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Abstract Vascular interventional surgery has been become
a specialized surgical technique because it can minimize
the trauma and shorten the recovery time, but it needs more
accurate operation and image to guide the surgery. In the
meantime, it needs that the doctor has a great deal of expe-
rience. Moreover, it needs to train the novice because of the
lack of experienced neurosurgeons. In order to solve afore-
mentioned problems, the training system for vascular inter-
ventional surgery was proposed. A novel VR-based robot-
assisted catheterization training system is designed to solve
these problems. This system is composed of the virtual
environment and the haptic device. The virtual environment
included a catheter model and a vascular model to real-
ize the synchronous movement with the haptic device. In
order to imitate soft tissue deformation, mass-spring model
has been proposed in physical modeling. In this paper we
established a dynamics equation of the moving catheter. We
analyzed the elasticity distribution of the wall of vascular
according to the previous research. The haptic interaction
device based on magneto-rheological fluid as the master
manipulator was applied to control the movement of the
catheter model in the virtual environment and realize hap-
tic feedback. At the same time, a force feedback calculation
model for the novel master manipulator has been proposed.
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Ten times experiments both in axial movement direction
and in radial movement respectively, are carried out, there
was within 0.74 mm error in axial movement direction and
3.5° error in radial movement direction. When the moving
speed of the catheter is 5 mm/s, the force error between the
virtual environment and the feedback force of the damper is
within 0.3 mN. The error is in the range which is permitted
during VIS. The proposed method improved accurate oper-
ability and traceability in this novel VR robotic catheter
training system. It offers users better visualization and con-
trol. The experimental results indicate that the performance
of the synchronous movement and the force feedback can
meet our design requirement. The developed training sys-
tem can be used to train novice for VIS.

1 Introduction

Vascular diseases is one of the main diseases that threat-
ening human health. The VIS because of many advantages
such as less blood loss, smaller trauma and shorter recovery
time are getting more attentions in recent years. However,
it requires high operation skills, error or repeat process will
lead to damage of blood vessels.

The traditional training method has its own limits. With
the continuous development of science and technology, vir-
tual reality (VR) technology has been used in health care
(Gallagher et al. 2005), and the virtual reality simulators
in medicine are becoming more widely (Cecil et al. 2014).
And many systems have proved to be significant practical
value in training and in evaluating user responses in situa-
tion specific problem solving (Anderson et al. 2002). The
purpose of the training system is to improve the doctors’
surgery accuracy for real patient (Sebastyan et al. 2016;
Freschi et al. 2014). And characteristic of VR is used to
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imitate the way to the user to create a virtual environment,
through the behavior such as vision, hearing and touch, let
users have a feeling of immersion. In the meantime, many
simulators can protect the surgeons from X-ray radiation
(Wissel et al. 2015).

A typical research is a robotic catheter placement system
called Sensei Robotic Catheter System offered by Hansen
Medical (Seymour et al. 2002), the system mainly improve
the accuracy and prevent the doctor from radiation, but
multiple degrees of freedom and force detection is not
ideal. Gong et al. proposed an approach based on Chai3D
to set up a virtual reality training system (Gong et al. 2014).
The approach can achieve the flexible body modeling of
catheter and the collision force feedback algorithm. And
the results of collision force feedback algorithm match well
with the data collected by sensors. Gao et al. presented a
mechanical analysis and haptic simulation of the catheter
and vessel model for the MIS VR operation training system
(Gao et al. 2013). And the experimental results show that
the system can be used for surgery training. Hasegawa et al.
have developed a catheter simulator using a 3D heart model
to improve doctors’ skills (Hasegawa et al. 2006). The
simulator enables doctors to measure the electricity of the
heart, especially some particular parts, such as high right
atrium (HRA), bundle of His (HIS), and right ventricular
apex (RVA). In addition, doctors confirm how electricity
is transmitted within the heart by comparing normal hearts
and abnormal hearts using the electrocardiogram. Zhang
et al. have proposed an active contour method (snake) to
track changes in vessel geometry (Zhang et al. 2014). And
the experiment indicates that the proposed approach is fea-
sible for liver vessel centerline extraction from 3D ultra-
sound images. Mi et al. have presented a 3D virtual real-
ity simulator for core skills training in minimally invasive
surgery (Hou et al. 2014). The system can generate real-
istic 3D vascular models segmented from patient datasets,
including a beating heart, and provide a real-time com-
putation of force and force feedback module for surgical
simulation. These above mentioned researches also have
some disadvantages: some systems don’t have the function
of force feedback, some systems only realize the virtual
reality environment while not connecting with the master
side, and some systems cannot make the surgeon inherit the
skills acquired in the traditional surgery.

