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Abstract— This paper proposed a novel master-slave catheter
robotic system with force feedback for Vascular Interventional
Surgery (VIS). The master side of the doctor feedback force was
achieved by the principle of electromagnetic induction. It used an
incremental photoelectric encoder to detect axial and radial
motion information of the master side. Load cell was used to
detect force information on the slave side. Besides, we also set up
a circulating peristaltic pump to simulate the fluid environment.
According to the blood flow velocity parameters of the human
body, we set the velocity of the peristaltic pump, and the force
feedback experiment and the master-slave tracking experiment
were completed. Experimental results showed that with the
increase of the fluid velocity, the tracking error and force
feedback error of the master side and the slave side would
increase obviously, but the errors were within the allowable
range, which indicated that the catheter robotic system has good
force feedback and motion tracking performance.

I. INTRODUCTION
According to data from "China Cardiovascular Disease
Report 2015", the prevalence of cardiovascular disease is on
the rise, there are nearly 290 million cardiovascular disease
patients nationwide [1]. Therefore, in the face of so many
patients with cardiovascular diseases, how to use effective
interventions, decrease incidence of cardiovascular disease
and mortality, has become the world major public health
problem urgently solved in the world.
At present, many experts and scholars have put themselves
into the study of vascular interventional robots. The United
States, Germany and other countries have developed a variety
of surgical robot products, and it has been applied in clinically.
For example, the Corindus company in the US developed the
CorPath 200 robotic system in 2012 [2]. The guide wire
navigator of the CorPath 200 system can push and rotate the
guide wire separately, and can cooperate with each other to
realize the forward and rotation of the guide wire [3], the robot
can meet the expected technical and clinical performance
targets, greatly reducing the amount of radiation the surgeon
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receives. The US Hansen Medical produced the Magellan
robot system in 2010 [4], it could enables separate control of
the sheath and guide catheter, and it also provides predictable
endovascular navigation. However, the active catheter of
Magellan robotic system is larger in diameter and can only be
used for the interventional treatment of peripheral blood
vessels. Harvard University and Deakin University researchers
developed HeroSurg surgical robot in 2016 [5], HeroSurg
biggest bright spot is the tactile feedback system, integrated
with sensors in the robot's tool, can real-time detection of the
doctor's operation, and the vibration of the equivalent force
feedback to the doctor's hands, let the doctor actually feel the
contact force between the hand and the organization.
Compared with foreign research technology, domestic
research on medical robots started late. With the rapid
development of science and technology, our country has
achieved good results in this direction. The team of Prof. Duan
Xinguang from Beijing Institute of Technology developed a
robotic system in 2011 [6], which can accurately locate and
change the location of a surgical tool. The robot body is mainly
composed of positioning control and propulsion mechanism.
The robot consists of five separate joints, which can achieve
individual control and minimize disturbance. The control
system has good independence and expansibility. In 2011,
researchers at the University of Yanshan designed a robotic
system for minimally invasive vascular intervention, but the
propulsion of the system required a specialist to assist in the
delivery of balloon/stents. In order to solve this problem, the
team designed a new propulsion system based on the design of
the original propulsion mechanism in 2014. The newly
designed propulsion mechanism is composed of the catheter
clamping finger, the movement finger and the rotating finger,
and uses the twist principle to simulate the operation of the
human hand [8]. In 2014, Shanghai jiaotong university
designed a set of operating robot system “shendao hua tuo”,
which can perform various operational tasks in real time,
natural and safe [9]. In 2013, the Chinese academy of sciences
designed a robot feeding system for the control of vascular
interventional robot [10]. Due to the limitations of various
conditions and technologies, most of the robot systems
mentioned above are still in the research stage and have not yet
been applied to clinical practice. There are still some problems
in the research. For example, most operating systems only
have visual feedback and lack of force feedback. The doctor
operated the catheter only through the guidance of the image
and based on the experience of the operation. The system uses
the roller friction to drive the catheter motion, easy to cause
damage to the catheter, and the diameter of the catheter has
specific requirements, can’t use a variety of sizes catheter. In
addition, the effect of blood flow rates on catheter resistance
has not been considered.

In this paper, a new type of vascular interventional catheter
robotic system was designed. The master manipulator adopts
electromagnetic induction to realize force feedback, which
makes doctors feel the resistance of catheter advancement. In
addition, the peristaltic pump was used to simulate the blood
flow in the blood vessel. The motion tracking performance and
force feedback performance of the master and slave robots
were tested and evaluated under this circumstance.
II. THE OVERALL OF CATHETER ROBOTIC SYSTEM
Minimally invasive vascular interventional surgery robots
cannot operate independently, it’s a tool to assist the doctor to
complete the surgery. The convenience and comfort of doctor
should be considered in the design of surgical robots. At the
same time, in order to protect the doctor's own health and keep
the doctor away from the X-ray radiation, the catheter robotic
system needs to be designed as a master-slave structure to
facilitate the doctor operate the catheter outside the patient's
operating room. It also needs to install the camera in the
operating room to provide doctors with visual feedback which
can facilitate doctors to monitor the scene at the moment.

