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Abstract
The robot-assisted catheter system can increase operating distance thus preventing the exposure radiation of the surgeon to X-ray for
endovascular catheterization. However, few designs have considered the collision protection between the catheter tip and the vessel
wall. This paper presents a novel catheter operating system based on tissue protection to prevent vessel puncture caused by collision.
The integrated haptic interface not only allows the operator to feel the real force feedback, but also combines with the newly proposed
collision protection mechanism (CPM) to mitigate the collision trauma. The CPM can release the catheter quickly when the measured
force exceeds a certain threshold, so as to avoid the vessel puncture. A significant advantage is that the proposed mechanism can
adjust the protection threshold in real time by the current according to the actual characteristics of the blood vessel. To verify the
effectiveness of the tissue protection by the system, the evaluation experiments in vitro were carried out. The results show that the
further collision damage can be effectively prevented by the CPM, which implies the realization of relative safe catheterization. This
research provides some insights into the functional improvements of safe and reliable robot-assisted catheter systems.
Keywords Robot-assisted catheter system . Tissue protection . Endovascular catheterization . Safety operation . Vascular
interventional surgery (VIS)
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A report from the American Heart Association (AHA) showed
that: cardiovascular and cerebrovascular diseases have become one of the three major causes (heart disease, stroke
and vascular diseases) of death in human beings, which is a
serious threat to human health (Lloyd-Jones et al. 2010). Even
in the developed countries, cardiovascular disease remains the
major cause of mortality, accounting for 34% of deaths each
year (Lloyd-Jones et al. 2010). Along with the rapid development of the medical technologies, vascular interventional surgery (VIS) as a revolutionary surgical technique and an effective treatment method is applied to treat these vascular diseases (Guo et al. 2015b). In the traditional VIS, a rigid hose,
called a flexible catheter, is manipulated to access a lesion
target followed the human vascular vessels from the small
incisions in the neck, arm or groin area. Then the catheter is
steered under the guidance of a digital reduction shadow angiography (DSA) system to be positioned properly on the
target location (Khoshnam and Patel 2013). VIS has a great
application in the world, because it has many advantages, such
as smaller incisions, quicker recovery and fewer
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complications (Guo et al. 2016a). Nonetheless, some potential
challenges also have been introduced in. The surgeon’s fatigue
and physiological tremors will affect the success of the surgery, and long radiation exposure has the risk to the surgeon’s
health (Mohapatra et al. 2013). What’s more, the surgeon must
be highly skilled and specialized due to the high risks
involved.
To solve these disadvantages mentioned above, the research
of surgical robot-assisted systems has become a hot study topic
in recent years. The robot-assisted technology has played an
important role in multiple medical fields. Okamura’s research
team has done a lot of work in the robot-assisted needle insertion (Okamura et al. 2004; Bettini et al. 2004; Webster et al.
2006). These studies play an important role in promoting the
development and high precision control of medical robots.
Deshpande et al. (2015) presented a new motorized micromanipulator based on a spherical orienting device for the robotassisted laser phonomicrosurgery. It can provide greater accuracy and effectiveness, thus enhancing the safety of the operation. Also, the electromagnetic (EM) guiding and tracking technology is widely proposed in the context of computer-assisted
endovascular procedure (Condino et al. 2016; Piazza et al.
2017). Especially in the study of the catheter operation, some
robot-assisted catheter systems have been developed by the
commercial companies. The Amigo ™ (Catheter Robotics,
Inc., Mount Olive, NJ) remote catheter system (RCS) can position the catheter into the right side of the heart safely and
effectively (M. Khan et al. 2013). The Sensei X robotic catheter
system (Hansen Medical, Inc., Mountain View, CA, USA) is a
new generation of flexible robot platform, which combines
advanced 3D catheter control technology and 3D visualization
technology. It is a combination of collaborative technologies to
provide physicians with better accuracy and stability (Willems
et al. 2010; Hlivák et al. 2011). Moreover, many research
groups in universities are committed to the development of
robot-assisted catheter systems. Yogesh et al. (2009) proposed
a novel remote catheter navigation system, which can reduce
the physical stress and irradiation to operators under the X-ray
2D fluoroscopy for image guidance. And it had the ability to
sense and replicate motion within 1 mm and 1° in the axial and
radial directions, respectively. A new compact tele-robotic
catheter navigation system with three degrees of freedom was
developed, which allowed the interventionalist to remotely
steer a conventional catheter from a safety place (Tavallaei
et al. 2016). To reflect the force information of the blood vessel
more intuitively during the operation, some researchers embed
the force measuring device to robot-assisted catheter systems.
Fu et al. (2011) constructed a master-slave catheterization system to position a steerable catheter under the 3D guiding image,
and its insertion mechanism with force feedback assisted
surgeons to operate the catheter. J. Payne et al. (2013) designed
a novel master-slave force feedback system for the
endovascular catheterization, and it reduced the magnitude