In this paper, we proposed a VR-based robotic catheteri-
zation training system for vascular interventional surgery.
This training system integrates the VR system and the
master—slave robotic catheter system (Guo et al. 2012).
When master side process some kinds of operation (radial
movement and axial rotation), we can see the image and
data on the integrated screen. So it can realize the cath-
eter remotely control to train the novice. MRF is used in
the master side to provide haptic feedback. We have done
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some experiments to evaluate the system and to verify the
stability and veracity of the synchronous movement and
the force feedback. In the meantime, the results indicate
that the veracity and the stability of the system can meet
our design requirement. And the combination of the hap-
tic device and virtual environment, gives a lot of conveni-
ent for novice in the actual use of minimally invasive sur-
gery, and this system applied VR technique to increase the
immersive simulation, give novice a better training effect.

2 Method
2.1 Overview of the whole system

In order to realize operation training, the VR-based robotic
catheter training system is proposed. The Fig. 1 shows the
concept diagram for VR-based robotic catheter training
system. The master—slave robotic catheter system can real-
ize remote catheter control (Guo et al. 2012). The haptic
device using MRF is applied as the master side. The sur-
geon operates the real catheter to move along axial direc-
tion and rotate along radial direction. At the same time,
the control commands will be transmitted to the PC of the
slave side. Then the controller of the slave side controls the
slave manipulator to clamp the catheter to insert and rotate
the catheter, as if the surgeon operated the real catheter just
beside the patient to finish the surgical process. The master
manipulator is used to collect the movement information of
the catheter and to realize the force feedback to the opera-
tor. The movement information will be transmitted to the
VR environment to realize the synchronized movement of
the catheter between the real environment and the virtual
environment.

To ensure the safety of the remote control, a force sens-
ing system is applied. When the catheter contacts the blood
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Fig. 1 The concept diagram for VR- based robotic catheter training
system. The master—slave robotic catheter system can realize remote
catheter control
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vessel wall, it can transmit the force feedback information
to the master side (Shimojo et al. 2004). The operator can
feel the feedback force actually through the master side
(Wang et al. 2008). Besides, the monitoring interface is
gained by the IP camera will be transmitted to the operator.

A novel virtual reality surgery training system is pro-
posed based on the master—slave robotic catheter system
(Gao et al. 2013). We build a virtual surgery environment
with the three-dimensional reconstruction method, and fin-
ish the visual effect rendering using three-dimensional soft-
ware to simulate real surgery scene. The catheter in the vir-
tual environment can realize insertion along axial direction
and rotation along radial direction under the control of the
master manipulator. The movement of the catheter in the
virtual environment is in accordance with the movement of
the real catheter on the master side. When catheter contacts
the blood vessel wall in the virtual environment, the model
can produce deformation based on mass-spring model, and
the intern will feel the feedback force through the master
manipulator applying MRF (Ahmadkhanlou et al. 2005;
Yan et al. 2007). The feedback force is consistent with the
force calculated in the virtual environment. The real sur-
gery procedure is simulated in this way. During the process
of training, the intern operates the catheter on the master
side to control the movement of the catheter in the virtual
environment. If the catheter contacts the vessel, a feed-
back force will be transmitted to the intern through the
haptic device, the master manipulator, and then the intern
can adjust the operation according to the visual and force
feedback.

