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of the motor to achieve the haptic force feedback of the system
[6][7]. To separate doctors from the operating room and reduce
the fatigue of surgeons during the operation, the robot-assisted
system was designed in a master-slave structure, for instance, a
vascular interventional robot was developed by the group form
Beijing Institute of Technology [8]-[12], it has been evaluated
by the experiments in human in 2018; A vascular intervention
robot system for operating the steerable catheter was developed
by the group from Hanyang University [13]; An endovascular
intervention robot with multi-manipulators was developed by
the group form Shanghai Jiao Tong University [14]; A surgeon
augmented endovascular robotic system was developed by the
team from University of Illinois at Urbana-Champaign [15]. To
improve the human-machine interaction ability of the system, a
non-contact detection method was presented to assist the doctor
in performing the operation [16]; An interface was proposed to
provide the visual feedback for the surgeons [17]. To improve
the precision, the stability, and reduce the procedural duration
of the system, the deep reinforcement learning technology was
applied to the current research to realize supervised semi-auto
nomous control [18]-[20]. Besides, some algorithms have been
developed to reduce the varying time-delay [21] and minimize
the backlash occurrence during vascular interventional surgery
[22]. But the natural behaviour analysis of the interventionalist
and the motion pattern recognition of the guidewire are rarely
involved in percutaneous coronary intervention. Therefore, an
analysis framework was proposed by a group from University
of Chinese Academy of Sciences [23]. To control the position
and posture of surgical instruments, the magnetic actuation was
applied to the robot-assisted system, and some results indicated
that the magnetic drive has the advantages of not requiring the
repositioning of the patient [24] and increasing the intervention
speed of the robot-assisted system [25].
In addition, some of the robot-assisted systems have been
applied in clinical practice, and their surgical reports have been
published. For instance, (1) Magellan medical vascular catheter
control system (VCCS) [26]; (2) Sensei X™ robotic navigation
system (RNS) [27]; (3) CorPath GRX robotic-assisted system
[28]; (4) Amigo™ system [29]; (5) Niobe magnetic navigation
system [30].
Although the research on robot-assisted systems has made
considerable achievements, there are still some challenges that
need to be tried and improved. For instance, in the more curved
blood vessel environments, the tip of the catheter is difficult to

Abstract - The study of force has always been very important
in robot-assisted vascular interventional surgery. In some special
environments, the blood vessels are more curved, and it is difficult
for the catheter to pass through smoothly, even with the guidance
of the guidewire. However, this will cause excessive contact force
between the tip of the catheter and the blood vessel wall, affecting
the safety of the operation. Therefore, in this paper, a preliminary
concept was proposed to reduce the contact force between the tip
of the catheter and the blood vessel wall. Besides, a magnetic field
generator was integrated in the slave side of the system, and it can
generate a magnetic field to assist the deflection of the tip of the
catheter in the more curved blood vessel. Finally, the experiment
was carried out to evaluate the proposed method, and the results
were indicated that the electromagnetic force can deflect the tip
of the catheter effectively, the tip of the catheter can pass through
the more curved blood vessel with relatively small contact force in
the presence of the magnetic field. So, we can draw the conclusion
that the concept proposed in this paper is reasonable and effective.
Index Terms – Robot-assisted Vascular interventional surgery.
Contact force. Uniform magnetic field. Electromagnetic force.

I. INTRODUCTION
Recently, the robot-assisted vascular interventional surgery
has attracted more attention due to their good stability and high
accuracy. However, in the traditional interventional surgery, to
prevent doctors from being exposed to X-ray radiation, doctors
need to wear the radiation protective clothing and complete the
complex surgical operation in the operating room, which easily
fatigue the doctors, resulting in misoperations and affecting the
safety of the operation. Compared to traditional interventional
surgery, the robot-assisted vascular interventional surgery can
separate doctors from the operating room, prevent doctors from
being exposed to X-ray radiation and reduce the burden on the
surgeon. Therefore, the research of the robot-assisted vascular
interventional surgery has good significance.
Nowadays, with the unremitting efforts of many scientific
research groups, robot-assisted vascular interventional surgery
has been greatly improved. For instance, to improve the tactile
presence of the robot-assisted system and reduce the fatigue of
doctors during the operation, the robot-assisted system with the
function of haptic force feedback was developed based on MR
(Magnetorheological) fluids [1]-[5], and the inspiration comes
from the change of MR fluids under the action of the magnetic
field. Besides, there is also a method of using torque properties
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correctly choose the target blood vessel branch, which makes it
difficult for the doctors to operate; Moreover, the contact force
between the tip of the catheter and the blood vessel wall is too
large, which affects the safety of the surgery. Therefore, based
on the above challenges, the main contribution of this study is
to propose a preliminary method for reducing the contact force
of the tip of the catheter, ensuring the safety of the surgery, and
avoiding the puncture of blood vessels by integrating magnetic
field control into the slave side of the robot-assisted system. Its
main principle is to realize the deflection the tip of the catheter
in the extremely curved blood vessel environments during the
operation.
The remainder of this paper is as follows; In Section II, the
proposed robot-assisted system is descripted. In Section III, the
methods of the magnetic field control and the deflection of the
tip of the catheter is described. In Section IV, the comparative
experiments are carried out, the experiment results are obtained
and discussed. In Section V, the conclusion is drawn.

