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Abstract—Remotely controlled vascular interventional robots
can improve the overall accuracy of surgery and reduce the
occupational risks of interventionalists, such as radiation
exposure and back pain. Related products currently available are
capable of accurately operating a catheter or guide-wire.
However, the lack of cooperation between the catheter and the
guide-wire prevents the surgeon from performing complex
surgery. In addition, ensuring the accuracy of remote control is
also a major difficulty in research. In this paper, we introduce a
surgical robot that allows the catheter and guide-wire to operate
simultaneously and its control strategy. Animal experiments have
been carried out to demonstrate the feasibility of the proposed
robot to accurately operate the catheter and guide-wire, detect
resistance and perform complex surgical procedures in a
cooperative manner.

I. INTRODUCTION
Nowadays the study on interventional surgical robot has
gradually being valued by biomedical engineering researchers.
In traditional minimally invasive vascular surgeries, surgeons
make tiny incisions on patient’s skin and insert catheter and
guide-wire into the blood vessels. Under the guidance of the
auxiliary medical images such as X-rays, surgeons are able to
operate catheter to the lesion and make corresponding
treatments. However, the long-term working under the
radiation can deal great harm to the surgeon [1-3].
Under this circumstances, robot technologies provide
solutions for this problem. The robot design of master-slave
structure can offer a safe operating environment for the
surgeon. Some related application robot products in this field
have been developed in the past few years. For example,
Hansen Medical's Sensei robot [4] can enhance the stability of
doctors' operations while isolating doctors from the radiation
area. The Amigo operating system produced by Cattheter
Robotic has similar functions as the Sensi robot [5]. The CGCI
system produced by Magnatecs operates a special catheter for
surgery by controlling the magnetic field environment [6-7].
Others include the Niobe robot developed by Stereotaxis, the
interventional robot developed by Yogesh Thakur et al. [8].
These robots can preserve the habits of doctors to a certain
extent and provide remote operation for doctors.
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Although study has confirmed that compared with
traditional minimally invasive vascular surgeries, robotic
technology enhances the use of standard endovascular
intervention techniques. There are still certain limits about
these current interventional robot. For example, surgeon need
to operate the catheter and guide-wire at the same time when
performing surgeries for disease like cerebrovascular. But
most of the interventional surgical robots are lack of
cooperation of catheters and guide-wires. This defect can
cause difficulties when surgeon need to select the target blood
vessel from a bunch of narrow vessels. Another potential
problem of a remote catheter control system is the lack of force
feedback, when the surgeon controls the catheter, the current
state of motion of the catheter and guide-wire is obtained
primarily by X-ray and contrast images. For remote operation,
the lack of force feedback means that the operator cannot
respond to the sudden situation of the operation in time. At the
same time, it aggravates the inexperience feeling of the
doctor's remote operation, so that the surgeon cannot apply the
operation skills commonly used in the operation to the remote
operation.
Based on these previous research, our lab developed a
novel remote-controlled vascular interventional robot [2]. This
robot can provide force feedback for catheter and guide-wire.
It is remotely controlled by the surgeon and the surgeon can
operate catheter and guide-wire at the same time. However, its
bulky design cannot apply to actual surgical needs.
Under this background, this paper focus on a novel
master-slave surgical robot and its operation evaluation in vivo
experiment.
II. DESCRIPTION OF THE PROPOSED ROBOT SYSTEM
The entire robot system is consisted of two parts: the
master side and the slave side. The master side is the control
part of the robot system. The design purpose of the master side
is to record the surgeon movement and transport the movement
to the slave side. The master side contains the master
controller and the master control system cabinet. The master
side is constructed outside the operating room to prevent the
surgeon from being exposed to radiation. The surgeon can
perform the surgery by using the master controller and control
system cabinet. The slave side is the operating parts of the
robot system. The design purpose of the slave side is to
replicate the surgeon movement transported from the master
side. The slave side movement is performed by the salve
manipulator. The manipulator has the slide unit to control the
movement of the catheter and guide-wire. The slave side is
connected with the master side by shielded twisted pair. The
proposed robot diagram of the complete system structure is
shown in Fig.1.

The catheter manipulator and guide-wire manipulator are
consist of three parts: the rotation unit, the force detection unit,
and the catheter/guide-wire clamping unit. The rotation unit
and clamping unit was described in previous research papers
[2-3]. With the cooperation of the rotation unit and clamping
unit, the surgeon is able to control the catheter and guide-wire
rotation by transport the master controllers’ angle to the
manipulator. The force detection unit is used to measure the
proximal force of the catheter and guide-wire during the
operation [3]. If the catheter or guide-wire collide with the
blood vessel during the operation, the force signal will be
detected by a force sensor placed inside the manipulator.