Biomed Microdevices (2018) 20:22

and duration of contact forces exerted on the vessel walls
according to the force feedback during a simulated
endovascular procedure. Guo et al. (2012) proposed a novel
master-slave robotic catheter operating system to train the unskilled surgeons to perform the vascular interventional surgery
with force feedback and visual feedback. A load cell and torque
sensor were used to detect the force signals in the axial direction and the torque signals in the radial direction, respectively.
The evaluation of dynamic and static performance and the synchronization for the robot-assisted catheter system were conducted by (Ma et al. 2013). To get the force information directly
without any mechanical transmission, a compact, cost-effective
force-sensing device based on strain gauges was placed at the
front end of the slave manipulator, thus increasing the accuracy
of force measurement (Zhang et al. 2017a). Currently, the virtual reality (VR)-based technology as a potential method was
equipped with robot-assisted catheter systems (Zhou et al.
2015; Wang et al. 2017). The vasculature (Johnson et al.
2011; Zhang et al. 2010) and catheter (Lenoir et al. 2006;
Tang et al. 2012) models can be built by the VR simulator
and the visual images of surgical region can be displayed in
the meantime. For the sake of improving the skill of catheter
manipulation for novices, Wang et al. (2016) developed a training system integrated cooperation of VR simulator and haptic
device to train the surgeon, and improved the coordination of
surgeon’s eye-hand. However, the collision trauma during the
catheterization remains unresolved, despite of the visual assistance. Surgeons often rely on visualization to avoid major vascular collision in the catheterization study. It is difficult to determine whether a vascular collision occurs, due to the absence
of depth perception and low definition of the fluoroscopic images (J. Payne et al. 2013). Thus, the surgeon has to observe the
deflection of the catheter to determine whether the collision
occurred. With such consideration, a novel master manipulator,
damper-based magnetorheological (MR) fluid, was developed
to realize the true force feedback (Guo et al. 2015a, b). Based
upon the same principle, Yin et al. (2014, 2015) designed a
human operator-centered haptic interface to detect the catheter
tip collision with the blood vessel during the surgery practice.
The application of magnetorheological (MR) fluid in the robotassisted catheter system allows the surgeon to feel as if the
catheter is inserted directly into the patient’s blood vessel, while
realizing the safety operation consciousness. On this basis,
Wang et al. (2017) introduced a speed adjustable mechanism
(SAM) for tissue protection, which was installed before the
haptic interface device. Nevertheless, up to now, few designs
have taken into account the collision protection function of a
catheter manipulator in the catheterization. The fragile vessels
(especially cerebral vessels) have the risk to be penetrated by
the catheter tip when the collision occurs, because the novices
have little experience to adjust the catheter manipulation rapidly. Motivated by such consideration, it is extremely urgent for
tele-operated robotic catheter systems to provide patients with
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collision protection during endovascular catheterization procedures because excessive forces could rupture the blood vessel
walls and result in bleeding.
In this paper, the novel developed robot-assisted catheter
system devotes to alleviate the collision trauma to blood vessels, so as to improve the safety operation of catheterization.
In this system, the clamping structure based on electromagnetic brake is introduced to realize the clamping and relaxation
of the catheter. It has big contact area and reliable clamping
which can ensure the operation accuracy of the catheter. Since
the clamping force can be controlled by adjusting the input
current (Zhang et al. 2016), the designed clamping structure
will automatically release the catheter when the measured
force is greater than a setting threshold value, thus effectively
avoiding vessel puncture caused by system malfunction or
human error. To sum up, the novel developed robot-assisted
catheter system contributes to the tissue protection in case of
colliding with the vessel wall. To verify the performance of the
CPM, the insertion tests in vitro were carried out.

2 Structure of the whole system
2.1 Overview of the robot-assisted catheter system
The conceptual diagram of the robot-assisted catheter system,
shown in Fig. 1, describes the flow chart of the operational
process (Zhang et al. 2017b). The robot-assisted catheter
system comprises five parts: master manipulator, slave
manipulator, local control subsystem on the master side and
the slave side, and communication subsystem. When the
operation in the master manipulator is given by the surgeon,
the motion signals will be obtained by the control subsystem
on master side and transmitted to the control subsystem on
slave side via the TCP/TP communication protocol or local
control (Guo et al. 2016b; Zhang et al. 2017a). The slave
manipulator clamping the catheter will do the same motion
in the blood vessel of the patient, according to the control
signals from the master side. Our developed robot-assisted
catheter system is devoted to reducing collision trauma.
Since the friction coefficient between the vessel and the
catheter wall are small as well as the deformation of the
blood vessel (Takashima et al. 2007), the collision trauma
mainly occurs at the vascular bending area of the forward
motion between the catheter tip and the vascular wall.
Therefore, the collision protection mechanism is proposed in
the slave side of the system. Once the collision occurs between
the catheter tip and the vascular wall, the catheter will be
released automatically by the clamping structure. The catheter
can not continue to insert with the slave manipulator, thus
avoiding the vessel puncture. In the meantime, the operator
needs to retract the catheter and adjust the orientation of the
catheter tip for the next insertion.