A. Master Manipulator
Figure 2 shows the design of the master manipulator, the
two most important parts are the force feedback and motion
information detection. In order to meet the doctor's habit of
surgical operation, we still use a medical operation catheter.
Motion information detection: when the operator pushes
the operation catheter forward/backward movement, the solid
photoelectric encoder (ZSP3806-2500BM, Jinan ke sheng
automation technology co. LTD., Shandong, China) rotates to
measure the axial movement information of the operation
catheter and display it in digital form. When the operator
rotates the operation catheter, the hollow photoelectric
encoder rotates to measure the radial motion information of the
surgical catheter and display it in digital form.
Force feedback: when the coil is energized and the
operation catheter is moved by the operator, the bobbin
follows the movement. At this time, the permanent magnet
forms a uniform magnetic field. The energized coil (as shown
in Figure 2) generates electromagnetic force in a uniform
magnetic field. The electromagnetic force can be transmitted
to doctor's hand through operation catheter as a feedback
force.

Fig.2 The structure of the master manipulator
Fig.1 The overall concept of catheter robotic system

Figure 1 shows the concept diagram of the catheter robotic
system designed in this paper. The doctor controls the master
manipulator in a control room without X-ray radiation and
monitors the scene of the operation through a camera mounted
at the slave side. The master manipulator constantly detects the
movement of the operation catheter and is processed by the
master controller and sends it to the master Personal Computer
(PC). The master computer sends the operation catheter
movement information to the slave PC by internet. The slave
computer sends the information to the slave controller, and the
slave controller sends a motion command (forward / backward
or rotation) to drive the slave manipulator and then surgical
catheter completes the same operation as the master operation
catheter. The load cell (TU-UJ5N, TEAC, Tokyo, Japan)
mounted on the slave manipulator is used to obtain resistance
information from the surgical catheter and then sends this
information to the master controller, which generates a force
on the master manipulator to let the doctor feel the force. At
the same time, the master PC displays the force information in
numerical or curvilinear form. The optical fiber pressure
sensor (OPP-M40, Opsens, Quebec City, QC, Canada) is
installed on the tip of the surgical catheter. The sensor collects
the information of the collision force between the tip of the
surgical catheter and the blood vessel, and feeds back the
detected force information to the surgical operator.
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B. Slave Manipulator
Figure 3 is a schematic diagram of the structure of the slave
manipulator, which is mainly composed of a motion drive
module and a force detection module.
The motion drive module includes an axial drive motor, a
rotary drive motor, a synchronous belt, and two clamps. The
axial movement of the surgical catheter is driven by the axial
stepper motor. The coupling is used to connect the stepper
motor (AR24SAKD-N10-1, Tianjin yat bochi technology co.
LTD, CN) with the screw of the linear slide. When the stepper
motor rotates, it will drive the screw of the linear slide to
rotate. The screw of the linear slide which travel is 400mm
rotates to drive the linear slide move forward and backward.
The stepper motor used in this system is the AR series
harmonic reduction stepping motor, the fuselage is small, the
output torque is high, and it can start/stop frequently. The
radial rotation movement of the surgical catheter is driven by
the radial stepper motor through driving the synchronous belt.
Force detection module includes a load cell and a torque
sensor (TRD-N1000B, Tianjin runda zhongke instrument co.
LTD, CN). Load cell is used to detect the axial resistance
information of the surgical catheter. Because the surgical
catheter resistance value is relatively small, the sensor output
signal will be amplified by the amplifier circuit and then sent to
the master manipulator to achieve force feedback. The torque

sensor is used to measure the radial resistance of the surgical
catheter when it is rotated. To ensure the safety of the surgical
catheter, a sponge is installed on the fixture, which can be
prevented the surgical catheter from being crushed.

blood flow velocity increasing, the blood flow velocity in
blood vessels gradually increases, and the range of the
maximal speed of blood flow expands correspondingly.
However, the blood flow velocity gradually slows down after
encountering branches.