Fig. 2 The master manipulator of the robot-assisted system.

A. The Master Manipulator
Fig.2 is the master manipulator, its function of haptic force
feedback was realized by the MR fluids. A catheter control unit
was used to control the catheter manipulation unit of the slave
manipulator, which includes a magnetic field generator for the
change of the state of the MR fluids, two encoders (MTL, ME
S020-2000P, Japan) for the collection and transmission of the
surgical actions, and a load cell (TU-UJ5N, TEAC, Japan) for
the measurement of the haptic force that applied on the doctor’s
hand. Besides, a guidewire control unit was used to control the
guidewire manipulation unit of the slave manipulator. And the
principle is similar to the catheter control unit, two encoders are
used to collect and transmit the doctor’s surgical actions.
The haptic force feedback of the master manipulator is an
important part for the improvement of safety of the system, the
inspiration comes from the change of the MR fluids under the
action of the magnetic field. The MR fluids is a kind of special
material, which changes from liquid to solid with the increase
of the magnetic field. Using this characteristic, combined with
the structure design of the master manipulator, the haptic force
can be transferred to the doctor's hand. So, the doctor's tactile
presence can be enhanced, and the safety can be guaranteed.

II. SYSTEM DESCRIPTION
Fig.1 is the preliminary concept of a robot-assisted system
integrated with a magnetic field generator at the slave side. The
developed system adopts a master-slave design concept, and its
purpose is to separate the doctor from the operating room and
guarantee the safety of doctors. In addition to being responsible
for the collection and transmission of the surgical actions, the
master side also needs to have the function of tactile force feed
back to enhance the transparency of the developed system. The
master side mainly includes the master manipulator developed
by our previous studies [1][2][4][31], a surgeon with extensive
experience. And the slave side is responsible for receiving and
executing the information come from the master side, realizing
the position and force feedback. The slave side mainly includes
an internet protocol camera, a magnetic field generator, a slave
manipulator, and a patient. The magnetic field generator is used
to provide a magnetic field, apply an electromagnetic force on
the tip of the catheter, assist the tip of the catheter pass through
the blood vessel smoothly, and reduce the contact between the
tip of the catheter and the vessel wall. In addition, the internet
protocol camera is adopted to realize the visual feedback of the
proposed robot-assisted system. So, the safety of the proposed
robot-assisted system can be improved through the combination
of the force-visual feedback.

B. The Slave Manipulator
The slave manipulator of the system is shown in Fig.3, it
was developed to replace the doctor to complete the operation
at the slave side. Corresponding to the master manipulator, the
slave manipulator also has two manipulation units, one for the
manipulation of a guidewire, the other for the manipulation of
a catheter. The insertion, retraction and rotation of the catheter
or the guidewire are completed by the stepping motor (ASM4
6AA, ORIENTAL MOTOR, Japan) with a resolution of 0.36
degrees. So, the slave manipulator has four DOFs (Degrees of
freedom), and it can complete the collaborative operating of a
guidewire and a catheter. In addition, the force information of
the guidewire and the catheter can be detected by the load cell
(TU-UJ5N, TEAC, Japan) and the torque sensor. The principle
of force detection of slave manipulator is shown in Fig.4. Fig.4
(a) shows the method of axial force detection, a guide rail with
the sliding block is placed at the bottom of the grasper device
to achieve the force transmission. Fig.4 (b) shows the method
of torque force detection, the stepping motor, torque sensor and
load are connected by the coupling. And the torque force can
be transmitted through the synchronous belt (see Fig.3).