Page 3 of 13 22

2.2 Design of the master manipulator
In recent years, some haptic devices based on intelligent materials have been introduced because of its development. The
magnetorheological (MR) fluid with high permeability and
low hysteresis as the most typical representative is applied.
Rizzo et al. proposed the Haptic Black Box I and II (HBB I
and HBB II) with the concept of freehand to acquire tactile
sensation (Sgambelluri et al. 2006; Rizzo et al. 2007). Tsujita
et al. (2013) designed a novel encountered-type haptic interface with MR fluids to increase a sense of reality in surgical
simulators. Blake and Gurocak (2009) developed a haptic
glove with MR brakes for virtual reality.
Thus, in combination with the magnetic field characteristics
of the magnetorheological fluid and the requirement of the
robot-assisted catheter system, our lab proposed a master haptic
device based on MR fluid shown in Fig. 2, which can achieve a
realistic sensation (Yin et al. 2014). In the magnetic field, the
magnetorheological particles become the chain structures due
to its characteristics. For this reason, the operator will feel subtle resistance forces caused by the viscosity of the MR fluid.
When a catheter is inserted into the MR fluid (applied magnetic
field), the shearing force between the MR fluid and the catheter
will be generated. And the shearing force can be adjusted by the
magnetic field intensity. The intensity of magnetic field can be
controlled by the current which is the display form of the feedback force from the slave side. In other words, the shearing
force varies with the feedback force from the slave side. And
then the shearing force will be transmitted to the operator in the
form of a haptic force. It is like operating a catheter inside the
blood vessel of a patient in the vascular surgery.
The prototype of the haptic master manipulator is shown in
Fig. 3. This haptic interface system consists of two parts: read
part and haptic display part. The read part is used for measuring
the motion of the operator and the haptic display part is used for
displaying the force measured in the slave side. The detailed
structure design was introduced in (Yin et al. 2015). Although
the haptic sensation can be recreated by the current according to
the measured force from the slave side, this is only a kind of
feeling. In order to ensure the authenticity of the haptic sensation, it is necessary to calibrate the kinesthetic sensation. A
force measurement system called ‘haptic calibration subsystem’
was proposed. The detail was introduced in (Yin et al. 2014).

2.3 Design of the slave manipulator
The slave manipulator is used to operate the catheter instead of
the surgeon’s hand and it requires a stable clamping and force
measurement to realize the motion of the catheter during the
catheterization. In addition to these basic functions, the collision protection is very necessary for the robot-assisted catheter
system. With such consideration, we introduced a novel
clamping mechanism based on electromagnetic braking to
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Fig. 1 The overview of the master-slave robot-assisted catheter system

clamp the catheter for the forward motion, backward motion
and rotation.
As shown in Fig. 4, when the coil is not energized, the
collet will be pressed into the taper hole of the clamping ring
by the compression spring, so that the collet will be tightened
up to clamp the catheter. Then the catheter can do the forward
motion or backward motion steadily with the slave manipulator. When the coil is energized, the electromagnetic force generated by the coil will absorb the iron corn, so that the collet
can move with the iron corn to release the catheter. In addition,
the adopted clamping ring is removable, which can be controlled by two screws to adjust the range of the initial clamping
force, and then the electromagnetic force is used to fine-tuning
in the range (Zhang et al. 2016).
The structure diagram of the slave manipulator is shown in
Fig. 5. The load cell is fixed on the support plate. A force ring
fixed on the load cell is linked to the force plate installed on
the clamping structure. The clamping structure supported by
two omnidirectional bearings can pull or push the load cell to
detect the counter force. The force plate can rotate freely when
the catheter is moving in the axial direction. The torque signals
can be measured by the torque sensor which is installed in the
rotation driving mechanism. In order to prevent the radial

Fig. 2 Schematic of the haptic master device

motion from interference with the line of power supply, the
structure of electric brush is set on the right side of the electromagnetic chuck to supply the power.