Fig.3 The structure of the slave manipulator

III. ANALYSIS AND SIMULATION
The processed blood vessel model was imported into
ANSYS software, and carries on the material properties and
settings and the division of grid, to give the vascular model
corresponding biomechanical properties, such as deformation
and quality. Blood flow can cause deformation of the blood
vessel walls, and the blood vessel wall is affected by external
forces, which can affect the flow state of blood. Therefore, we
treat blood vessels as linear elastic materials. Supposing that
blood is a Newtonian fluid (in reference [11], when the flow
shear rate is higher than 100s-1, blood can be considered as a
homogenous Newtonian fluid.) that has the same density and
viscosity at constant temperature, incompressible and
isotropic. The bifurcation angle of blood vessel is 30 degrees,
and the blood viscosity and other parameters remain
unchanged. The main entrance to the vascular model is the
speed inlet and the two branches are pressure exits. Parameters
of the vascular model are set, as shown in Table 1 [12].
TABLE I.

BLOOD VESSEL MODEL RELATED PARAMETERS.

Blood density
(kg/m3)

Blood vessel wall
density (kg/m3)

Blood viscosity
(kg/m.s)

Modulus of
elasticity (Pa)

1.06×103

1.15×103

0.0035

5.0×105

Fig.5 The strain cloud of the vessel wall.

Fig.6 The equivalent stress cloud diagram of the vessel wall.

As can be seen from Figure 5 and Figure 6, the maximum
stress of the vessel wall in the vascular bifurcation position is
also the largest part of the deformation. When the blood flow
velocity is 30cm/s, the maximum stress at the bifurcation is
5059.1 Pa. The blood flow velocity is slow at this location, the
hemodynamic effect of the blood vessel wall was changed.

Observe the distribution of blood flow velocity and blood
pressure at different initial inlet velocities at t=0. Figure 4-7
shows the distribution diagram of blood flow rates, vascular
wall strain stress and wall shear stress.

Fig.7 The wall shear stress of the vessel wall.

Fig.4 Distribution of blood flow velocity in blood vessels.

It can be seen from Figure 4 that the blood flow velocity at
the center of the vessel is the largest, and the closer to the
vessel wall, the smaller the flow velocity. With the initial
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It can be seen from the Figure 7, the wall shear stress in the
region of the bifurcation occurred sudden change, mutation
range also gradually increases with the increase of inlet
velocity, the bifurcation area maximum of wall shear stress is
close to 3 pa when low velocity, with the initial velocity of the
inlet increases, the wall shear stress in the bifurcation area
increases to about 13pa. Because the blood flow at the
entrance of the blood vessel is relatively large, the impact force
on the wall is slightly larger, and the wall shear stress is
larger.The changes of wall shear stress in other areas of the
vascular wall are uniform and continuous. This is similar to the
results in some literature [12].

IV. EXPERIMENTS AND RESULTS
Most catheter robotic systems are performed in vitro or in a
static vascular model environment. The effects of blood flow
and the characteristics of the blood on the system are not
considered. The data obtained in this way will have some
errors, which is quite different from the data actually obtained
for the clinical product, and design of the system exists great
security risk. So we chose to set up a circulating peristaltic
pump to simulate the fluid environment, as shown in Figure 8.
Fig.10 The force feedback experimental results when v=0.2 m/s

Fig.8 Experiment setup

Because blood is sent out by strong fluctuations in the heart,
blood flows fastest in the arteries near the heart. The maximum
is up to 50 cm/s, the aorta is 18 ~ 22 cm/s, small artery is 30
cm/s, and the surgical catheter is inserted into the abdominal
aorta through femoral artery during the vascular interventional
surgery [14]. Therefore, this experiment chose to observe the
movement and force of the surgical catheter in the blood flow
velocity at 10cm/s-30cm/s, as shown in Table II, V represents
the velocity of peristaltic pump, Q represents the velocity of
blood flow.
TABLE II.

Fig.11 The force feedback experimental results when v=0.3 m/s

It can be seen from the feedback graphs of the master-slave
feedback force in Figure 9 to 11 that the feedback force of the
master and the slave are the same trends in different flow
environments. According to the results of the three groups, the
resistance of the catheter was less than 400mN.

THE RELATIONSHIP BETWEEN THE VELOCITY OF PERISTALTIC
PUMP AND BLOOD FLOW VELOCITY .

V(m/s)

0.1

0.2

0.3

Q(ml/min)

109

217

326

A. The experiment of force feedback
In order to verify that the vascular intervention system has
a good force feedback performance in a fluid environment.
three groups were set, each group carried out five experiments
respectively. Experimental results of force feedback are shown
in Figure 9 to 11. The resistance information of the surgical
catheter in the fluid is obtained by the load cell. The feedback
force of the master is generated by the master manipulator. The
calibration experiment between electromagnetic force and
input current has been done in the reference [15], and the
mathematical relationship between feedback force and current
is obtained. Getting the output voltage from the slave can
calculate the size of the master feedback force.