When the catheter collides the vascular wall the model
could produce deformation and a feedback force. The hap-
tic device is the main hardware platform. Utilizing it the
interaction between the virtual environment and the opera-
tor can be realized.

2.2 Structure and principle of the VR System

In order to achieve the goal of training interns, the VR
Robotic Catheter System must imitate the actual medical
procedure. The software design is aimed at building the
virtual environment, which includes the catheter model and
the vascular model. When the catheter collides the vascular
wall the model could produce deformation and a feedback
force. The haptic device is the main hardware platform.
Utilizing it the interaction between the virtual environment
and the operator can be realized. The operator can control
the movement of the catheter in virtual environment and
the feedback force can be transmitted to the operator.

The hardware platform and the software design should
be combined perfectly, only in this way the VR system can
be integrated successfully (Thakui et al. 2009). The Fig. 2
shows the functional block diagram.

Figure
t— Interface [+ =
update
" L | Foce E .
Intern T feedback [~ Calculate || | Vascular
. eedbac the contact model
Haptic force
| device
| || Collision
detection

Fig. 2 The Functional block diagram of the developed system

(a) (b)
The catheter model

The vascular model

The master manipulator

Fig. 3 a The vascular and the catheter model. b The master manipu-
lator. The developed master manipulator based on MRF damper

2.3 Hardware platform

In recent research, many research institutions use PHAN-
TOM as the haptic device (Silva et al. 2009). However,
the handle of this device is a thick cylinder, the progress
of operating the handle is different from inserting the
catheter. This will reduce the effect of the operation train-
ing. In order to improve this situation, our research team
have designed a novel master operator based on magne-
torheological fluid. This novel operator can take the place
of PHANTOM in the virtual reality system. The platform
using the novel manipulator based on MRF damper is
shown in Fig. 3.

The master manipulator is the operating platform of the
doctor who operates the catheter interventional surgery.
On the master side, the motion of the catheter operated by
surgeon has two degrees of freedom, one is axial motion,
and the other is radial motion. In order to acquire the axial
motion of the catheter, a linear displacement sensor has
been adopted. The radial motion of the catheter is acquired
by the optical encoder which installed on the torque motor.
In order to realize the force feedback, a damper is used
based on the intelligent fluid-MR fluid. MR fluid is in the
free flowing liquid state when magnetic field is absence.
But it can change reversibly from free-flowing, linear vis-
cous liquids, to semi-solids with the yield strength swiftly
and continuously controllable (milliseconds scale dynam-
ics) when exposed to a magnetic field (Song et al. 2009).
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The viscosity of the MR fluid can be controlled by apply-
ing an external magnetic field.

Compared with the PHANTOM device, the novel mas-
ter haptic device based on MRF can simulate surgeon’s
operating skill to insert and rotate catheter more realistic
(Gao et al. 2014), the best advantage of this system is that
the surgeon can operate a real catheter. The novel system
accords with the requirements of ergonomic and can make
full use of natural catheter manipulation skills obtained in
conventional catheter navigation.

2.4 Software design
2.4.1 Establishment of the virtual environment

The virtual environment of the virtual vascular interven-
tional surgery system includes vascular model and cath-
eter model. In order to make the vascular model reach
high consistency with the real vascular, three-dimensional
reconstruction method has been applied to set up geomet-
ric model (Suh et al. 2014). 3DS MAX 2012 software on
windows platform have completed rendering of the virtual
environment. The model built using three-dimensional
reconstruction method has high complexity, which will
increase the computational complexity. In the experimental
stage, in order to simplify the computation, we have estab-
lished a simply environment including vascular model and
catheter model. The vascular model is part of the vascular,
which has some branches. The catheter model is in cylin-
drical shape. These models are all built in mm.