Fig. 1 The robot-assisted system integrated with the magnetic field generator.
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The relationship between the magnetic field intensity and
the input current is shown in Fig.6. It is not difficult to find that
in the range of 0 A to 2 A, the magnetic field intensity linearly
increases with the increase of the input current when the input
current is gradually increased in steps of 0.2 A. When the input
current is 2 A, the magnetic field intensity is 134.3 mT.
B. The Deflection of the Catheter Tip
In some special environments, the blood vessels are more
curved, and it is difficult for the catheter to pass through, even
with the guidance of the guidewire. Therefore, the advantage of
the deflection of the tip of the catheter is to reduce the contact
force of the tip of the catheter, and assist the tip of the catheter
in passing through the more curved blood vessel environments
easily and smoothly.
Based on the principle of the electromagnetic force, a tiny
ring shape magnet is installed on the tip of the catheter in this
paper. The method for the schematic diagram of the deflection
of catheter tip is shown in Fig.7. As shown in Fig.7 (a), a force
sensor and a magnet are installed on the tip of the catheter, the
force sensor is employed to detect the collision force between
the tip of the catheter and the blood vessel wall, and the magnet
is employed to assist the deflection of the tip of the catheter in
the more curved blood vessel environment under the action of
the uniform magnetic field. And as shown in Fig.7 (b), it is the
schematic diagram after a magnetic field is applied. Compared
with Fig.7 (a), the tip of the catheter can be deflected along the
direction of the magnetic induction line, which makes it easier
to select the target blood vessel branches and reduce excessive
contact. Besides, the deflection angle of the tip of the catheter
is related to the magnitude of the electromagnetic force.

Fig. 3 The slave manipulator of the robot-assisted system.

Fig. 4 The force detection method of the guidewire or the catheter on the slave
manipulator during the operation.

III. PRINCIPLES AND METHODS
In this section, a magnetic field generator is used to apply
a uniform magnetic field to the tip of the catheter, achieve the
deflection of the tip of the catheter and reduce the contact force
between the tip of the catheter and the blood vessel wall.
A. The Magnetic Field Generator
Fig.5 is the structure of the magnetic field generator, it was
designed based on the principle of electromagnetism [31]. And
there are two copper coils with an inner diameter of 30 mm, an
outer diameter of 120 mm, a height of 68 mm and the turns of
1200 T. To increase the magnetic field intensity, the iron cores
are used to pass through the copper coils, the distance between
the two copper coils is 30 mm. Besides, after a power supply is
connected to the magnetic field generator, a uniform magnetic
field is generated. And under the action of a uniform magnetic
field, the magnet will be subjected to the electromagnetic force
along the N-pole to the S-pole.

Fig. 6 The relationship between magnetic field intensity and input current.

Fig. 7 The principle of the deflection of the tip pf the catheter (IAMF: In the
absence of magnetic fields. IPMF: In the presence of magnetic fields).

Fig. 5 The structure of the magnetic field generator.

1057

Fig. 8 The test results after the test were repeated twice. (IAMF: In the absence of magnetic fields. IPMF: In the presence of magnetic fields).

C. The Experiment for the Test
The test results are shown in Fig.8. It was performed at a
magnetic field of 134.3 mT. In the initial state (see Fig.8 (a)), a
catheter with a magnet was placed in the center of the two iron
cores of the magnetic field generator. After a uniform magnetic
field was applied to the tip of the catheter, the catheter tip was
significantly deflected (see Fig.8 (b)). Then, the magnetic field
was turned off, the tip of the catheter was returned to its initial
position (see Fig.8 (c)). Finally, the magnetic field was applied
to the tip of the catheter again, and the tip of the catheter was
significantly deflected again (see Fig.8 (d)). The experiment for
the test was repeated twice, the change of magnetic fields with
time is shown in Fig.8 (e). And the results are indicated that the
proposed method is reasonable and effective.

B. Experimental Result
Fig.9 (b) is the results of the contact force between the tip
of the catheter and the blood vessel during the experiment. The
results obtained in the absence of magnetic fields is represented
by the bars on the left, and the results obtained in the presence
of magnetic fields is represented by the bars on the right. It not
difficult to find that before 1600 ms, the results obtained in the
absence of magnetic fields are higher than the results obtained
in the presence of magnetic fields, indicating that the magnetic
field reduces the contact between the catheter tip and the vessel
wall. But, after the time of 1600 ms, the results obtained in the
absence of magnetic fields are lower than the results obtained
in the presence of magnetic fields, we believe that the reason is
that when the catheter tip reaches the target point, the catheter
tip needs to be deflected in the opposite direction of magnetic
fields, but the change of the direction of the magnetic field has
not yet been realized. The challenge can be solved by changing
the direction of the magnetic fields through a program control
in future research.

