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matched with the operative needs of patients, resulting the
rescue rate of vascular diseases is low and the mortality rate is
high. There are three main problems in the existing vascular
interventional procedures: Firstly, doctors operate under longterm radiation conditions and seriously endanger the doctor's
health [3]; secondly, doctors usually use minimally invasive
surgery between hours and dozens of hours, long time
operation and heavy lead suits, both make surgeons fatigue[4]
and affect the operation accuracy of the operation; thirdly, if a
doctor mishandles, the patient being treated may have vascular
perforation and massive hemorrhage, and after surgery, it will
cause a variety of complications [5], resulting in irreparable
consequences. Virtual reality technology can provide operators
with the help of visual intuition and tactile, which provides a
great application prospect for the vigorous development and
further improvement of vascular interventional surgery. With
the support of modern science and technology, the vascular
interventional surgeon training system based on virtual reality
can solve this problem very well. It can enable doctors to carry
out surgery training in an environment without radiation and
ensure the health of doctors to the maximum extent. At the
same time, the application of virtual reality doctor training
system can save costs, improve training results, and avoid
some ethical issues [6].
With the development of medical technology, various
interventional surgical training systems have been developed.
In the late 1980s, Delp and Rosen two people worked together
to develop a simulation system that allows doctors to simulate
joint transplantation. The simulation system provided a
theoretical basis for later virtual surgery simulation research
[7]. In 2010, the French National Institute of Information and
Automation developed a virtual system for simulating liver
cutting operations and completed the combination of force
feedback technology and a virtual reality doctor training
system [8]. In 2011, the SMC Corporation of the United States
developed the Simantha surgery simulation system, which can
well perform large team joint training [9]. In 2010, Professor
Fu of Harbin Industry and his team after a lot of research and
long-term research designed a cerebrovascular interventional
surgery simulation system [10].
Traditional training methods include practicing
mechanical models and training with living animals and dead
bodies. Compared with the traditional, virtual reality training
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module and the viscous drag module were added to the previous
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I. INTRODUCTION
With the continuous development of the social economy
and the continuous improvement of people's aquatic products,
vascular diseases are frequent in the middle-aged and elderly
population in China. At present, the most direct and effective
method for vascular diseases is minimally invasive vascular
interventional surgery. Minimally invasive vascular
intervention is a procedure in which the doctor inserts the
catheter into the patient's blood vessel through the forward and
backward movement of the catheter and rotation, and
movement in the blood vessels until the patient's focus, to
achieve the treatment of related diseases [1]. Compared with
traditional surgery, minimally invasive vascular intervention
surgery can significantly reduce patient's pain because of its
advantages such as less injury, less pain, and faster
postoperative recovery [2]. Therefore, it has been widely used.
Because there are still some difficulties, at present, the
technical level of vascular interventional operation is not
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system provides some advantages: no radiation, more specific
durability and lower cost. The simulation provides an
environment where hands-on training can be safety [11].
Hence, developing virtual reality training system for vascular
intervention surgery is crucial to us.
The paper is divided into five parts. The first part
introduces the current status of the current vascular
interventional surgery; the second part will show our team's
vascular interventional surgery training system and previous
work; the third part will carry out the algorithm and
implementation of blood flow resistance and viscosity; the
fourth part will experiment and analyze the doctor training
system based on blood flow resistance and viscosity force; the
fifth part will summarize this article.

Fig. 2 The master manipulator

II. THE OVERVIEW OF THE TRAINING SYSTEM

When have an operation, locomotive catheter will drive
the solid shaft photoelectric encoder to do follow movement,
and then the orthogonal decoding unit can display the digital
of the specific distance of the locomotive catheter. However,
as long as the doctor rotates the second part of the catheter, the
hollow shaft encoder will display rotation Angle. This system
uses the electromagnetic induction as a force feedback device,
and can avoid the error of inertia to at the same time.
Compared to a device that implements force feedback through
magnetorheological fluid, the effect of MR fluid on friction
can be avoided.
In the previous work of the team, the path planning in
virtual reality and the collision force simulation of the front of
the catheter have been completed. When the doctor operates
the catheter on the main end, the catheter in the virtual
environment moves according to the catheter movement
information transmitted by the received main end controller.
When the catheter in the virtual environment collides with the
vessel wall, the computer will send the force feedback data of
the corresponding collision force to the master controller. The
coil on the master controller will generate the corresponding
force based on the force feedback data. But vascular
intervention is a very high precision operation, and the
environment in the blood vessels is so complex.
In order to improve the authenticity of the training
system, I added the blood flow resistance in the blood vessels
and the viscous resistance of the catheter in the blood flow on
the basis of the team, and the cohesive force is fed back in real
time via the coil on the master controller.