2.4 Principle of the collision protection mechanism
(CPM)
The force analysis of the catheter is shown in Fig. 6. The force
will be balanced when the catheter is clamped. In addition, the
contact method of point-surface is adopted to reduce the influence of the friction force on the clamping effect. According
to the mechanical equilibrium, we get:
F n ⋅tan θ ¼ F s − F e

ð1Þ

F th ¼ f ⋅F n

ð2Þ

That is,
F th ¼ − f ⋅F e ⋅cot θ þ f ⋅ F s ⋅cot θ

ð3Þ

where, Fth is the maximum force that can be held when the
catheter is clamped. Fe is the electromagnetic force generated

Fig. 3 Prototype of the haptic master manipulator
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by the electromagnetic chuck. Fs is the elastic force generated
by the compression spring. f is the coefficient of static friction
between the catheter and the collet. And θ is the oblique angle
of the clamping ring’s inside.
The electromagnetic force can be defined by (Zhang
et al. 2016),
F e ¼ 0:31I 2 N 2

d 2 þ 2:5δ2
 10−6
δ2

ð4Þ

where, I is the current through the electromagnetic chuck. N is
the number of turns for the electromagnetic coil. d is the diameter of the iron core. And δ is the removable distance of the
iron core. When the device has been manufactured, N, d and δ
are all fixed. To simplify the equation, we set a constant k,

Fig. 5 Structure diagram of the slave manipulator

The threshold value of collision protection is obtained as
indicated in Eq. (6),

environment (Niemeyer et al. 2008). These two kinds of feedback information can improve the performance of the robotassisted system (Gwilliam et al. 2009). In this paper, the stability issues as important themes in bilateral teleoperation will
be reported in this section.

F th ¼ − f ⋅k⋅cot θ⋅I 2 þ f ⋅F s ⋅cot θ

3.1 Evaluation of the bilateral control performance

k ¼ 0:31N 2

d 2 þ 2:5δ2
 10−6
δ2

ð5Þ

ð6Þ

From the Eq. (6) we can see that the threshold value of collision protection can be controlled by the current and the spring
force. Once the contact force between the catheter and the vessel
is bigger than the protection threshold, the collet will move to the
side of electromagnetic chuck to release the catheter, so as to
avoid the vessel puncture. In this process, the small increase of
the spring force caused by spring compression has no effect on
the loosening of the catheter, because the electromagnetic force is
also increasing. Thus, the Fs in Eq. (6) is seen as a fixed value,
and the current is the one and only factor to adjust the collision
protection threshold for protecting different collision areas.

The experimental setup on master side is shown in Fig. 7. The
driver of the stepper motor (ASM46AA, Oriental Motor CO.
LTD) is connected with the conversion terminal (CCB-SMC2,
CONTEC), thus being easily regulated by the motion control
board (SMC-4DF-PCI, CONTEC). The motion control board
was embedded in PC. The axial motion information of the
catheter is acquired by the reading part and this performance
was reported by (Yin et al. 2015). Two rotary encoders (MTL,

3 Performance of the whole integrated
system
The bilateral teleoperation is defined as an operator using a
robotic system to complete some tasks at a distance, whiling
receiving haptic feedback and visual feedback from the target

Fig. 4 The schematic diagram of clamping mechanism

Fig. 6 Schematic diagram of the force analysis for the catheter
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Fig. 7 The input setup of motion
information for the master side

MES020-2000P, Japan) are adopted to transmit the motion
information. One is for axial motion information and the other
is for radial motion information. They are transmitted to the
salve side by a controller.
Figure 8 describes the detection device on the slave side.
The laser displacement sensor (KEYENCE, LK-500, Japan)
and the hollow rotary encoder (MUTOH, UN-2000, Japan)
were adopted to measure the displacement and the rotation
angle of the catheter on the slave side, respectively. The hollow rotary encoder was placed next to the torque sensor. The
displacement and rotation angle were collected into the PC.
Figures 9 and 10 display the axial motion tracking and
error, respectively. From the results, the maximum value of
tracking error in axial motion is less than 2 mm which can
meet the requirement of the surgery. In traditional VIS, even if
a well skilled surgeon operates a catheter in the axial movement, it produces a motion error greater than 2 mm.
The performance of radial motion tracking and error are
shown in Figs. 11 and 12, respectively. The results show that
the radial tracking error is less than 4 °, and the fluctuation of
amplitude is also larger. However, the rotation of the catheter is
just to adjust the direction of the catheter tip, which has a small
risk of damaging the blood vessel during the catheterization.

