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Abstract-During conventional endovascular procedures, the
interventionalists are able to adjust the catheter motion based on
the tactile sensation by their hands. For surgery safety, the
surgeons must have technical proficiency and abundant
experience. Hence the training of the surgeon is needed. The
purpose of this study is to present a haptic force feedback based
virtual reality (VR) training system that enabled novel surgeons
to use their traditional bedside endovascular skills to remotely
navigate the catheter. The MR (Magnetorheological)
fluids-based master haptic interface has been proposed to
measure the actions of the operator and provide the haptic force.
The VR simulator is as the patient side to simulate the
endovascular procedure. The five operators take part in the
experiments to remotely navigate a virtual catheter through
virtual cerebral-vessel. Experimental results show that the
developed training system with haptic force feedback can
enhance surgery safety and short the operation time.
Index Terms – Haptic Force Feedback; Virtual Reality (VR)
Simulator; MR fluids;

I. INTRODUCTION
The cardiovascular disease was the main reason of mortality
rate in western countries, about 34% of death each year [1].
The two main reasons for the cardiovascular disease are
atherosclerosis and the narrowing of blood vessels [2].
Nowadays, the minimally invasive intervention is widely
accepted for the treatment of those diseases. The endovascular
surgery is performed by the surgeon via the using of catheters
and guidewires that inserted percutaneously through the blood
vessel to the tumor [3]. In traditional endovascular surgeries,
for navigating catheters and guidewires through blood vessel
of the body, the physician has to depend on images and haptic
sensation that acquired by 2-DOF fluoroscopy and the sensed
forces of fingertips. The navigation is achieved using the
motion of insertion, retraction, and rotation at the proximal end
of the medical tools. Short recovery times and little
postoperative pain have promoted the acceptance of minimally
invasive endovascular surgery. But for surgeons, long times
X-ray radiation exposure to them probably lead to diseases like
cancers and cataracts [4]. Although lead aprons are utilized,
the surgeon’s face and hands are still in exposure. What’s more,
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with the heavy radiation services in long time operating can
result in neck and back pain and injury [5]. This potential
shortcoming motivates the developing of robotic
catheterization systems.
Unlike the traditional endovascular procedure, the robotic
catheterization system enables the physician to provide
rotation and linear motion by the master robot that placed in
radiation safety area. The operating signals are processed by
the control console to guide the catheter manipulator to
advance, withdraw or twist the patient catheter. Some
commercial robotic catheterization systems all employed the
master-slave control structure, have proved their efficiency [6],
such as sensei robotic system, Niobe magnetic navigation
system, Amigo remote catheter system, and CorPath corindus
vascular robotics. Numerous research groups have proposed
robotic catheterization systems across the world and have done
many works in improving the technology for endovascular
procedures [7]. Zhao et.al proposed a 4-DOF remote catheter
and guidewire operating system. The catheter and guidewire
can be navigated independently in the coaxial direction [8].
Srimathveeravalli et al [9] developed a system for robotic
endovascular practices, which consists of a slave manipulator
and a master haptic device. The guidewire and catheter in any
range of sizes can be navigated. The lightweight robotic
system was developed by Omisore for cardiovascular
intervention surgery, and a special force sensor was designed
which attached to the catheter to measure the catheter-vessel
contact force [10]. This 2-DOF system runs on battery for
about 220 minutes. For most existing robotic solutions, the
master robot is a joystick or a haptic interface to implement the
haptic feedback. For surgery safety, the surgeons must have
dexterous technical skills and extensive experience, although,
with the aid of haptic force and visual guidance. Hence, the
catheterization practice is highly demanded. In traditional, the
novel surgeons are directed by mentors to use the animals and
phantoms for training. However, this operating experience is
unstructured. Moreover, the ethical issues are existed, and the
anatomical difference between human and animal should also
be concerned. Currently, one possible solution to deal with
these problems is by VR-based catheterization training system.
The blood vessel and catheter models can be established by
VR simulator, simultaneously displays the visual images of the
surgical area [11-12].
The VR simulator was established by the patient’s CT files,
which can be utilized to display the deformation of blood
vessel [11]. In this design, an MR fluids-based master haptic
interface is designed as a master robot. The operator
manipulates the input catheter through the master haptic
interface, and his/ her motion gesture is measured by the sensor
part. Meanwhile, the haptic force feedback can be applied to
the interventionalist. The VR simulator is in the slave side. It
contains virtual vascular mode and catheter mode. The sensed
motion of master haptic interface is transferred, via a control

II. MASTER HAPTIC INTERFACE
Figure 2 shows the structure of the master haptic interface.
The designed master haptic interface contains two capabilities,
measuring the axial and radial motions of the input catheter (7
F catheter) and applying the haptic force [13]. The axial
motion of the input catheter is measured by the laser mouse’s
image sensor. It is a non-contact method, and provides the high
measuring accuracy (1 mm over 100 mm). What’s more, the
authenticity of the manipulation can be increased by this
method. We utilize a hollow encoder to measure the radial
motion of the input catheter. The input catheter goes through
the three-jaw chuck. The chuck fixed on the hollow shaft of
the encoder. The laser mouse’s image sensor measures the
translation motion of the input catheter, and the velocity is
given by,
∆
(1)
∆
where ∆ is the input catheter change in axial direction, ∆ is
the time change, is the axial velocity of the input catheter.
The measurements of the radial motion of the input catheter by
the hollow encoder are converted to angular velocity, and it
can be defined as,
=

Figure 1. The block diagram of haptic force feedback based VR
training system.

