haptic interface, which is important to ensure surgical safety.
In addition, experienced surgeons perceive the operating
force and perform more effective approach operations. SEA
can perform better control in human-robot interaction. It
has mechanical compliance, force-sensing capability, and
programmable force controllability. Various mechanical or
mechatronic systems have adopted SEAs, especially ad-
vanced robots like wearable exoskeletons [13]. The designed
force feedback component based on SEA can measure and
generate the operator’s delivery force. The mechanical struc-
ture is shown in Fig. 3(c). The elastic elements used in SEA
are four standard springs. Four springs and the protruding
flanges on the movable base are coaxially mounted on the
upper and lower limit columns. On each limiting column,
two springs are located on both sides of the movable base
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Fig. 4. Control diagram of the leader side. Where F; represents the desired force, that is, the feedback force. F, represents the interactive force with the
surgeon’s hand, Fsga represents the force captured by SEA component, I, represents the current of the brushless motor, 7, represents the current detected
by the INA240A2, 1, represents the output torque of the motor, k; represents the brushless motor torque coefficient.

flange and have a certain amount of pre-compression. The
two limit blocks resist the right end of the spring group. The
movable base and the motor base are slidingly connected
along the push-pull direction through a linear guide. Four
springs installed symmetrically avoid moments on the linear
guide. A rack is fixed with the top of the movable base,
which meshes with the gear at the shaft end of the encoder-
SEA (1505, RoboBrain, China). The encoder-SEA measures
the relative displacement of the movable base and the motor
base through the rack and pinion mechanism, that is, the
deformation of the spring group. When the motor base is
fixed and the external force is applied to the movable base,
the movable base deforms the spring group through the
flange. The force relationship between the movable base and
the motor base can be obtained by calculation. Assuming
that the elastic coefficient k; of the four springs is the same,
then the elastic stiffness k; of the spring group can be written
as:

ks = 4k, (D

Assuming that the angle measured by the SEA encoder is
6y, and the radius of the gear indexing circle is r,, then the
force F;, exerted on the movable base can be expressed as:

2

A brushless motor (BDUAV-2204, China) generates force
feedback to the surgeon through a pinion and rack mech-
anism, as shown in Fig. 3(d). A 12-bit magnetic encoder
is installed at the end of the motor stator to capture the
rotation angle. Assuming that the motor rotation angle is 6,,,
and the gear indexing circle radius is r,,;, then the delivery
displacement x,, can be calculated as:

Fy = kgOrg

3)

The direction and value of the operating force exerted
by human hands on interactive devices are highly random.
Therefore, to ensure that the finger cot can be pushed
and pulled freely, especially under high acceleration, the
brushless motor is set in the current loop control mode. It
avoids the impact on the human hand feedback force due
to the position control adjustment process, improving force
feedback accuracy and robustness. As shown in Fig. 4, a
delivery force closed loop based on SEA is established on
the leader side. The control system inner loop is the motor
current loop. The three-phase voltage of the brushless motor
is detected by the current detection sensor (INA240A2, Texas

Xim = Oy

Instruments, USA). Then the current is converted based on
Ohm’s law to build a current closed loop. The output torque
of the brushless motor is converted into the interaction force
after being transmitted by the mechanical system. The force
is measured by the designed SEA component and differs
from the follower feedback force as compensation for the
desired motor current. Furthermore, a force feedback closed
loop at the leader side is established to provide the operator
with the follower force as input.

B. Leader-Follower Bidirectional Force Feedback

Our previous studies have demonstrated the efficiency
of the grasping force control in ensuring surgical safety
[12], and this conclusion is also applicable in traditional
VIS. Further, a leader-follower bidirectional force feedback
control strategy was designed, as shown in Fig. 5. There are
two transmission routes in opposite directions between the
leader side and the follower side. The direction of the red line
represents the remote grasping force control. The blue line
represents the force feedback from the follower side. Appro-
priate grasping force control at the follower side can ensure
the safety threshold of insertion force. This value can be
controlled by experienced interventionists on the leader side.
The novices can use the grasping force autonomous control
method mentioned in the study [12]. Grasping force control
is key to realizing passive safety because the controlled
inserting force threshold is determined by the friction state
between the gripper and the instrument. The haptic feedback
generated by the leader side for the operator affects the
operator’s decision-making and operation, which is defined
as an active safety strategy. By reproducing the follower
side operating state, the leader side enables the operator
to perceive states where the instrument is blocked in the
body, entering undesired bifurcation, etc. Compared with
the passive safety method, the active safety method relies
on the operator’s decision-making, the calculation of the
system program, the measurement of sensor information,
etc., resulting in slightly lower real-time performance, but
stronger functionality. The two safety methods compensate
each other to improve the safety of robot-assisted VIS.