with the vascular model are transmitted by a force transducer
to the data acquisition unit. Concurrently the signals together
with the model of MR haptic interface in the master side
combine to deduce the current in the coils that will generate
similar forces to the operator as measured in the slave side.
The detailed modeling and control system of the MR haptic
interface were reported by (Yin et al. 2014; Yin et al. 2015).
The result of force tracking is displayed in Fig. 15. The root
mean squared error for the generated force in the master side is
0.0347 N. When the catheter tip passes through a curved region, the force generated in the master side and the force measured at the slave side have an error less than 0.1 N which is
acceptable in the actual surgery (Okumura et al. 2008). Perhaps
the reason for this error is due to the dynamics of activation
coupled with the regulator response can cause a slight delay of
about 10 ms between the catheter tip contacting the curved
region of the vascular model wall and the master haptic system
responding to the contact (Ahmadkhanlou et al. 2009).
However, even with the technical difficulty, the usability of
the haptic system increased by having force feedback available.

4 Performance of the collision protection
mechanism

3.2 Evaluation of the haptic system performance
For investigating the performance, the haptic system is used to
track a vascular model shown in Fig. 13.The experimental
setup is shown in Fig. 14. A 5Fr catheter was operated by
the slave manipulator to do the insertion motion. The forces
at the slave side generated when the catheter comes in contact
Fig. 8 The detection setup of
motion information for the
slave side

4.1 Relationship between the collision protection
threshold and the current
In order to adjust the collision threshold value quickly and
accurately during the catheterization, the relationship between
the collision protection threshold and the current should be
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Fig. 9 Results for the axial motion tracking

Fig. 11 Results for the radial motion tracking

determined. The experimental setup is shown in Fig. 16. A rod
with the silica gel film on the surface was clamped by the slave
manipulator, and the other side was fixed with the sliding table.
The current controlling the electromagnetic force was supplied
by the power source. The force information was collected by
the data collector and displayed on the PC screen. In the calibration experiment, when the current was smaller than 0.44A,
the iron core could not be attracted because of the smaller
electromagnetic force. When a greater force was exerted on
the rod, it would slide relative to the collet, resulting in failure
of the collision protection function. When the current was bigger than 0.65A, the rod would be released since the greater
electromagnetic force attracted the iron core directly.
Therefore, the test current was controlled from 0.44A to
0.65A with 0.01A increase. After setting the current value,
the force exerted on the rod was increased with the micro feed
of the sliding table. The rod was released when the exerted
force reached the threshold value. The peak of the force curve
displayed on the PC screen was the collision protection threshold for the current. And this test was performed ten times for

each current. The average threshold for each current and the
fitting curve were shown in Fig. 17. From the results, the fitting
equation between the threshold value and current is established,

Fig. 10 Errors of the axial motion tracking

Fig. 12 Errors of the radial motion tracking

F th ¼ −7:02949I 2 þ 2:95312ð0:44A ≤ I ≤ 0:65AÞ

ð7Þ

It is formally the same as Eq. (6). And it can be transformed
into the control algorithm applied in the slave controller.
According to the actual condition of the blood vessel, the
collision protection threshold can be adjusted in real time by
the input current to realize the tissue protection.

4.2 Evaluation of the collision protection mechanism
(CPM) in vitro
4.2.1 Setting of the collision protection threshold
The blood vessels of a human are resilient. When the tip of the
catheter collides with the vessel wall and the vessel wall is not
penetrated, the maximum elastic force generated by the elastic
deformation of the vessel wall is the safety operation interval of
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Fig. 13 A vascular model for in vitro experiments.

the catheter. Collision protection is safe and effective only
when the triggering force occurs within this interval. In other
words, the setting of safety operation threshold is very necessary for the collision protection. The vascular model, shown in
Fig. 13, was used to simulate the blood vessel of a human.
During the vascular interventional surgery, the most vulnerable
positions of the puncture are the regions with big curvature. As
shown in Fig. 13, region A, B and C are the vulnerable
positions for vessel puncture when the catheter tip collides
with them. Che Zakaria et al. (2013) pointed out that the contact
force of the catheter and blood vessel was more than 0.12 N,
the vascular wall had the risk to be penetrated. In addition, a
systematic analysis of contact forces between catheter tip and
real tissue was made. When the contact force of the catheter tip
reached 0.12 N, no perforation occurs in tissue (Okumura et al.
2008). Therefore, during the actual operation of the catheter,
the safety operation threshold is governed as follows:
F sa;th ¼ 0:12 þ F se;th

ð8Þ

where, the ‘0.12’ is the alarm value for the safety operation.
Fse,th is the setting protection threshold for collision protection.
Fig. 14 The experimental setup
for evaluating the haptic system