∆
(2)
∆
where
is the angular velocity, is the encoder resolution,
∆ is the small change of the encoder value, ∆ is the time
change.
Another role of the designed master haptic interface is
recreating the haptic force to the operator. MR fluids is a kind
of smart material, its actuated haptic interfaces has been
investigated in the past decade [14]. In this design, the MR
fluids fill the device container. The container cannot be
magnetized by the external magnetic field. Two magnetic field
generators are equipped in both sides of the MR fluids
container, as shown in Figure 2. The design detail of master
haptic interface and its performance evaluations are described
in [12].
The MR fluids-based haptic interfaces have some
outstanding advantages over conventional motor-based ones.
It has an incredibly quick response time, and no mechanical
inertia. When there is no applied magnetic field, MR fluids
shows Newtonian fluid characteristics. On the contrary, when
the fluids is magnetized, the particles of the fluids are joined
together and paralleled with the magnetic line. In many cases,
Bingham plastic model can be used to describe this effect.
Here, we used the Bingham plastic model to describe this
behaviour.
In order to provide a kind of immersive interaction between
catheter and vascular system in surgery, the interventionalist’s
operation gestures should be kept in a natural way by designed
haptic interface. It is noted that the passivity MR fluids
actuated catheter haptic interface has the following
characteristics:
1) Ergonomics based design philosophy: realizing the
natural gesture of interventional and providing the realistic
sensation through operating clinical catheter rather than
operating the joy stick (such as Phantom device).
2) Human-centered safety consideration: the surgeon can
obtain the passivity kinesthetic sensation through natural
= 2000

Figure 2. The master haptic interface

unit, to control the virtual catheter. The VR simulator will
generate different levels of warning when the virtual catheter
tip encounters the “dangerous area” or has collisions with the
blood vessel wall. The different warning signals correspond to
different levels of haptic force that generate by the master
haptic interface. The haptic force feedback based VR training
system is shown in Figure 1. To verify the effectiveness of the
proposed system, the five operators take part in the
experiments to remotely navigate a virtual catheter through
virtual cerebral-vessel.
The rest of this paper is organized as follows. In section II,
the characteristics of the master haptic interface are described.
Section III proposes the VR simulator. In section IV, the
experiments are set up to verify the effectiveness of the
proposed the VR training system. The experimental results are
carried out in section V. The conclusion is presented in section
VI.

1965

catheter intervention. Therefore, mechanoreceptors of the
human finger can be protected during the active operation.
The generated resistance forces of the input catheter
insertion are mainly influenced by the shear stress of the MR
fluids which are proportional to external electromagnetic
powers. In addition, when the magnetic field is applied, the
MR fluids will play a Non-Newtonian behaviour, hence the
insertion speed of the input catheter will have an effect on
perceived resistance force by operators under a certain
magnetic field. The shear stress diagram and velocity profile of
the MR fluids which along the input catheter is shown in
Figure 3. [13]. The yield stress is higher than the shear stress in
region A, and it means no shear flow occurs. On the contrary
for region B, the shear stress exceeds the yield stress, and the
fluid flows with the catheter. So in the region B, the shear
stress can be described as
=

( )

( )+

data of the catheter tip will be displayed on screen in real-time.
What’s more, the distance between the virtual catheter tip and
blood vessel wall can be calculated and recorded.
In this design, the virtual vascular will be divided into three
sections (safety area, dangerous area, and forbidden area) in
view of the cross section. The principle of division is based on
the minimal distance between the catheter tip and inner blood
vessel wall, dm. In safety area, the catheter tip is in a safe
distance to the blood vessel wall, and there is on haptic
feedback. In dangerous area, the operator should be alerted,
and any small miss may cause a collision. For both dangerous
and forbidden area, different levels of warning signal will be
generated by VR simulate, and then the control commands are
sent to the master haptic interface. The different levels of
haptic force will be provided to operators immediately. The
flowchart of safety detection module is shown in Figure 4.