2.4.2 Software flow design

The programming language of Visual C++ 6.0 has been
chosen to complete the whole procedure, in order to realize
control and perception of the virtual object by applying the
haptic device.

3 Experiments and results

The movement control of the virtual catheter plays an
important role in the representation of real operation pro-
cedure. The physical model was established in our pre-
vious research (Guo et al. 2014). We will analyze the
movement of the catheter in this part. In real operation pro-
cedure, the movement of the catheter has 2° of freedom,
they are moving along the axis direction and rotating along
the radial direction (Yin et al. 2016). So, from the haptic
device we obtain axial displacement by the linear sensor
and the rotation angle by the optical encoder. According
to the proper proportion relationship, the two movement
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Fig. 4 The VR-based robotic catheter training system
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Fig. 5 Catheter insertion along axial direction

information can be transmitted to the virtual catheter, and
the movement control of the virtual catheter can be real-
ized. Figure 4 shows the physical map of the experiment.
The operator inserts the catheter while the virtual catheter
in the VR environment can realize the synchronous move-
ment. The experimental data can be acquired through the
Sensors.

As the Fig. 5 shows, one degree of freedom is that the
catheter model moves forward and backward along axial
direction. This figure is the front viewpoint of the vascular
model in 3DS Maxs. On the master side, a linear displace-
ment sensor is installed on the installation board. During
the catheter operation, the motion of the catheter along axis
direction can be obtained. The axial displacement infor-
mation of the real catheter on the master side is set as the
control signal, and we set it as quantity information in mm.
Positive number represents the catheter moving forward,
and negative number represents the catheter moving back-
ward. In order to improve the operability of the VR system,
the relationship between the movement amount of the cath-
eter model and the control variable is built as follows.

S =k -x 6]



Microsyst Technol
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Fig. 6 Catheter rotation along radial direction

where, S means the displacement of the catheter model in
virtual environment, k; is the proportional coefficient, x
means the displacement of the catheter on the master side.
The other degree of freedom is that the catheter rotates
along radial direction. As Fig. 6 shows, an optical encoder
is installed on the torque motor. This figure is the left view
of the vascular model in the 3DS Maxs. Using it the radial
motion of the catheter on the master side can be obtained.
We set the radial information as the control variable. Posi-
tive number represents the catheter rotates clockwise and
negative number represents the catheter rotates anticlock-
wise. The relationship between the rotation angle of the
catheter model and the control variable is as follows.

w=ky wo @

where, ® means the rotation angle of the catheter in virtual
environment, k, is a proportional coefficient, w, and means
the rotation angle of the catheter on the master side.

Utilizing the experimental platform of the virtual real-
ity system, we carry out a series of experiments. As Fig. 5
shows, the operator is doing virtual vascular interventional
surgery. The haptic device based on MRF is used as the
human—computer interaction interface device. When the
operator operates the catheter to move along axial direc-
tion, the catheter model in virtual environment will realize
the synchronous movement with the real catheter. Like-
wise, when the operator rotates the catheter, then the cath-
eter model will rotate in radial direction correspondingly.
At the same time, a feedback force can be transmitted to
the operator through the haptic device.

The insertion and rotation of the real catheter in the
experiment is shown in the Fig. 7. The experimental results
of axial movement are shown in Fig. 8. In Fig. 8a, Y-axis
represents the displacement, and X-axis represents time.
We take the range of linear displacement sensor as a meas-
urement cycle, and insert the catheter along X-axis direc-
tion slowly in a constant speed. The total displacement of
the catheter is 150 mm. The green curve shows the dis-
placement of the catheter on the master side (haptic device).