Fig. 15 Force transparency results of the haptic feedback system

It includes the viscous drag force of the blood, the friction force
between the catheter surface and the vascular wall, and the
friction force between the catheter and the catheter sheath.
This suggests that Fse,th is the variable factor, which can be
set according to the actual situation and requirement.
In this experiment, the ‘alarm value’ may be less than
‘0.12’, because the adopted vascular model is not a real vascular tissue. Therefore, a 5F catheter was used to insert into the
vascular model for detecting the force information to confirm
the setting protection threshold and safety operation threshold.
The experimental setup is shown in Fig. 14. When the catheter
passed through the region A, B and C without tip collision for
20 times, the maximum forces for the three regions were
0.38 N, 0.61 N and 0.75 N, respectively. Therefore, the setting
protection thresholds for region A, B and C were 0.38 N,
0.61 N and 0.75 N, respectively. When the catheter passed
through the region A, B and C with tip collision for 20 times,
the minimum forces for the three regions were 0.55 N, 0.76 N
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Fig. 16 The experimental setup
for getting the relationship
between the threshold and the
current

and 0.89 N, respectively. Based on the above measurements,
the minimum ‘alarm value’ is 0.14 N, which is bigger
than 0.12 N. Thus, the ‘0.12 N’ was adopted as the ‘alarm
value’ in this paper. In this case, the safety operation
thresholds for region A, B and C are 0.5 N, 0.73 N and 0.87 N,
respectively.
4.2.2 Evaluation of the collision protection mechanism (CPM)
for the single threshold
In order to evaluate the performance of the CPM described on
the previous sections, the experiments in vitro were performed. The experimental setup is shown in Fig. 14. In addition, because the collision force can be greatly influenced by
the moving speed of the catheter (Wang et al. 2017), we set the
moving speed of the catheter is 10 mm/s, which can meet the
clinical demands of VIS (Wang et al. 2010). After setting the
protection threshold, we operate a catheter in the master haptic
interface to control the slave manipulator, which will operate
the required catheter to pass through the region A, B and C
with the tip collision, respectively. Concurrently the force information will be recorded by the PC screen. Figure 18 shows
the examples of the experimental results for the three thresholds (0.38 N, 0.61 N, 0.75 N). From the results we can see that
the catheter will be released quickly for each threshold
when the measured force is bigger than the protection
threshold. Even in the moment of collision protection,
the vascular tissue is not damaged, because the triggering force is within the safety threshold of the vascular
tissue’s endurance. That is, the plots indicate that the collision
protection mechanism can take effect within the safety operation threshold.

To verify the stability of the CPM, the experiments for the
three regions were conducted 10 times, respectively. The results are shown in Fig. 19. From the results we can see that
each triggering force occurs within the respective safety operation interval. This proves the stability and effectiveness of the
CPM for the single threshold. However, there is an error between the triggering force and the setting threshold. The average error and variance have been summarized in
Fig. 20. This bar chart displays the stability of the average error for each setting threshold. That is, the reason
for this error is caused by the system inertia or the regulation
accuracy of the current, rather than by human actions.
Moreover, such a small error is acceptable for most vascular
tissues except for some special cases. In these special cases
such as needle insertion or palpation, the ‘alarm force’ will be

Fig. 17 The relationship between the threshold and the current
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(a) The setting protection threshold is 0.38N

Biomed Microdevices (2018) 20:22

Fig. 19 The triggering forces of ten times experiments for collision
protection

changed according to the different characteristics of tissues
(Yin et al. 2015).

4.3 Real-time adjustment of the protection threshold
In vascular interventional surgery, the catheter often needs to
pass through several bending regions consecutively to reach
the lesion target. To prevent any bending regions from being
perforated, the collision protection threshold needs to be adjusted in real time.
4.3.1 Validation trials

(b) The setting protection threshold is 0.61N

A random insertion experiment was carried out to test the realtime adjustment capability of the CPM. The experimental setup
is shown in Fig. 10. At the beginning of the experiment, the
initial collision protection threshold was set to 0.38 N.
Figures 21 and 22 display the experimental process and results

(c) The setting protection threshold is 0.75N
Fig. 18 Examples of experimental results for collision protection
mechanism

