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Abstract— Minimally invasive vascular interventions are
commonly used in the treatment of cardiovascular diseases. In
this paper, we have made some improvements on the basis of the
original master-slave vascular intervention robot in the
laboratory, we proposed a bilateral control strategy. We
designed the impedance controller for the master robot and the
sliding mode controller for the slave robot respectively that can
improve effects of the position tracking and force feedback of the
master-slave robot. The controller we designed was simulated on
Matlab. Simulations results verify the effectiveness of the
proposed scheme for vascular intervention surgery when there is
a fixed time delay. We also conducted experiments on the
position tracking and force feedback for the master-slave
vascular interventional robot. The experimental results show
that the maximum error of position tracking is less than 1.5 mm
and the maximum error of force feedback is 17 mN. Therefore,
the bilateral control strategy proposed by this paper can improve
transparency of the system and ensure the safety of
interventional surgery.
Index Terms - vascular intervention; bilateral control;
impedance controller; sliding mode controller

I. INTRODUCTION
The treatment of cardiovascular and cerebrovascular
diseases has currently gained the foremost attention in the
world medical field[1][2]. Many countries have begun to pay
more attention to cardiovascular and cerebrovascular diseases.
Currently, there are two methods for the treatment of vascular
diseases, one is a traditional open surgical method, and the
other is a minimally invasive interventional procedure[3][4].
Vascular intervention surgery simply means that the catheter
inserted into the blood vessel and then transferred along the
blood vessel to the lesion for repair. The traditional method of
surgery is the doctor performed surgery directly at the lesion.
However, the traditional method of surgery is very harmful to
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the patient. The patient has to suffer tremendous physical and
mental pain, and the surgical risk factor is high; minimally
invasive vascular interventional surgery is treated with
catheter along the blood vessels have lesion, compared with
the traditional surgery, minimally invasive surgery has the
advantage of small wounds, rapid recovery, higher
reliability[5][6].
Minimally invasive vascular interventions are commonly
used in the treatment of cardiovascular diseases. At present,
the most used is the master-slave vascular interventional
surgery robot[7]. During the operation, using a catheter robot
to replace the doctor's hands to delivery catheter for surgery
can prevent radiation damage to doctors and can greatly
reduce the doctor's stress and risk[8][9]. Doctors can operate
catheter with the help of medical images by operating the
master robot outside the operating room.
In recent years, many medical research teams have devoted
themselves to the study of vascular interventional operation of
robot assisted operation. Hao Su et al presented a master-slave
catheterization system using a Fabry-Perot Interferometry
force sensor and a pneumatic haptic device[10-12]. Motion
scaling based master-slave control is proposed by Zhenqiu
Feng et al for different stages of the vascular interventional
robot delivery to improve the safety of surgery[13]. Laura
Cercenelli et al developed a highly compact and versatile
remote catheter navigation system named CathROB which has
the inherently safe design,and the automatic navigation
functionalities that may have potential of reducing the overall
procedural time[14]. Hanyang University of Korea designed a
catheter intervention system, which was developed by HJ Cha
et al for an operating system designed to treat ablation of the
heart.The system has three degrees of freedom from the end
operating device: axial, radial and rolling, which can change
the size of the operating force by changing the current in the
motor [15].
The block diagram of Master-slave robot system are
shown in Fig.1. From the whole block diagram, it can be seen
that the master robot and the slave robot are connected by a
control unit which serves as a bridge between the master robot
and the slave robot. The advantages and disadvantages of the
control unit directly affect whether the entire robot
experimental platform can operate normally and achieve the
desired experimental results[16].

Fig.1 The block diagram of Master-slave robot system

Because of the communication delay between the master
and the slave, the position tracking from the slave to the master
and the force feedback from the master to the slave are affected,
which reduces the stability of the system. In view of the time
delay of the master-slave teleoperation robot system, this
paper designs the impedance controller for the master robot
and the sliding mode controller for the slave robot respectively
that can improve the position tracking effect from the master to
the slave and the force feedback effect. The method developed
by this paper can improve the stability of the system and ensure
the safety of interventional surgery.
This paper is organized as follows: Section II introduces
the structure of the master-slave robotic catheter system.
Section III describes bilateral controller design of the system.
Simulations and experiments are presented in Section IV, and
Section V is conclusion.
II. STRUCTURE OF THE MASTER-SLAVE ROBOTIC
CATHETER SYSTEM
A. Overview of the robotic catheter system
Through our previous research effort, we have designed a
master-slave vascular interventional surgery robot assisted
surgery system which meet medical requirement. It can not
only allow doctors to use real catheters to fully utilize the
operating experience of traditional surgery, but also can
feedback the force received by the catheter during the
operation to the doctor to improve the safety of the
operation.The system can also help doctors train to improve
doctors' proficiency and the chances of success.