Figure 1. The diagram of the complete system structure.

A. The system master side
The master side contains the master controller and the
master control system cabinet. The master controller we use
are two same haptic interaction device (Geomagic®Touch, 3D
Systems, Inc., USA). The haptic devices have two functions:
to capture the operation data from the surgeon movement and
generate force feedback to the surgeon [8]. As in traditional
minimally invasive vascular surgeries, the surgeon uses both
hands to operate catheter and guide-wire [9]. The two haptic
devices are designed to be the catheter controller and the
guide-wire controller. Both controllers are able to record the
linear movement and the rotation movement of the surgeon by
using the motor encoder. The torque motor in the haptic device
can generate force feedback based on the force sensor
feedback on the slave side. Two haptic devices are bound
together with a sleeve to simulate the relation of catheter and
guide-wire in traditional minimally invasive surgery, make the
surgeon get a vivid operating experience. The control system
cabinet is the central processing unit of the whole robot
system. The cabinet’s role is to capture the control signal from
the master controller and control the slave manipulator
replicate the same movement at the slave side; receive the
force feedback from the slave side and transport the data to the
master controller and computer screen. The complete structure
of the master side is shown in Fig.2.
B. The slave side
The slave side manipulator is the operating unit of the
robot system. The prototype structure of the slave side
manipulator is shown in Fig.3. The manipulator have a linear
motion platform and two manipulator unit. The manipulator
units are installed on the platform, and each unit is attached to
an individual brushless DC motor by a belt pulley. Two
manipulator units are catheter manipulator and guide-wire
manipulator respectively. When the surgeon moves the master
catheter controller or guide-wire controller in linear direction,
the corresponding DC motor on the linear movement platform
will move the exact amount in the same direction. This allow
the surgeon push and drag the catheter and guide-wire
remotely outside the operating room. We fixed a grating scale
to the side of the platform to measure the linear position of the
catheter and guide-wire manipulator [2].
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As the robot master and slave side being built, the surgeon
can perform the push, drag movement and rotate motion in the
master side, and replicate the movement in the slave side.
Meanwhile, the proximal force signal of catheter and
guide-wire can be detected and feedback to the master side.
This robot system design not only make the surgeon able to
complete the operation outside the operating room. But also
provides a vivid situation for the surgeon to fully use their
operating skills learned in traditional surgery.
III. SYSTEM CONTROL STRATEGY
After the robot system is constructed, the control strategy
is designed for the surgeon to remotely operate the robot. The
block diagram of the system control strategy is shown in Fig.4.
For our robots, we used an industrial computer as the
processing core of the system. After the motion signal operated
by the surgeon is collected, the programmable multi-axis
controller (PMAC) inside the computer sends the signal to the
slave side according to the programmed command.

Figure 2. The complete structure of the master side, including the master
controller and the master control system cabinet.

Figure 3. The prototype structure of the slave side, including the linear
movement platform and catheter and guide-wire manipulator.

similarities with humans in terms of anatomy, physiology,
nutrition and metabolism. They are important animal models
for studying human diseases, especially the small pigs have
become one of the most ideal experimental animals in
biomedical research. Pigs are widely used in cancer, burns,
immunology, diabetes, cardiovascular disease and other
aspects of research. In general animal experiments, young pigs
of 3 to 5 months old and weighing 5 to 20 kg are used. The
animals used in the animal experiments in this paper are also
small pigs. The animal experiment is mainly to evaluate the
ability of the surgical robot to control the catheter and
guide-wire to the designated position of the animal blood
vessel through master-slave control. For the robot design, it is
evaluated by the precision of the control and the theoretical
value. For clinical application, it is evaluated by the
experiment whether it conforms to the doctor's operating
habits, and whether it can use in the clinical trial is determined
by the effect of the animal experiment [16-19].

Figure 4. The block diagram of the system control strategy

Figure 5. The fuzzy PID controller with force feedback

The controller also has the function of receiving slave side
position for closed loop motion control and limit operation.
Although the PMAC controller has multiple functions, the
control accuracy cannot fulfill the standard in practical
applications. For example, in the initial operation phase of low
speed and high acceleration and the deceleration phase at high
speed, the master-slave tracking effect is still limited by the
lack of single PID parameter control [10].Considering the high
precision requirement of the robot control system. The control
system based on fuzzy PID closed-loop control. During the
surgery the surgeon need to change operation speed fluently
and quickly between the fast motion with low precision and
slow motion with high precision, so the parameters of the PID
and control strategy are quite different. The control strategy is
shown as follow:

As shown in Fig.5, u (t) is the control signal and e (t) is the
control error. The control signal thus includes three terms: the
P-term (which is proportional to the error), the I-term (which is
proportional to the integral of the error), the D-term (which is
proportional to the derivative of the error). The controller
parameters are proportional gain kp, integral gain ki, derivative
gain kd. The integral, proportional and derivative part can also
be interpreted as control actions [11-15]. For the force
feedback compensation, we designed an early warning
mechanism: if the force feedback value is bigger than a
specified threshold, the control system will decrease the follow
precision of the master-slave interaction or even stop the
following control.