IV. EXPERIMENTS AND RESULTS
In this section, a comparative experiment is carried out to
verify the contact force between the tip of the catheter and the
blood vessel wall in the presence and absence of the magnetic
field. And the experimental results are obtained, analyzed, and
discussed in detailed.

C. Discussion
To reduce the contact force between the tip of the catheter
and the blood vessel wall in the extremely curved blood vessel
environment, improve the safety of the operation, and assist the
tip of the catheter to easily pass through the extremely curved
blood vessel environment, a method of changing the deflection
of the tip of the medical flexible catheter based on the magnetic
field control was proposed.
To verify the method proposed in the paper, a comparative
experiment of the contact force between the tip of the catheter
and the blood vessel wall was performed in the presence of the
magnetic field and the absence of the magnetic field. And the
contact force was detected by a self-developed force sensor on
the tip of the catheter. The experimental results indicated that
the contact force has been reduced compared with the absence
of the magnetic field, and the method proposed in this paper is
reasonable and effective. However, after analysis of the results
there are also some limitations. For instance, the change of the
direction of the magnetic field has not yet been realized, which
result in the phenomena at the time of 1700 ms and 1800 ms in
Fig.9 (b), and the limitation can be solved through the program
control in the future research. In addition, the current designed
magnetic field generator is single, not multidimensional, so the
deflection of the tip of the catheter in any direction in space has
not yet been achieved, and the limitation can be solved through
using a multidimensional magnetic field generator in the future
research.

A. Experimental Setup
Fig.9 (a) is the comparative experiment was performed in
a blood vessel model with the outer diameter of 7 mm and the
inner diameter of 5 mm. The starting point, the target point and
the direction of the magnetic field were marked. The evaluation
index of this experiment is the contact force on the catheter tip
during the operation, and the results were detected by a force
sensor installed on the tip of the catheter. The experiment was
repeated twice, once in the presence of the magnetic field, and
once in the absence of the magnetic field. Besides, the applied
magnetic field was a constant magnetic field with the intensity
of 134.3 mT.

Fig. 9 The evaluation of the contact force between the tip of the catheter and
the blood vessel wall during the operation.