master computer for visual feedback so that doctors can know
various information on the operation site in real time and
improve the safety of the operation.
B. Master Manipulator
The mechanism of master manipulator is shown in Fig.3.
The master manipulator mainly include height adjustable base
plates, photoelectric encoders, permanent magnets, support
frames, guide rails, bearings, coils, and photoelectric encoder
mounting plates. When the operating catheter is pushed
forward, the axis of the photoelectric encoder will be driven
synchronously, and the digital tube will show the specific
information of the movement. When the catheter is rotated,
the inner axis of the encoder will rotate synchronously, and the
digital tube will display the rotating information. The force
feedback of the master side is achieved through the principle
of electromagnetic induction. When the coil is energized, the
coil is subjected to electromagnetic force to form a resistance
due to pushing the coiled tube in the magnetic field, and the
magnitude of the electromagnetic force can be changed by
adjusting the magnitude of the current.

Fig.3 Mechanism of master manipulator

Fig.2 Schematic diagram of the system

The schematic diagram of the master-slave vascular
interventional surgery robot assisted surgery system is shown
in Fig.2. The system is a closed-loop system consisting of two
main parts:the master and the slave. The work flow is as
follows: the doctor operates the master manipulator on the
master side. The master controller collects the doctor's
operation information and then sends the information to the PC
on the master side by RS232 serial port. The master computer
via TCP/IP protocol to send information to the slave computer.
The slave controller receives the information from the slave
computer to drive the slave side. The slave robot can control
axial movement and radial rotation of the surgical catheter. At
the same time, the force sensor on the catheter collects the
resistance during the movement of the catheter, and then
transmits this information back to the master controller. The IP
camera on the slave side transmits the patient's situation to the
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C. Slave manipulator
The mechanism of slave manipulator is shown in Fig.4.
Slave manipulator need to push and rotate the catheter,
requiring high reliability and accuracy. Slave manipulators
mainly include: tilt angle adjustable base, axial motion drive
motor, fixtures, linear slide, rotary motion drive motor, torque
sensor, load cell.
Tilt angle adjustable base can adjust the intervention
angle of the surgical catheter according to the need of surgery.
The axial motion drive motor is installed on the tilt angle
adjustable base and it can drive the axial move of the catheter.
The load sensor mounting plate is installed on the slider of the
linear slide. The mounting plate is used to carry the axial
resistance detection unit, the radial torque measurement unit
and the radial movement driving unit, so the linear slider will
drive units mentioned above to move together. The rotation
movement driving motor and the torque sensor are connected
through the coupling coaxial connection, and the torque sensor
performs synchronous motion with the fixture 1 through the
coupling and the timing belt. The load cell is mounted on the
load sensor mounting plate. The fixture 1 clamps the catheter
which is supported by the hollow shaft between the clamp
support plate and the load sensor mounting plate. When the
catheter is subject to resistance, it will push the entire clamping
part to make a slight movement back and push and pull the

load cell to achieve the resistance force detection. The slave
operator also has two fixtures that mimic the doctor's process
of pushing the catheter during traditional interventional
procedures. The force detection unit can detect the force
information in the catheter pushing process, and transmit the
information to master side in order to improve the doctor's
tactile presence and surgical safety.

and

xs is the speed and acceleration of the slave side,

respectively.
Under ideal conditions, there is no delay in the
communication link, that is, the position proportional tracking
from the slave to the master, and the force proportional
tracking from the master to the slave[17].
x s = ζ p xm
(3)

fm = ζ f fs
where

III. BILATERAL CONTROLLER DESIGN
A. Master-slave robot system dynamic model
For the communication delay between the master robot
and the slave robot. In this paper, two different control
methods are designed for the master and the slave. The master
side selects the impedance control method, and the sliding
mode controller is designed for the slave side.
It is assumed that there is no coupling between the two
degrees of freedom (axial movement and rotational movement)
of the minimally invasive interventional surgery robot. The
teleoperation robot system involved in this article only
considers single degree of freedom. The teleoperated robot
system shown in Figure 1 can be modeled as a mass damping
system.
The dynamic model of master-slave teleoperation robot
system master side is:
f m + u m = M m xm + Bm xm
(1)

f m is the force applied by the doctor to the master side,
u m is the force on the master slave, M m is the mass
coefficient of the master side, Bm is the damping coefficient
of the master side, xm is the position value of the master side,
xm and xm is the speed and acceleration of the master side,

where

respectively.
The dynamic model of slave side is:
where

ζ p is the position scaling factor; ζ f

is the force scaling

factor.
In the master-slave minimally invasive surgical robot
system, the distance between the master robot and the slave
robot may be relatively long. Therefore, there is a
communication delay. When the communication delays
T1 and T2 exist between the master and slave, the signal
transmission relationship between the master and slave is as
follows:
xdm = xm (t − T1 )
(5)