Fig. 20 The average error between the triggering force and the setting
threshold

Biomed Microdevices (2018) 20:22

for real-time adjustment. From the two figures we can see that,
at the 37 s of the experiment, the tip of the catheter collided with
the region A (as shown in Fig. 13), and the collision protection
function was triggered. Then we retracted the catheter and rotated the catheter tip to do the second insertion. At the 48 s, the
catheter passed through the region A without tip collision. At
the same time, the collision protection threshold was adjusted to
0.61 N. At the 56 s, the catheter reached region B (as shown in
Fig. 13) and the second tip collision occurred. We adjusted the
catheter as the previous steps for the next insertion. At the 78 s,
the catheter passed through the region B without tip collision.
Also, the collision protection threshold was changed to 0.75 N
in the meantime. At the 83 s, the catheter passed through the
region C (as shown in Fig. 13) without collision protection,
because the catheter tip did not collide with the region C and
the measured force did not reach the setting threshold.
The experimental results indicate that the CPM takes effect
in the two catheter tips collision, and the triggering forces are
both within the respective safety operation thresholds. The
CPM can not be triggered when the tip collision does not occur.
For verifying the effectiveness and stability of the collision
protection performance by real-time adjustment of the protection threshold, three different subjects (non-medical) were
asked to perform the catheter insertion with real-time adjustment of the protection threshold. Each of them performed five
trials respectively, and the angle of catheter insertion changed
at each random trial. Table 1 records the triggering forces of
collision protection in region A, B and C. The results show
that the triggering forces in each trial are all within the safety
threshold of each region except S1-T4-B, S2-T3-B and S3T3-B. The reason may be due to the larger rigid curvature of
region B and the manual adjustment error of the control current. During the actual operation, this situation may be improved because the blood vessels have certain toughness,
and the curvature will decrease when the catheter passes
through the curved region. In addition, the number of collision
protection in region B is significantly higher than that in region A and region C, which is also due to the large curvature
of region B. This may lead to multiple collision protection
during the angle adjustment of the catheter tip, which takes a
long time. For all that, there are still 42 of the 45 collision
points can be effectively triggered, and the effectiveness of the
real-time adjustment is 93.3% in terms of the validation results. In other words, the CPM can effectively reduce tissue
damage and prevent vascular perforation, thus increasing the
safety of the endovascular catheterization.
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Fig. 21 The experimental process for real-time adjustment

with either setup. This design of trials provided a clear, unbiased performance comparison because of removing any learning bias. The experimental conditions were considered as
three modes. Each mode contained the visual feedback by
an IP camera to facilitate the direction adjustment of the catheter tip. Mode1: collision protection mechanism, haptic feedback and visual feedback (CHV); Mode2: haptic feedback and
visual feedback (HV); Mode3: visual feedback (V). Each subject performed trials 10 times with each mode for statistics.
The experimental task was that each subject operated the catheter safely through each region with a perforated risk (A, B
and C). The following two important metrics were taken into
consideration: (1) the success rate of the task and (2) average
elapsed time of task accomplishment.
Based on the results summarized in Fig. 23, the mode of
CPM and haptic feedback (Mode1-CHV) has made great contribution to remit the collision trauma. The maximal success rate

4.3.2 Performance evaluation
To further demonstrate the performance of the real-time adjustment of the CPM, it was compared with the haptic feedback and no haptic feedback. Trials were performed with 4
different subjects (non-medical) who had no prior experience

Fig. 22 Experimental results for the real-time adjustment
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Validation of the collision protection performance by real-time adjustment of protection threshold (N)

Subject

S1

Trigger region

Trial

A

B

C

T1
T2
T3
T4
T5

0.31
0.23
0.47
0.28
0.23

0.67
0.66
0.62
0.76
0.65

0.82
0.74
0.70
0.86
0.83

B,C
B
A,B
B,C
B,C

S2

Trigger region

A

B

C

0.41
0.35
0.29
0.28
0.42

0.64
0.59
0.75
0.68
0.65

0.73
0.82
0.86
0.70
0.73

A,B
C
B,C
B
A,B

S3

Trigger Region

A

B

C

0.48
0.36
0.32
0.35
0.42

0.70
0.66
0.74
0.70
0.67

0.73
0.72
0.79
0.74
0.71

A,B
B
B,C
B
A,B

The bold indicates that the triggering force exceeds the safety threshold for collision protection

is 90% achieved by the subject2, which is higher than that of
mode2 and mode3. Such great improvement indicates that the
CPM played an important role in tissue protection. Especially in
cerebrovascular surgery, the wall of the blood vessel is easy to
pierce because of its fragility. Therefore, the safe operation between the catheter and the vessel should be considered.
Figure 24 shows average elapsed time of task accomplishment for all participating subjects. The elapsed time of the
unaccomplished task is not included in the statistics. The statistical results display that the average elapsed time of mode1
is longer than that of mode2 and mode3. The repeated angle
adjustment after collision protection is considered to be the
primary reason. In addition, it takes time to manually open
and adjust the collision protection function. However, even
with long time execution, it is acceptable to compare with
reducing the risk of vascular perforation. Perhaps a highly
efficient and short-time robot-assisted catheter system with
collision protection will be developed in the future.