A. Environment of animal in vivo experiment
The operating room environment of the in vivo experiment
is shown in Fig.6. The experiment was operated in Beijing
Tiantan Hospital, Beijing, China. The support arm of the robot
system slave manipulator was fixed on the side of the
operating bed, holding the slave manipulator above the
operating bed. The in vivo experiment was performed by a
surgeon with many years of experience in neurosurgery. The
master side of the robot system was placed outside the
operating room. As shown in Fig.7, the surgeon controls the
master side controller to operate the surgery. The surgeon used
the robot to operate the catheter guide wire to reach the narrow
blood vessels of the experimental pig from the kidney to the
brain, and judged whether it reached the designated position
by angiograms.
B. Result of the in vivo experiment
The experiment reached several positions in the animal’s
vessel for several times. Due to the short length of the
experimental pig, the average operation times is less than 60s.
Here we take the heart vessel angiogram procedure an example
to evaluate the robot control system.

IV. EVALUATION EXPERIMENT
After the robot system and software design was completed,
we performed an in vivo experiment using the robot system.
To evaluate the accuracy that the doctor can achieve when
operating the catheter and guide-wire. Pigs have great
423

Figure 6. The operating room environment of the in vivo experiment

Fig.9 (b) and Fig.10, the surgeon operated the catheter moving
forward at 28 s, then detected the increase force feedback at
the master controller and dragged catheter backward at 34 s.
Generally, based on the experimental results obtained from
the in vivo experiments, the master-slave surgical robot can
control the motion of the catheter and the guide-wire
accurately, and make full use of surgeon operation skills with
the cooperation of catheters and guide-wires.

Figure 7. The master side environment of the in vivo experiment

(a) Linear movement result and the displacement error of guide-wire

(a) The angiograms of the pig’s heart

(b) The angiograms of pig’s kidney

Figure 8. Part of the angiograms result in the in vivo experiment

The in vivo heart experimental procedure result is shown
in Fig.9. According to these results it can be found that the
dynamic performance of the system is stable during the
experiment. The error of the linear tracking performance is
between 2.5mm to -2mm, the average error is 0.22mm.
According to the doctor's feedback, this error is within the
acceptable range during the surgery. The error of the rotation
movement is between 2.6° to -1.9°, the average error is 0.17°.
According to the doctor's feedback, this error is also within the
acceptable range during the surgery.
According to the surgeon's feedback after the experiment,
due to the master-slave cooperative operation method, the
operating habits and operation skills in the clinical operation
can be applied in this remote interventional surgery
experiment. The surgeon enters the blood vessel with a larger
radius by operating the catheter, enters the narrow vessel by
operating the guide-wire. Surgeon keep pushing and dragging
as well as rotating the guide-wire during the whole procedure
to pass through the narrow vessel from femoral artery to the
vessel under subclavian artery.
The force feedback was also carried out during the
experiment. As shown in Fig.10, the force of catheter and
guide-wire was detected during the entire operation. Due to the
frequent operation, the force changing of guide-wire is more
rapidly than catheter. The typical force feedback control can
be detected by catheter operation in 28–35 s. As shown in
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(b) Linear movement result and the displacement error of catheter

(c) Rotation movement result and the displacement error of guide-wire

[2]
[3]
[4]
[5]
[6]

(d) Rotation movement result and the displacement error of catheter

[7]

Figure 9. The linear movement, rotation movement result and the
displacement error of catheter and guide-wire from the in vivo heart
experimental procedure
[8]

[9]

[10]
[11]

[12]

[13]
[14]

Figure 10. The force detection result of catheter and guide-wire in the
experiment

[15]

V. CONCLUSION
This paper introduced a novel master-slave surgical robot
and presented its control strategy. The in vivo evaluation
indicated the robot system can accurately operate a catheter
and guide-wire by using the fuzzy PID closed-loop control.
We can draw to the conclusion that this master-slave surgical
robot can carry out actual surgical operation in clinical
application.
However, there are still some improvements can be made.
For example, the surgeon must be trained to use the master
controller before using the robot system. Design an easier-use
master controller and ensure its accuracy would be the next
focus for our system.
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