The vascular interventional surgery doctor training
system is divided into two parts: the doctor-operated master
manipulator and the computer-side virtual reality simulator.
This set of doctor's vascular interventional surgery training
system is compatible with the laboratory's vascular
interventional robot assistance system [12], so the same master
manipulator is used. The vascular interventional surgeon
training system is shown in Fig.1.
Vascular interventional surgery training system based on
VR simulates surgery scenes by computer technology,
according to the operation of the manipulator in master side,
surgical instruments do the corresponding operation in virtual
environment. After setting the motion path of catheter, when
we operate catheter in master side of training system, the
catheter in virtual environment will do following motion in
real-time, which can achieve the purpose of training [13].
The master side operator in this topic mainly include a
highly adjustable floor, the solid shaft incremental
photoelectric encoder, photoelectric encoder hollow shaft,
permanent magnets, support, guide rail, bearing, coil and
photoelectric encoder mounting plate. We can adjust the
height of the master side operator by adjusting the bottom. The
catheter has two parts, the first half is fixed with roll, and the
other half is fixed with the inside of the hollow shaft encoder
shaft, which is connected with bearing. The master
manipulator is shown in Fig 2, and the size of it is
550100120mm, the length of the slide is 100mm.

III. THE BLOOD FLOW ENVIRONMENT MODELING
Blood flow resistance is an important part of the vascular
environment, it is the resistance that blood encounters when it
flows through blood vessels, and the form of manifestation is
the loss of frictional heat energy in blood vessels and blood
vessel walls. It is generally calculated by calculation. This part
of the heat energy can no longer be converted into the
potential energy and kinetic energy of the blood, so the
pressure gradually decreases as the blood flows inside the
blood vessel.
Fig. 1 The vascular interventional surgeon training system
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Fig. 4 A cylindrical pipe-like vessel

intravascular object radius, p1-p2 is the blood pressure
difference, and η is the blood viscosity.
The formula (4) is the formula of blood flow resistance.

R =
The actual fluid is viscous, and the viscous resistance of
the blood flow to the catheter is the frictional force generated
by the catheter to hinder the relative movement of the fluid.
When the solid moves in a viscous fluid, it will be subjected to
viscous drag. If the moving speed of the object is small, the
viscous resistance it receives can be calculated using Stokes'
law.
Cai et al. [14] proposed that the intravascular blood flow
distribution is calculated by separating the vessel model into
discrete cylindrical vessels and modeling the flow in each
vessel with Poiseuille Law. In this paper, we divided blood
vessels into 30 small segments of blood vessels, each segment
of blood vessel is about 1.5mm, and the radius of each small
vessel is obtained by three-dimensional reconstruction of CTA
diagram of vessel segment. The principle of blood vessel
segment is shown in Fig.3, and the “S1” is the number of the
blood vessel segment.
A. Blood flow resistance algorithm
In 1842, the French doctor Posueuye formally published
his own research on the blood flow in blood vessels. His
research shows that when the incompressible viscous fluid
flows along a horizontal tube, the flow rate is directly
proportional to the pressure difference between the two ends
of the pipe, and is proportional to the four power of the radius
of the circular tube, which is inversely proportional to the
length of the tube.
Formula (1)-(3) are derived from the formula of
Poiseuille’s law of flow.

R =

π

（6）
Where k is the proportionality coefficient, η is the blood
viscosity, v is the flow velocity of the blood flow relative to
the speed of catheter, and l is the length of the catheter. When
the blood vessel is divided into small enough segments whose
length is smaller than the diameter of the vessel, we can
approximately approximate the catheter in the segmented
vessel as a sphere. The Stokes ratio of the sphere is known to
be 6π. Then the Stokes formula can be transformed into
formula (7).
F = 6πηvr
（7）

)

0

(

)

p1 − p 2 2
R − r 2 rdr
2ηl

πR (p1 − p 2 )
8ηl

v = v1 − v 2

（8）
In the formula (8), v1 is the blood flow velocity, and v2 is
the velocity of the catheter.
From the blood flow velocity map of Fig.5, Equation (9)
can be obtained.