5 Discussion
Endovascular robotic technology is an effective and revolutionary method to reduce X-ray radiation and fatigue of a

Fig. 23 The success rate of the task accomplishment

surgeon for endovascular catheterization. It can also improve
the effectiveness of the procedure by precise positioning of the
catheter and the force information. Nevertheless, few designs
have taken the collision protection of the vessel walls and the
catheter tip into account.
In the present work, a novel robot-assisted catheter system
with CPM was proposed. The collision protection threshold can
be adjusted by the current. Their relationship, shown in Fig. 17,
was obtained by the experiment. Figure 18 (a), (b) and (c)
showed the evaluation results of the collision protection mechanism when the protection threshold was set as 0.38 N, 0.61 N
and 0.75 N, respectively. Although there was an error (shown in
Fig. 20) between the triggering force and the protection threshold, it was still within the threshold of safety operation. That
suggests the CPM has taken effect to a certain extent for the
tissue protection. And the stability of the collision protection
mechanism had been verified as show in Fig. 19. In the actual
procedure, the collision protection threshold needs to be adjusted in real time, because a catheter sometimes passes through
several curved areas and reaches the lesion area. Figure 22
displayed the experimental results for the real-time adjustment
in a vascular model. The effectiveness of the real-time adjustment was summarized in Table 1. The further performance

Fig. 24 The average elapsed time of task accomplishment
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evaluation was performed in terms of success rate and elapsed
time. And the results were shown in Figs. 23 and 24, respectively. It indicates that the CPM can react quickly to play a
protective role for improving the safety operation of a surgery.
In the previous researches, some researchers tried to avoid
the tip collision by simulation to plan the insertion path of the
catheter (Lenoir et al. 2006; Tang et al. 2012). And others
contributed to robot-assisted catheter systems. Yin et al.
(2015) proposed a haptic interface based on MR fluid, which
can dynamically amplify the collision force information as the
alarm to remind the surgeon to retract or rotate the catheter.
Also, the research on the visualization and haptic force
equipped robot-assisted catheter system had been developed
(Wang et al. 2016). It took VR simulator and haptic interface
to help the novice realize safety operation of a catheter. The
directive notification module (DNM) will determine whether
the catheter tip is in a safety operation area by the collision
detection algorithm. And the signs (safe, warning or dangerous) will be transmitted to the operator by the form of tactile
sensation. Although the vision and touch enable the operator
to reduce collision frequency, they don’t avoid the risk of
collision perforation. In view of this, Wang et al. (2017) proposed a speed adjustable mechanism (SAM) on the basis of
the previous training system. This mechanism adopts the principle of continuously variable transmission (CVT) to adjust
the insertion speed of a catheter at the master side of the
training system. And the evaluation results show that the collision frequency is greatly decreased. The goal of these previous studies is to alert the operator to do the response when a
collision has occurred or is imminent. However, the operators
sometimes could not respond fast enough to deal with such
situations. According to the experimental results, the proposed
device in this research is capable of tissue protection and prevents vascular perforation, even if the operator does not take
enough fast protection action.
Despite the extremely promising results, it is important to
note that the study is limited by the fact that the experiments of
an in vitro were used to conduct the performance evaluation of
the collision protection; the limitation is manifested in two
ways. Firstly, the glass vascular model has great rigidity and
can not produce vascular deformation when the catheter tip
collides with the model. In addition, the curvature of the bend
can not be changed during the catheterization, which will lead
to the increasing of the contact area between the wall of the
catheter and the wall of the model, thereby increasing the
friction. Secondly, in this research, the viscous resistance of
the blood is neglected, and it is an important component of the
measuring force during the actual operation. And the friction
between the catheter and the blood vessel also increases because of the lack of blood lubrication. Therefore, the direction
for future research is to perform experiments in vivo or with
artificial vascular models which are more similar to the real
ones to evaluate the performance of the CPM.
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6 Conclusions
Vascular tissue protection is one of the important issues in the
robot-assisted catheter system. In addition to providing visual
and tactile information during the endovascular catheterization, it is very essential to provide the collision protection
function to decrease the collision trauma and avoid vessel
puncture effectively. Therefore, in this paper, we developed
a novel master-slave robot-assisted catheter system with the
collision protection mechanism (CPM) for the safety operation of endovascular catheterization. The CPM is based on
electromagnetic braking to realize the vascular tissue protection. Once the measuring force exceeds the protection threshold which can be adjusted by the current, the catheter will be
released quickly. And the relationship between the threshold
value and the current has been obtained by the experiment.
Moreover, the performance evaluation experiments of the
collision protection for the robot-assisted catheter system have
been carried out. Based on the results of these evaluation
experiments, the CPM equipped the robot-assisted catheter
system has made great contribution to remit the collision trauma. It can effectively improve the security of operation during
the endovascular catheterization.
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