Damper

T I . The axial displacement of the
A catheter in the VR environment
+ #oboiol O The axial displacement of the
o N\ real catheter on the master side
/ \
20} H i . — SN ; ; ; -
/// N
: Ko
2 : i
< 50 # LRI | 4
=
< A *
Z 60 H * =
=z » .
& &
3 5 AN
- # .
- N
0 # %
¥ "
ol —1 i i i i i i i i i i — i 4
O 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Time (s)

~+— Error of the axial displacement between the VR catheter and the real catheter

Error of the displacement (mm)

o 2s s 75 10 125 15 175 20 225 25 275 30
Time (s)

Fig. 8 Experimental results of the axial insertion. a The axial move-
ment curve of the real catheter and the catheter model. b Error analysis

And the displacement of the catheter in the virtual environ-
ment is obtained in software program. The red curve shows
the axial movement of the catheter in real environment.
And it is obtained by the displacement sensor. The rising
curve represents the forward motion, and the falling curve
represents the backward motion. From Fig. 8a we can see
that the movement between the virtual environment and the
reality has good consistency. In Fig. 8b is the error curve of
the displacement between the real catheter and the virtual
catheter. The maximal error is less than 0.27 mm. Because
of trembling of the hand during operation, the accidental
error exits, the precision of the operation can be improved
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after enough training. This will not affect the stability of
the system. The data curve has proved the operability of
axial movement.

Figure 9 has shown the results of radial movement. In
Fig. 9a, Y-axis represents the angle of the catheter, and
X-axis represents time. We take 0°-360° as a measurement
cycle, and rotate the catheter on the master slowly in a con-
stant speed. The rotation data of the catheter in the real
environment and the virtual environment will be acquired
to draw the curve. The green curve shows the angle of the
real catheter, which is obtained by the optical encoder. The
red one shows the rotation angle of the catheter in virtual
environment, which is obtained by the software program.
The rising curve represents the catheter rotating clock-
wise, and the falling curve represents the catheter rotating
anticlockwise. The two data curves have high consistency.
Figure 9b is the angle error between the real catheter and
the catheter model. The absolute error is less than 3.5°.
During experiment, accidental error exits. After a lot of
training, this situation can be reduced. This case does not
affect the stability of the entire system. The data curves
have proved the operability of rotation.

Based on the above experimental results, we can get the
conclusion that the catheter in virtual environment is able
to move along axial direction and rotate along radial direc-
tion under the control of haptic device. The catheter model
in the virtual environment can realize the synchronous
movement with the real catheter. This system conforms
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Fig. 9 Experimental results of the radial rotation. a The rotation
tracking curves between real catheter and catheter model. b Error
analysis in VR environment
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to the requirement of freedom. Moreover, it realizes more
accurate movement control. The traceability of the virtual
reality system conforms to the surgical requirement.

In human—computer interaction, position control is the
fundamental function. The transfer of feedback force is the
key step for the virtual reality system. The force in the vir-
tual environment is transmitted to the operator through the
master manipulator. On the master side, the piston-cylinder
structure has been applied according to the characteristics
of mangnetorheological fluid. As Fig. 10 shows, the viscos-
ity of the MR fluid can be controlled by applying an exter-
nal magnetic field. When different current flow in the coil,
different magnetic will produce (de Abreu et al. 2013). It
means that the magnetic will enhance when increasing the
current of the coil. Then different shearing resistance will
be applied to the piston body when it moves.

The Fig. 11 shows the MR fluids which is a kind of
smart material, there are non-homogenous suspension
of micro-sized ferromagnetic particles in a carried fluid,
which undergo in rheological behavior change when an
external magnetic field is applied. This mutual interaction
among the magnetizable of particles from into columns
(chains) aligned to the direction of the applied external
magnetic field that (Yin et al. 2016).