(3)

( ) is the yield stress (dependent on magnetic field),
where
is magnetic field, is the plastic viscosity of the MR fluids,
( )
and
is the velocity gradient of MR fluids in the direction
of the applied magnetic field. The generated resistance force
can be given by
=
=

+
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where
is a controllable force based on controllable yield
stress, is the mechanical friction force (mainly from seals),
is the viscous drag force, is the diameter of the input
catheter, is the length of the overwhelmed input catheter [13].
For traditional bedside catheterization technique, only the
abrupt change of the resistance force of the catheter operating
can be got by interventionalist. At the same time, the
interventionalist can hardly distinguish the all kinds of forces
during the endovascular surgery. Based on these factors, the
changes of designed haptic force should be obtained by the
operator.
The JND (just noticeable difference) force of pinching
motions between the finger and thumb is about 200 mN [15].
The previous study shows that the range of generated passive
resistance force by the designed master haptic interface is from
28 mN to 1206 mN and the difference produced by different
insertion speeds is from 5mN to 41mN. Here, we select two
levels of the strength of magnetic field (120 mT and 240 mT)
to generate two kinds of haptic force (about 600 mN and 1200
mN), and the difference of two-level is more than 200 mN,
which can noticed by operators [13].
III. VR PLATFORM

Figure 3. The shear stress diagram and velocity profile of the MR
fluids [13].

Figure 4. The flowchart of safety detection module.

For the VR simulator, the virtual cerebral-vessel structure
has been developed based on the MRI images of human header,
and the individual image was processed by the OpenGL. The
volume data of virtual blood vessel was imported to Bullet 2.8.
The virtual catheter is a chain structure of small cylinders that
the diameter and length are 1 mm and 3 mm, respectively. To
maximize the simulation of real catheters, the angle between
the catheter body and catheter tip is 30 degrees. The position
1966

IV. EXPERIMENTAL SETUP
The experiment is set up for validating the performance of
the proposed VR training system with haptic force feedback, as
shown in Figure 5. One branch of the cerebral vessel is
selected for catheterization procedure, and the length along the
centre line is 200mm, and the diameter of the virtual vessel is

between 5mm and 9.5mm. When the dm is beyond 0.5 mm, it
means that the virtual catheter tip is in the safety area. The five
participants took part in this experiment. The operators had no
experience of endovascular catheterization surgery or
experience of using the remote catheter navigation system.
Inexperienced subjects were selected because of their higher
kinematics in catheter navigation than experienced surgeons
[16]. Before the experiment, the participants were informed
about the procedure and provided with 15 min of training on
this system. Experimental conditions have been divided into
two groups:
1) No haptic guidance (NHG): the operators using the visual
feedback information to manipulate the catheter.
2) Haptic guidance (HG): Both the haptic guidance and
visual feedback are provided to operators.

operators are potentially improved. Figure 7 shows the mean
values of the percentage of time that catheter tip stay in the
safety area during the whole operation procedure for each
participant under haptic guidance or not. Considering from the
individual, the mean percentages under haptic guidance are
higher than not. In other word, the subjects spend less time in
the dangerous area under the haptic guidance. Figure 8 shows
the mean values of collisions during the two conditions by the
operators. There was a significant difference in the mean
values of collisions by haptic guidance or not. The fewer
collisions happened when the haptic guidance was applied.
The reduction in times of dangerous area and collision could
potentially translate into less time in catheter tip-vessel
interaction and therefore less risk of penetrating the vessel.

Figure 6. Mean values of task-completion times for operators under
haptic guidance or not.

Figure 5. The VR training system.

Each operator is asked to perform the task ten times in each
condition. Each trail is considered an independent test. The
operator motions have filtered the frequencies beyond the
range of 5-20 Hz to remove hand tremor. For the master haptic
interface, the motion data is measured at 1000 Hz. For the VR
simulator, the catheter tip position is recorded at 1 kHz. The
recorded data serves to evaluate the task performance. The task
performance is evaluated as:
1) Task completion time, representing the time is needed to
complete the task.
2) Percentage of the catheter tip in the safety area,
representing the percentage of time that catheter tip spent in
the safety area during the whole procedure.
3) The number of collisions, representing the collision
times of the catheter tip- vessel.

Figure 7. Mean values of time percentage of catheter tip in safety area
for whole procedure

V. EXPERIMENTAL RESULTS
The mean values of task completion times for each subject
under two different conditions are shown in Figure 6. The
significant difference in the mean completion times of two
different conditions is obtained, which indicates that the task
completion time is affected by haptic guidance or not. The
mean value is decreased 8.8% when they have applied the
haptic guidance. This means that the catheterization skills of
1967

Figure 8. Mean values of collision times.

VI. CONCLUSION

[15] X. Pang, H. Tan, and N. Durlach, “Manual Discrimination of Force

In this paper, we present a haptic force feedback based VR
training system that enabled novel surgeons to use their
traditional bedside endovascular skills to remotely navigate the
catheter. The interesting feature of the master haptic interface
was that the input catheter was utilized to provide the motion
commands to the catheter manipulator and transfer the haptic
feedback to operators, simultaneously. The experimental
results demonstrated that the investigated training system was
able to enhance surgery safety, and also shorten the operation
time. The catheter-based haptic force feedback was a benefit
for providing natural haptic sensation during the robotic
endovascular surgery. For future study, the long-time training
results should be carried out for the system evaluation. In
addition, the haptic feedback can be only generated in axial
motions of the input catheter manipulation. In the future work,
the generation of torque information by the improved haptic
interface should be taken into consideration.
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