IV. EVALUATION AND EXPERIMENTS
A. SEA Calibration

The elastic coefficient of the SEA component was cali-
brated, and the experimental setup was established as shown
in Fig. 6(a). The motor base is fixed. A force sensor is
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Fig. 6. SEA calibration. (a) Experimental setup for calibration. (b)
Calibration experiment results. The fitted elastic coefficient of the spring
group ks = 0.6702N/mm. The intercept between the fitting line and the
y-axis is not zero because of the friction.

installed on the right side of the forefinger cot, and the direc-
tion of applied force is consistent with the direction of SEA
compression. The encoder-SEA measures the deformation
of the spring group. Gradually applied force (0-3N) on the
force sensor and measured the spring group deformation.
The calibration experiment results are shown in Fig. 6(b).
The black circles represent the measured sample points. The
deformation characteristic curve of the spring group was
obtained by the least squares fitting, as shown in the red
line in Fig. 6(b). The fitting function is:

y=0.6702x+0.0917 4)

where x represents the spring group deformation, y represents
the force measured by the force sensor. The fitted characteris-
tic curve is consistent with the experimental results (Pearson
Correlations=0.9986 and Signifcant level: 0.05).

B. Evaluation of Bidirectional Force Feedback

To demonstrate the feasibility of the proposed haptic
interface, it was integrated with the follower side, previously

1 w Force sensor wa
\ = aaen
v

Forefinger cot

Encoder-1

Fig. 7. Experimental setup for the evaluation of bidirectional force
feedback. (a) Follower side. (b) Multifunctional finger pulp. (c) Leader side.

developed by the authors [12], as shown in Fig. 7 (a, b).
The PG2 gripper can grasp, twist, and insert catheters and
guidewires. The designed multifunctional finger pulp struc-
ture is shown in Fig. 7(b). The installed limit switch and force
sensor are used to measure the sliding state and inserting
force of the instrument respectively. SEA components were
mounted perpendicular to the grasping surface to flexibly
grasp the instruments and adjust the grasping force.

The built leader side haptic interface is shown in Fig.
7(c). Encoder-SEA is used to measure the spring group
deformation of SEA, which is converted into interactive force
after calculation. The clamping force sensor, mounted on
the forefinger cot, measures the clamping force. Encoder-
1 measures the twisting angle. A spring is used to connect
Encoder-1 and the catheter to reduce the twisting resistance
caused by the different axes of the two. On the one hand, the
brushless motor measures the delivery displacement through
the magnetic encoder. On the other hand, it generates force
feedback to the operator through the current closed loop. The
actual interactive forces measured by SEA constructed the
control outer loop. Combining the outer loop with the motor
current loop, the delivery force closed loop was constructed.
Due to the randomness of human operation, a PD controller
is used to ensure the system response speed.

The delivery force static and dynamic control performance
was evaluated through the square wave force signal tracking
experiment and the sinusoidal wave force signal tracking
experiment. The experimental results of 10 cycles of square
waves are shown in Fig. 8(a). The blue dotted line represents
the desired signal, the red line represents the tracking results,
and the black line represents the error. Square wave signal set
period T = 8s and amplitude A = 0.5N. After stabilization,
the maximum static error was 10mN, and the overall average
absolute error was 30.7mN. The sinusoidal wave signal sets
the period T = 10s and amplitude A = IN. The dynamic
average absolute error was 57.4mN and the root mean square
error was 68.8mN. The experimental results showed the
feasibility of the proposed haptic interface in generating
accurate force feedback.

In the grasping force control evaluation experiment, the
operator randomly controlled the clamping force of the
catheter multiple times. The leader-follower grasping force
tracking experimental results is shown in Fig. 8(c). The blue
dotted line represents the leader side clamping force, the
red line represents the follower side grasping force, and the

5875



—— Experimental results

—— Experimental results

—— Follower side

-------- Desired — Error 3 - Desired —— Error g— Leader side —— Error
— T T T T T X T . T T
~ ~1 = —
z z | 2
g 860 38
&l _ £
_2- P R TS R R ] 1 P S R B R
0 20 40 60 80 100 0 10 20 30 40 50
Time (s) Time (s) Time (s)
(a) Delivery force (b) Delivery force (c) Grasping force

Fig. 8.
Grasping force control.

black line represents the error. The average absolute tracking
error of the leader-follower grasping force dynamic control
was 75.1mN. As shown in Fig. 8(c), the point shown by
the green x symbol has a large tracking error. The reason
is the delay caused by leader-follower communication and
motor drive, and the error is adjusted to a lower level within
0.4s. The experimental results showed that the operator can
remotely control the instrument’s grasping state to realize
safety operations such as passive sliding between fingers.

V. CONCLUSION

The main objective of this paper is to propose a new
SEA-based haptic interface on the leader side, which can
capture the interventionist’s delivery displacement, twist an-
gle, inserting force, and clamping force. A leader-follower
bidirectional force feedback control strategy was proposed.
The operator perceives the inserting force feedback from
the follower side. Based on its dynamic characteristics, the
instrument’s state in the blood vessel is then predicted to ad-
just the surgical operation. Meanwhile, the operator remotely
controls the grasping force of the follower robot to adjust the
maximum inserting force threshold of the instrument. It can
passively ensure operation safety in critical areas. The safety
operation strategy that combines active and passive safety
methods has the potential to improve safety in remote VIS.
Finally, a series of experiments were performed to evaluate
the haptic interface, including the leader-follower inserting
force tracking experiment and the leader-follower grasping
force tracking experiment. Experimental results showed that
the designed haptic interface can realize dynamic, stable,
and accurate generation of bidirectional force feedback. In
the future we will further consider the various disturbance
forces of the system to improve the dynamic performance
of haptic feedback. The haptic interface will be combined
with the follower robot system to conduct in-vitro and in-
vivo experiments.
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