Fig.4 Mechanism of slave manipulator

u s − f s = M s xs + Bs x s

(4)

(2)

f s is the force applied by the doctor to the slave side,

u s is the driving force of the motor, M s is the mass
coefficient of the slave side, Bs is the damping coefficient of
the slave side, xs is the position value of the slave side, x s
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f dh = f h (t − T1 )
xdm = xm (t − T1 )

(6)

f de = f e (t − T1 )

(8)

(7)

xdm , f dh , xdm , f de are the value obtained after
communication delay of xm , f h , x m , f e ,respectively.
where

Equation(9) is a rigid body dynamics model of the
environment. It uses impedance to describe the relationship
between input and output.

Ze =

Fe ( s )
xs ( s )

(9)

where Fe (s ) is the Laplace inverse transform of the force

f e (t ) on the environment, x s (s ) is the inverse Laplace
transform from the slave robot velocity

xs (s ) .

B. Impedance Controller for the Master
In this paper, the controller for the master is designed as
an impedance controller. The impedance controller can
effectively reduce the impact force exerted on the doctor's
hand, so that the desired characteristics between the control
force exerted by the doctor and the external force of the
environment can be obtained. According to the classical
impedance control formula which is shown as
equation(10)[18]:
M ( x − xd ) + B ( x − x d ) + K ( x − xd ) = −( F − Fe ) (10)
where M is inertial matrix, B is damping matrix, K is
stiffness matrix , F is the force of the robot’s end and the
environment, Fe is the expected force, x is the position of
the robot's end, xd is the location of the environment.The
doctor's expected impedance is described as:

Mxm + Bxm + Kxm = f m − ζ f f s

(11)

where M is the expected impedance inertia coefficient of the
master, B is the expected impedance damping coefficient of
the master, K is the expected impedance stiffness coefficient
of the master.
The acceleration xm of the master can be obtained from
equation(12):

xm =

1
( f m − ζ f f s − Bx m − Kxm )
M

(12)

The equation(12) is brought into equation(1), the
designed impedance controller equation is:
m
m
Bm
Bmm
xm (13)
u m = ( m − 1) f m − m ζ f f s − ( m − bm ) xm −
M
M
M
M
C. Sliding Mode Controller for the Slave
The sliding mode variable structure design can be divided
into two steps: the first is the design of the switching function:
the second is the design of the sliding mode variable structure
controller, and the second step needs to be based on the arrival
condition of the sliding mode. At first, the switching function
is:
s = e + λe
(14)

the environment

Be = 0.89kg ⋅ s / cm , the environmental

stiffness coefficient

K e = 0.95kg ⋅ s / cm .

Fig.5 is position tracking simulation block diagram. The
input sine signal is used as the desired position signal of the
master robot. Through the delay module in Matlab, the
expected signal will be delayed. The remote surgery safety
delay is generally considered to be 330 ms[19]. Therefore, we
choose the delay time is t=0.2s and t=0.3s, respectively. The
output is the tracking of the desired position of the master side.
Fig.6 and Fig.7 are tracking curves from the slave side position
to the master side when the delay time is t=0.2s and t=0.3s. In
the figure, the blue line indicates the desired position of the
master side, and the red line indicates the actual position of the
slave side. As can be seen from two figures, the slave can still
track the position of the master well after the delay, but there is
some vibration.

where λ is a constant and e = xs − ζ p xm is the displacement

tracking error from the slave to the master.
According to the principle of stable control, let
s = s = 0 . The equation(5), (7)and(14) is brought into

Fig.5 Position tracking simulation block diagram

equation(2). When the communication delays T1 and T2 exist
between the master and slave, the designed sliding mode
controller equation is:

u s = f e − Bs x s −

ζ p ms
M

{Bxmd − f hd + ζ f f e (t − T1 −

s
T2 ) + Kxmd } − ms λe − K g sat ( )

φ

where K g is the gain (non-linear),
boundary layer, and

φ

(15)

is the thickness of the

Fig.6 Position tracking curve when t=0.2s

sat (⋅) is the saturation function.