Fig.13 The force error between the master and slave side when v=0.2 m/s

Fig.9 The force feedback experimental results when v=0.1 m/s

Fig.14 The force error between the master and slave side when v=0.3 m/s
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Fig.12 The force error between the master and slave side when v=0.1 m/s

Comparing the error curves of the three feedback forces as
shown in Figure 12 to 14, it can be seen that when the liquid
flow velocity is large, the variation of the feedback error curve
slightly increases, and the force values at the master side and
the slave side differ slightly.

Figures 18 shows the average error of master- slave axial
tracking in the three groups of experiments. We can see that
the average value of the axial displacement error is within
1mm, indicating that the system's axial movement with
relatively stable performance.

B. The axial motion tracking experiment
In this experiment, the flow velocity of peristaltic pump
was set at 109ml/min, 217ml/min and 326ml/min respectively.
Five groups of experiments were performed in each fluid
environment. Each group of experiments started from the same
location. The surgical catheter was pushed to the marked point
and the surgical catheter was withdrawn to its original position
after reaching the end point. Figure 15 to 17 are the master and
slave axial tracking curve of three kinds of flow velocity.

C. The radial motion tracking experiment
Figure 19 to 21 shows the radial rotation of the master and
slave tracking curves for different flow velocity which meets
the changing rule under these kinds of flow velocity
environments. Five groups of experiments were carried out
respectively in three kinds of flow rate environments. Each
group of experiments was rotated clockwise and anticlockwise
(Rotate from 0 to 360 degrees and then rotate 360 degrees to 0
degrees.) for a total of 37 times.

Fig.15 The master-slave axial tracking experiment when v=0.1 m/s

Fig.19 The master-slave radial tracking experiment when v=0.1 m/s

Fig.16 The master-slave axial tracking experiment when v=0.2 m/s

Fig.20 The master-slave radial tracking experiment when v=0.2 m/s

Fig.17 The master-slave axial tracking experiment when v=0.3 m/s

Fig.21 The master-slave radial tracking experiment when v=0.3 m/s

Fig.18 The average error of the master-slave axial tracking

Fig.22 The average error of the master-slave radial tracking
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Figures 22 shows the average error of the master-slave
radial tracking in the three groups of experiments. We can see
that the radial rotation angle error is generally maintained
within 5 degrees, and the average error of the rotation angle
maintained within 2.5 degrees, the results indicated that the
radial tracking performance is relatively good.
V. DISCUSSIONS
We performed five groups of experiments at each velocity.
The purpose of this is to eliminate system contingency through
a large amount of experimental data in order to prove that our
system has good stability.
As shown in Figure 3, a compression ring is installed on the
output shaft of the load cell, the disc is fixed on the mounting
shaft of the clamp 1. When the clamp 1 clamps the surgical
catheter do axial movement, the reaction force of the surgical
catheter to the clamp 1 is transmitted along the mounting shaft
to the compression ring. The load cell outputs voltage signals.
The inevitable the translation friction rising from the support
frame of the slave manipulator contribute to the detected signal.
but the effect is small. In future work, we will compensate the
detection signal, eliminate the influence of the support frame,
and improve the operation transparency of the surgical robot.
We used a CMOS laser displacement sensor (IL-S025,
Keyence (China) Co., Ltd., CN) to measure the movement of
the surgical catheter. A load cell was used to measure the flow
resistance of the surgical catheter. There are amount of data
were measured, we only select partial data to draw the curve.
Experimental results showed that with the increase of fluid
velocity, the tracking error and force error between the master
manipulator and the slave manipulator of the designed system
would increase obviously. However, the average error of the
axial displacements was less than 1.2mm and the average error
of the rotation angle was less than 2.5 degrees. This was an
unavoidable error, which mainly due to the operator's "hand
shaking" and mechanical structure, but the errors within the
allowable range [16]. Other research institutes deal with the
"tremor" phenomenon by adding algorithms or changing the
mechanical structure [17]. the maximum error of the force
feedback was less than 18mN, this error was caused by
electromagnetic loss. In future work, our research team will
consider adding electromagnetic losses, increase nonlinear
compensation, improve the structure of the damper and
improve the accuracy of the feedback force.
VI. CONCLUSIONS
In this paper, a new catheter robotic system was designed.
The master manipulator adopts electromagnetic induction to
realize force feedback. According to the blood flow velocity
parameters of the human body, the experimental platform
under fluid environment was set up, the force feedback and
master-slave motion tracking experiments were completed
under different flow velocities. Experimental results showed
that with the increase of the fluid velocity, the tracking error
and force feedback error of the master side and the slave side
would increase obviously, but the errors within the allowable
range, which indicated that the catheter robotic system has
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good force feedback and motion tracking performance.
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