（2）

4

Q =

（5）

F = kηvl

（1）
R

8ηl
4πr 4

As Fig.4 shows, the flow model in a small cylindrical
vessel with flow rate Q, pressure drop ∆p, blood viscosity R,
vessel radius r and vessel length L, could be described with an
equation called Poiseuille Law calculated from the NavierStokes equation as (5) [15].
B. Viscous resistance
An object moves relative to a fluid in a fluid, the surface
of an object is attached to the surface, and there is a velocity
gradient and a viscous force, which is shown as the resistance
of the object. When an object moves at a constant speed in a
viscous fluid, a layer of liquid adheres to the surface of the
object. This liquid layer has internal friction between its liquid
layer and its adjacent liquid layer. Therefore, the object must
overcome this blocking force during the movement.
This resistance is known from the Stokes formula of
formula (6):

dQ = vds = v ⋅ 2πrdr
p − p2 2
= 1
R − r 2 ⋅ 2πrdr
4ηl

Q =

Q

（4）
In the formula (4), R is the resistance of blood flow,
blood flow is Q, the P's blood pressure difference p1-p2.
The blood flow resistance can be obtained by formula (3)
and (4):

Fig. 3 The principle of blood vessel segment

(

Δp

（3）
In formula (1)，(2) and (3) Q is the blood flow, V is the blood
flow velocity, r is the blood vessel radius , R is the

(p

1
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− p 2 )πr 2 = −2πrlη

dv 1
dr

（9）

A．Algorithm implementation
We divide the blood vessel into multiple blood vessel
segments and obtain the radius data for each blood vessel
segment by the following steps:
Step 1: Connect a small ball at the front end of the catheter,
and let the ball and the catheter have the same trajectory;
Step 2: Divide the blood vessel model into multiple small
vessel model splicing structures, and use collision detection to
obtain which blood vessel segment the tip of the catheter
moves to;
Step 3: Use the "transform. localPosition. x" command to
obtain the x-axis data of the world coordinates of the catheter
tip.
Step 4: Use the "gameObject. render. bounds. size. x"
instruction to obtain the size of the segment after the
segmentation;
Step 5: When the vessel segmentation is small enough, the
segmented vessel segment can be approximated as a cylinder.
The radius of this vessel segment is calculated by the formula
of cylinder.
The blood viscosity parameter we used in the experiment
was the blood viscosity at the high shear rate of the man about
40-year-old measured by Robert L et al [17]. The catheter used
a surgical catheter with a diameter of approximately 2.5 mm.
The maximum radius of the blood vessel model is about 3mm.
Vascular size data can be obtained by 3D reconstruction of
medical images [18]. The blood vessel size data used in this
paper was obtained by 3D reconstruction of the CTA data
provided by the Radiation Department of the Affiliated
Hospital of Kagawa University in Japan. A new 3D
reconstruction method is used here. Compared with the
commonly used three-dimensional reconstruction methods, the
three-dimensional model obtained through this new threedimensional reconstruction method is closer to real blood
vessels in terms of physical characteristics and biological
characteristics, and the resulting blood vessel size data is
closer to human blood vessel data [19].
Add blood flow resistance and viscous resistance steps in
the original virtual environment:
Step 1: The algorithm of the third chapter is added to the
collision detection script in the form of function.
Step 2: Each time the catheter tip ball collides with one blood
vessel segment, a blood flow resistance and viscous resistance
algorithm is performed. The force in the normal movement of
the catheter is only viscous resistance, and the information of
the force is only the viscous resistance of the catheter. If the
catheter collided with the vessel wall, the force information
would show the sum of the collision force and the viscous
resistance of the catheter.
Step 3: The display plug-in through the GUI shows the blood
flow resistance and the force applied to the catheter in a virtual
environment.
Step 4: The data about the force applied to the catheter is sent
to the primary controller, which generates the corresponding
force by manipulating the coil on the primary console.

Fig. 5 Blood flow velocity map

dv1 = −

(p

1

− p 2 )r
dr
2lη

（10）
The formula (10) is integrated to obtain the blood flow
velocity formula (11).

v1 =

(

p1 − p 2 2
R − r2
l
4η

)

（11）
Where v1 is the blood flow velocity, p1-p2 is the
difference in blood pressure, R is the diameter of the tube, r is
the diameter of the catheter, η is the viscosity of the blood, and
l is the length of the blood vessel.
Formula (7), (8) and (11) can be used to obtain the
viscous resistance of the catheter in the blood vessel after
segmentation, as in equation (12).

(

)

 p − p2 2

R − r 2 − v 2 r
F = 6πη  1
 4ηl


（12）
Since the length of the blood vessels used in the
experiment is not long, and the blood vessel segments are
divided very shortly, the blood vessels after each segmentation
can be similarly considered that the blood pressure difference
is the same, and the blood viscosity is also the same.
IV. EXPERIMENTS AND ASSESSMENTS
A large number of experiments have shown that blood
can be regarded as Newtonian fluid, but at the same time blood
also has the rheological properties of non-Newtonian fluids.
Comprehensive results of various blood flow experiments
show that: When the vascular diameter is greater than 1mm,
the blood can be considered as a homogeneous non-Newtonian
fluid; when the vascular diameter is greater than 1mm, and the
shear rate is greater than 100s-1, the blood can be
approximately regarded as a homogenous Newtonian fluid; but
the blood vessel When the diameter is less than 1mm, blood
cannot be considered as homogeneous fluid [16]. The blood
vessels in this study are arterial blood vessels, and the shear
rate is greater than 100 s-1, and the diameters of the tubes are
all greater than 1 mm. Therefore, the blood in the experiment
is regarded as an incompressible viscous Newtonian fluid. The
blood in the experiment was considered to be an
incompressible viscous Newtonian fluid, so a blood flow
environment model previously performed using Poiseuille's
law and Stokes' law can be used.
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Fig. 6 The experimental operation diagram