Coil Foam saturated with MR fluid

ANV
) R

bl

\

Piston body

Piston rod
Outer casing

Fig. 10 The conceptual diagram of MR fluid damper assembly

MR Fluid Application of magnetic field
(Magnetizable particles) on state’
‘off state’

Fig. 11 Chain structures of magnetorheological particles a magne-
torheological fluids in ‘off state,” b, ¢ magnetorheological fluid in “‘on
state” and the magnitude of magnetic field (b) is smaller than (c)
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According to the previous research in our lab, we have
achieved the relationship equation between the resistance
and the input voltage value. The resistance of the damper
increased as the input voltage increased. The resistance
and the input voltage have a good linear relationship. The
researchers in our lab carried out a series of experiments.
According to the data of correlation between the input volt-
age and the resistance of the damper, they have established
a fitting curve equation (Guo et al. 2014). The relationship
between the resistance and the input voltage is as follows:

F = AU? + BU + C, 3)

where F represents the damping force produced by the
damper, A, B and C all represent constant value, U repre-
sents the value of input voltage.

In the virtual reality system, the feedback force is cal-
culated according to the Eq. (4). According to the previ-
ous research, when the temperature is 37 °C, the viscosity
coefficient of blood is py,.q = (2.0-4.0) x 1073 (N S/m?).
Based on the research of our team which has been stated in
reference we set the Young modulus E = 1.17 x 107 (N/
m?) (Wang and Guo 2014), the thickness of the vessel wall
is 0.1 mm, deformation is in degree of 0.01 mm, area S is
(0.01 x 10732 (m?).

F = FCO]]iSiOn + Pblood * U * ) (4)

We set the calculation model into the software, assum-
ing that the catheter have collided the vascular wall and
the vascular wall is not broken, the collision force is a con-
stant value. The moving speed of the catheter v =5 mm/s.
Then the relationship between force F and displacement of
catheter is linear correlation. The resistance of blood is in
degree of wN, but the force can be realized by the master
manipulator is in degree of mN. Then we amplify the vir-
tual force in virtual environment to feedback. In the exper-
iment, we will get the resistance by the Load Cell. We can
get the feedback force. Figure 12a shows the experimental
results. The red curve is the force in the virtual environ-
ment. The blue curve is the resistance of the damper on the
master side, it is the damping force to the operator, when
the operator insert the catheter. We have analyzed the force
error between the virtual environment and the feedback
force of the damper. The Fig. 12b shows the error curve
between the real catheter and the virtual catheter. The
maximal error is less than 0.37 N. From the data we can
see that there exists instability in this VR system, when
feedback force being realized. That is because the force
in virtual environment is too small to be realized by the
master manipulator based on MRF. In the meantime, we
have done the ten times experiments to verify the stabil-
ity of the force feedback of the system. Figure 13 shows
the results of the experiments. The Fig. 13a shows the data
cure of force feedback experiment for ten times. And the

The calculated force in the VR(virtual reality) eavironment
—+— The resistance of the real catheter on the master side i

Feedback force (N)

i 1 i i i i i i i i i i i
[ 15 30 45 60 7% 2 105 120 135 150 165 180 195 210 225

Displacement (mm)

~

Error force between virtual environment and reality (N) ‘=

)

105 120 135 150 165 180 195 210 225
Displacement (mm)

o 15 3 45 60 s 90

Fig. 12 The experimental result of feedback force. a The force
curves between catheter resistance and calculated force in VR. b
Force error analysis

Fig. 13b shows the error curve while the Fig. 13c shows
the average and the variance of the error for ten groups.
From the Fig. 13b, we can see that the maximal error of
the ten groups is less than 0.3 N. As the Fig. 13c shows,
the maximum average error is less than 0.2 N. The vari-
ance of the error is very small, which indicates that the
change of the error is very small. Therefore, the stability of
the system can meet our design requirement according to
the experimental results.