1058

[11] X. Bao, S. Guo, N. Xiao, et al. “Operation evaluation in-human of a novel
remote-controlled vascular interventional robot,” Biomedical microdevices,
vol.20, no.2, 2018.
[12] S. Guo, J. Cui, Y. Zhao, Y Wang, et al “Machine learning–based operation
skills assessment with vascular difficulty index for vascular intervention
surgery,” Medical & Biological Engineering & Computing, vol.58, pp.17
07-1721, 2020.
[13] J. Woo, H. S. Song, H. J. Cha, et al. “Advantage of Steerable Catheter
and Haptic Feedback for a 5-DOF Vascular Intervention Robot System,”
Applied Sciences, vol.9, no.20, pp.4305, 2019.
[14] K. Wang, Q. Lu, B. Chen, et al. “Endovascular Intervention Robot with
Multi-manipulators for Surgical Procedures: Dexterity, adaptability and
practicability,” Robotics and Computer-Integrated Manufacturing, vol.56,
pp.75-84, 2019.
[15] N. K. Sankaran, et al. "Design and Development of Surgeon Augmented
Endovascular Robotic System," IEEE Transactions on Biomedical Engin
eering, vol.65, no.11, pp.2483-2493, 2018.
[16] Y. Zhao, H. Xing, S. Guo, et al. “A novel noncontact detection method of
surgeon’s operation for a master-slave endovascular surgery robot,” Med
ical & Biological Engineering & Computing, vol.58, pp.871-885, 2020.
[17] J. Guo, X. Jin, S. Guo, et al. “A Vascular Interventional Surgical Robotic
System Based on Force-Visual Feedback,” IEEE Sensors Journal, vol.19,
no.23, pp: 11081-11089, 2019.
[18] J. Chen, et al, "Supervised Semi-Autonomous Control for Surgical Robot
Based on Bayesian Optimization," in Proceedings of 2020 IEEE/RSJ Inter
national Conference on Intelligent Robots and Systems (IROS), 2020.
[19] W. Chi, G. Dagnino, T. M. Y. Kwok, et al. "Collaborative Robot-Assisted
Endovascular Catheterization with Generative Adversarial Imitation Lear
ning," in Proceedings of 2020 IEEE International Conference on Robotics
and Automation (ICRA), pp.2414-2420, 2020.
[20] W. Chi, J. Liu, H. Rafii-Tari, C. Riga, C. Bicknell, et al. “Learning-based
Endovascular Navigation Through the Use of Non-rigid Registration for
Collaborative Robotic Catheterization” International journal of computer
assisted radiology and surgery, vol.13, no.6, pp.855-864, 2018.
[21] Z. Hu, J. Zhang, L. Xie, et al. “A generalized predictive control for remote
cardiovascular surgical systems,” ISA transactions, vol.104, pp.336-344
2020.
[22] Omisore O M, Han S P, Ren L X, et al. “Towards Characterization and
Adaptive Compensation of Backlash in a Novel Robotic Catheter System
for Cardiovascular Interventions,” IEEE Transactions on Biomedical Cir
cuits and Systems, vol.12, no.4, pp.824-838, 2018.
[23] X. Zhou, G. Bian, X. Xie, et al. “Analysis of Interventionalists’ Natural
Behaviors for Recognizing Motion Patterns of Endovascular Tools during
Percutaneous Coronary Interventions,” IEEE Transactions on Biomedical
Circuits and Systems, vol.13, no.2, pp.330-342, 2019.
[24] J. Sikorski, C. M. Heunis, F. Franco and S. Misra, "The ARMM System
An Optimized Mobile Electromagnetic Coil for Non-Linear Actuation of
Flexible Surgical Instruments," IEEE Transactions on Magnetics, vol.55,
no.9, pp.1-9, 2019.
[25] L. Pancaldi, P. Dirix, A. Fanelli, et al. “Flow driven robotic navigation of
microengineered endovascular probes,” Nature Communications, vol.11,
no.1, pp.1-14, 2020.
[26] S. M. Vuong, C. P. Carroll, R. D. Tackla, et al. “Application of emerging
technologies to improve access to ischemic stroke care,” Neurosurgical
focus, vol.42, no.4, pp.E8-E8, 2017.
[27] A. D. Russo, G. Fassini, et al. “Analysis of catheter contact force during
atrial fibrillation ablation using the robotic navigation system: results from
a randomized study,” Journal of Interventional Cardiac Electrophysiology,
vol.46, no.2, pp.97-103, 2016.
[28] C. C. Smitson, L. Ang, A. Pourdjabbar, et al. “Safety and Feasibility of a
Novel, Second-Generation Robotic-Assisted System for Percutaneous
Coronary Intervention: First-in-Human Report,” The Journal of invasive
cardiology, vol.30, no.4, pp.152-156, 2018.
[29] E. M. Khan, W. Frumkin, G. A. Ng, et al. “First experience with a novel
robotic remote catheter system: Amigo™ mapping trial,” Journal of Inter
ventional Cardiac Electrophysiology, vol.37, no.2, pp.121-129, 2013.
[30] A. Tan, H. Ashrafian, et al. “Robotic surgery: disruptive in- novation or
unfulfilled promise? A systematic review and meta-analysis of the first 30
years”. Surgical endoscopy, vol.30, no.10, pp.4330-4352, 2016.
[31] X. Yin, S. Guo, H. Hirata et al. “Design and experimental evaluation of a
teleoperated haptic robot–assisted catheter operating system”. Journal of
Intelligent Material Systems and Structures, vol. 27, no.1, pp.3-16, 2016.

V. CONCLUSIONS AND FUTURE WORKS
In this paper, a preliminary concept was presented for the
deflection of the tip of the catheter and the reduction method of
the contact force between the tip of the catheter and the blood
vessel wall in vascular interventional surgery. A magnetic field
generator was integrated in the slave side of the robot-assisted
system, it can generate a magnetic field to assist the deflection
of the tip of the catheter in the extremely curved blood vessel
environment. The advantage of the concept in this paper is that
it can increase the safety of the system. Besides, a preliminary
experiment was carried out to verify the proposed method, and
the results indicated that the contact force has been reduced in
the extremely curved blood vessel environment compared with
the absence of the magnetic fields. Therefore, we can draw the
conclusion that the preliminary concept for the reduction of the
contact force is reasonable and effective.
In future research, current limitations will be solved, and if
possible, the robot-assisted system will be evaluated in “Vivo”.
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