IV. SIMULATIONS AND EXPERIMENTS
A. Simulations and Results
In the simulation software Matlab/Simulink, the
Transport Delay module can generate a fixed time delay. The
simulation uses a fixed delay generated by the Transport Delay
module. According to the dynamic model of the master-slave
teleoperation robot system, the position tracking simulation
diagram and the force feedback simulation diagram of the
master side and the slave side are respectively constructed.
During simulation, simulation parameters are set as follows:
M = mm = ms = 1kg , B = Bm = Bs = 1kg ⋅ s / cm ,
constant

λ = 1 .9 ; ζ p = 1 ; ζ f = 1

expected inertia

the environment-related

M e = 0.75kg , the damping coefficient of
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Fig.7 Position tracking curve when t=0.3s

Fig.8 is force feedback simulation block diagram. Input
the sine signal as the force from the slave to the environment.
Through the delay module, the expected signal will delay, the
delay time is t=0.2s and t=0.3s respectively. The output of the
simulation is the tracking of the force of the master and the
slave. Fig.9 and Fig.10 show the force feedback curve of the

master to the slave when the delay time is t=0.2s and t=0.3s,
respectively. As can be seen from two figures, the master can
well track the delayed force signal from the slave, but there is
some vibration.

Fig.8 Force feedback simulation block diagram

position tracking performance of the system, we performed
three master-slave tracking experiments.
Fig.11 shows the results of master-slave position tracking
experiments. In the figure, the rising part of the curve indicates
the forward movement information of the catheter, and the
falling part indicates the retracting movement information of
the catheter. The error curve of master-slave position tracking
is shown in Fig.12, which is the absolute value of the master
displacement minus the slave value. It can be seen from the
figure that the maximum error is less than 1.5 mm. It can be
seen from the experimental results that the error of the position
tracking does not exceed 2 mm. In the traditional vascular
interventional surgery, the precision of the doctor operating
the catheter is over 2 mm, so the position tracking error less
than 2 mm meets the design requirements. And the movement
of the slave is slightly smaller than the master, so there is no
danger and the method developed by this paper can ensure the
safety of interventional surgery.

Fig.9 Force feedback curve when t=0.2s
Fig.11 Position tracking curve

Fig.10 Force feedback curve when t=0.3s

B. Experiments and Results
1) Experimental setup: The master side includes a
controller (STM32F103ZEEK, STMicroelectronics, Geneva,
Switzerland) and the master manipulator. The slave side
includes a vascular model (KAD/A10005, Shanghai standard
and poor laboratory equipment Co. Ltd., Shanghai, China), a
remote operation interactive system (TE40, Huawei
Technologies Co. Ltd., Shenzhen, China), a controller
(STM32F103ZEEK,STMicroelectronics,Geneva,Switzerland)
and the slave manipulator.
We conducted three sets of experiments. In order to
correspond to the sine wave in the simulations, we performed
two insertions and withdrawals of the catheter action for each
set of experiments.
2) Master-slave position tracking experiments: In order to
verify that the impedance controller and sliding mode
controller designed in this paper improve the master-slave
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Fig.12 Error curve of position tracking

3) Master-slave force feedback experiments: We
conducted three force feedback experiments. Fig.13 shows the
results of master-slave force feedback experiments. The error
curve of master-slave force feedback is shown in Fig.14, which
is the absolute value of the master force value minus the slave
value. It can be seen from the figure that the maximum error is
less than 17 mN, indicating that the force feedback
performance for the master-slave vascular interventional robot
is relatively stable, so the method developed by this paper can
improve the stability and transparency of the system and
ensure the safety of interventional surgery.
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Fig.13 Force feedback curve

Fig.14 Error curve of Force feedback

V. CONCLUSION
In this paper, we have made some improvements on the
basis of the original master-slave vascular intervention robot
in the laboratory, we proposed a bilateral control strategy. We
designed the impedance controller for the master robot and the
sliding mode controller for the slave robot respectively that
can improve effects of the position tracking and the force
feedback.
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proposed scheme for vascular intervention surgery when there
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that the proposed bilateral control strategy is effective and the
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meet the requirement of vascular intervention surgery. The
method developed by this paper can improve the transparency
of the system and ensure the safety of interventional surgery.
However, during the simulation and experiment, there are still
some slight oscillations in the system. In the future, we still
need to improve our method, and do remote experiments to
better prove the feasibility of our method.
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