From the force data curve, we can see that the feedback
force on the master side is in accordance with the force in
the virtual environment in the overall trend. The virtual
reality system which applies the MR fluid in the master
side can realize force feedback accurately. During the train-
ing process, when the catheter collides the vascular wall,
the operator can feel the force feedback, the operator can
adjust his operation according to this information. Then the
training process can be simulated. In this VR system, we
will set a threshold value, when the collision force exceeds
it, the insertion motion will be stopped automatically,
which can ensure the safety of operation. On the whole, the
experiment results indicate that the force feedback of the
system is stable after multiple use of the system.
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Fig. 13 The force feedback experiments for ten times. a Force feed-
back experiments for ten times. b The error curve of the force feed-
back experiments. ¢ The variance and the average of the force error

In order to verify the stability of the axial synchronous
movement, we have done 10 experiments by ten differ-
ent people. The Fig. 14 shows the results of the axial syn-
chronous movement. The Fig. 14a shows the axial error of
10 experiments and it shows the ten error curves, and the
maximal absolute error is less than 0.27 mm, and the aver-
age error changes smoothly. And the Fig. 14b shows axial
average error of the ten experiments, we can see that the
maximal average error is less than 0.25 mm. Figure 14c
shows the variance and the average of the displacement
error. From the Fig. 14c, we can see that the average error
of every group changes between the 0.15 mm and the
0.25 mm. The variance of the displacement error is very
small, which indicates that the change of the error is very
small. The variance is smaller, the changing range of the
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Fig. 14 Experimental results of axial movement. a The axial error of
10 experiments. b The axial average error of 10 experiments. ¢ The
variance and the average of the displacement error

error is smaller, which indicates that the error is stable in a
very small range. Therefore, the stability of the axial move-
ment can meet our design requirement.

Similarly, The Fig. 15 shows the results of the radial
synchronous movement. The Fig. 15a shows the rotation
error of 10 experiments, there are ten error curves of ten
experiments. From the Fig. 15a, we can see that the maxi-
mal absolute error of the ten experiments is less than 3.5°.
And the Fig. 15b shows radial average error of the ten
experiments. Figure 15¢ shows the variance and the aver-
age of the rotation error. As is shown in the Fig. 15b, we
can see that the maximum average error is less than 1.9°.
Compared with the axial error curve, the rotation error
curve’s change scope is large. From the Fig. 15¢, we can
see that the average error of every group changes between
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Fig. 15 Experimental results of rotation experiment. a The radial
error of 10 experiments. b The radial average error of 10 experiments.
¢ The variance and the average of the rotation error

the 1.0° and the 1.6°. The variance of the rotation error
is very small, but compared with the axial error, the vari-
ance of the rotation is larger. On the whole, the stability of
the radial movement can meet our design requirement. As
a whole, the performance of the axial movement is better
than the rotation movement.

4 Conclusions

This paper proposed a VR-based robotic catheterization
training system to train interns to improve operation skills
and raise operation experience, which can enhance the
safety of operation. We used the mass-spring method and
topological structure based on regular tetrahedron to real-
ize collision detection and physical modeling. We have

established the dynamics equation of the moving particles
in the physical model. We analyzed the elasticity distribu-
tion of the vascular wall, and the spring coefficient is iden-
tified by analytical results. We established a relationship
equation between collision force and soft issue deforma-
tion to realize the force feedback and visual feedback. We
developed the novel master manipulator (haptic device),
which is based on MRF to realize force feedback during
training. We have established a feedback force calculation
model for the training system, it can realize the contact
force transmission to the operator through damper design.
We have analyzed kinematics of the catheter in two degrees
of freedom, and analyzed the insertion and rotation tracea-
bility for catheter between the catheter model in the virtual
environment and the real catheter operated by neurosur-
geon. The experimental results indicated that the developed
VR-based robotic catheter training system can realize accu-
rate operability. Then we have verified the force feedback
function of the system. The experimental results indicated
the stability of the system can meet our design requirement.
We can use the VR system to train the novice. In the future,
the developed novel VR-based robotic catheter training
system will be used to train interns.
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