During the experiment, the operator push catheter
operation device, the controller will guide mobile data
received to the computer, the control function of the software
in these data will be converted to the tube moving display in
virtual environment, through the corresponding function of
environment simulation in virtual environment, the force
feedback data is transmitted to the main controller, the main
end the controller through the manipulation of the main
console on the coil resistance feedback to the operator. The
experimental operation diagram is shown in Fig.6.
B. Experimental evaluation
We divided the blood vessels into 30 segments. Each
segment of the segment was approximately 1.5mm in length.
Each vessel segment was three-dimensional reconstructed
according to the CT map to obtain its size. Each segment of
blood vessel was equivalent to a cylinder using the integral
principle to obtain its Radius, the radius thus obtained is closer
to the real data of the human body, and the calculated blood
flow resistance and viscous resistance are also closer to the
real environment of the human body. In the virtual
environment, blood vessels are also segmented in the same
way, using plug-ins to obtain the cross-sectional area of each
segment. Due to this approach, there will be deviations in the
5

Fig. 8 Visual display of the collision force information

area where the blood vessels change drastically and in the
three-dimensional reconstruction.
a. Blood flow resistance
The segmentation of the vascular model is shown in
Fig.3. Calculated the blood flow resistance of each small
blood vessel using formula (5), and recorded the obtained 30
sets of data. The operator is then allowed to operate the
catheter on the primary manipulator to record the blood flow
resistance of the catheter through each vessel segment in the
virtual environment. The actual blood flow resistance data is
compared with the data in the virtual environment as shown in
Fig.7.
As shown in Fig.7, the simulated blood flow resistance
data in the virtual environment is similar to the actual blood
flow resistance data. The reason that is not exactly the same is
that the size of blood vessels depends on the three-dimensional
reconstruction of vascular medical images, and the radius of
the blood vessel used in the virtual environment is calculated
by the cross-sectional area of the blood vessel. There is a very
small gap between them. It can be seen from the figure that the
gap between them is very small and can be ignored.
The sudden increase in blood flow resistance in the
fifteenth section of the map is due to the greater change in
blood vessels at this point because of the decrease of the blood
vessel radius. After 20 segments, the reason for the greater
fluctuation in blood flow resistance is that the smaller the
blood vessel radius, the stronger the fluctuation of blood flow
resistance, as shown by formula (5).
b. Force information
We calculated the viscous resistance of each small blood
vessel to the catheter using formula (12) and recorded the 30
sets of data obtained. The operator is then allowed to operate
the catheter on the primary manipulator to record the force
feedback of the catheter through each vessel segment in the
virtual environment. The actual viscosity resistance data is
compared with the visual display of force information in the
virtual environment as shown in Fig.8, The red dotted line in

Actual blood flow resistance
Blood flow resistance in the virtual environment
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Fig. 7 Blood flow resistance
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Development Plan (2015AA043202) and Tianjin Key
Laboratory for Control Theory and Application in
Complicated Systems (TJKL-CTACS-201701).

the figure is the collision force between the catheter and the
blood vessel in the virtual environment.
It can be seen from the figure that the force feedback data
is almost identical to the calculated viscous resistance of the
catheter in the blood vessels except for the 5 and 28 segment
blood vessels. The causes of the slight gaps are consistent with
the differences in the resistance to blood flow. The sudden
increase in force feedback at 15 and 28 segments is due to the
collision force of the catheter against the vessel wall. In the
virtual environment, the viscous resistance of the feedback is
very small. At about 0.005N, the maximum impact force is
about 0.1065N. This is within the safety range.
From the graphs of Fig.7 and Fig.8, Although there is a
deviation between the data of the blood flow resistance and
viscous resistance feedback from the virtual environment and
the data of the human approximate environment derived from
the three-dimensional reconstruction, it is very small and can
be ignored. This shows that our training system with feedback
of blood flow resistance and viscous resistance can provide
doctors with a more realistic training environment. For other
blood vessels, we only need to input the blood vessel model in
the Unity 3D to replace the existing blood vessel model for
simulation training.
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