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1.Research Background

In recent years, some diseases are caused by people's unhealthy lifestyle. Among them,
vascular disease is a typical disease that seriously endanger human health, usually
affecting the heart and the blood vessels, and leading to heart attacks and strokes. With
the development of the medical technology, VIS (Vascular Interventional Surgery) has
saved more and more patients with cardiovascular disease. There are two ways to treat
the cardiovascular disease, including the traditional manual operation and the
emerging robot-assisted minimally invasive surgery. In the process of the manual
operation, the doctor needs to operate guidewires and catheters in the operating room
for long time to complete the treatment. However, the long operation time is easy to
fatigue the doctors and increase the risk of the operation. In addition, the health of the
doctors can hardly be guaranteed because of the X-ray radiation. In contrast, the
robot-assisted minimally invasive surgery is particularly advantageous, it can improve
the comfort, precision, and stability, eliminate the physiological tremor, and reduce the
doctor's exposure to X-ray radiation.

2.Challenges

1)Most of robot-assisted systems lack force feedback, and the safety of system is low.
2)The existence of disturbance force easily affects the accuracy of the force feedback.
3)Lack of the active enhancing safety method may cause the puncture of blood vessels
due to the fatigue of the doctor and the sudden accidents.

3.Research Purposes

1)To develop a novel robot-assisted system with haptic force feedback for VIS.



2)To eliminate the disturbance force during the operation and improve the accuracy of
the haptic force feedback.

3)To prevent the puncture of the blood vessels due to the fatigue of the surgeons and the
sudden accidents.

4 Research Approaches

1)Develop a robot-assisted system with haptic force feedback to enhance the safety.
2)Analyze the total force and eliminate the disturbance force between the catheter and
the blood vessel.

3)Propose the active enhancing safety method to avoid the danger of the misoperation.
5.Research Topics

I.Development and evaluation of a novel robot-assisted system with force feedback for
endovascular surgery.

I1.Total force analysis and safety enhancing for operating both guidewire and catheter
in endovascular surgery.

ITI.Study on the active enhancing safety method of the robot-assisted system in VIS.
6.Conclusions and Future Work

1)A novel tactile sensing robot-assisted system for VIS was developed. This system can
accurately deliver the guidewire and the catheter to the target point and detect the force
information between the surgical instruments and the blood vessel in real time. In
addition, a master manipulator based on the MR fluid was used to generate the haptic
force acting on the doctor's hand to achieve the haptic force feedback. The slave
manipulator has good tracking performance, the maximum error of the linear motion
was less than 2 mm, the maximum error of the rotation motion was less than 2 degrees
Under the guidance of collaborative operation and the haptic force feedback, the safety
performance of the operation with haptic force feedback was obviously higher than that
of without haptic force feedback. After five participants completed the experiment, the
safety increased by 4.32% on average.

2)The total force on the guidewire and the catheter during the operation was analyzed
in detail by modeling. In addition, a force sensor based on pressure sensitive rubbers
was designed to confirm the collision between the tip of the catheter and the blood
vessel. The accuracy of the force feedback can be enhanced by using the proposed
analysis method, and the collision force can be detected by the self-developed force
sensor, which is helpful for surgeons to make accurate judgments and improve the
safety performance of the system.

3)The active enhancing safety method was proposed for the developed robot-assisted

system, mainly including the reduction of the collision force at the catheter tip, the



enhanced haptic force feedback that occurs at the master side, and the identification
and reduction of dangerous behaviors that occurs at the slave side. Compared with the
passive enhancing safety methods, it can reduce the risk in time. The collision force at
the catheter tip was reduced by 0.104 N when there was a misoperation in the
procedure under the active enhancing safety method. And the strong sense of the tactile
presence for the doctor was generated by the developed master manipulator when the
total force from the slave side was greater than 1.0 N.

4)In the future, the tactile sensing robot-assisted system will be verified through the

experiments in “Vivo”.

BEREROER

The defense committee examined the Ph.D. thesis “Study on a Guidewire and Catheter
Collaborative Operating System”, submitted by the above applicant for a doctoral
degree. The aim of this thesis is to develop a novel tactile sensing robot-assisted system
for vascular interventional surgery and solve the challenge of how to guarantee the
safety of the robot-assist system.

The thesis consists of 7 chapters, as follows.

Chapter 1: Introduction

With the development of medical technologies, vascular interventional surgery has
saved more and more patients. And there are two ways to treat cardiovascular disease,
one is the manual operation, and other is the emerging robot-assisted minimally
invasive surgery. The challenges of the current research are as follow: 1) Most of
robot-assisted systems lack haptic force feedback, and the safety cannot be guaranteed.
2) The existence of the disturbance force easily affects the accuracy of haptic force
feedback. 3) Lack of the active enhancing safety methods may cause the puncture of
blood vessels due to the doctor’s misoperation. The purpose of this thesis is to solve the
challenge of how to guarantee the safety of the robot-assist system. The approaches of
this thesis are developing a novel robot-assisted system with the haptic force feedback,
analyzing the total force, eliminating the disturbance force between the catheter and
the blood vessel, and proposing active enhancing safety methods to avoid the danger
caused by the doctor's misoperation.

Chapter 2: Development of a Novel Tactile Sensing Robot-Assisted System

According to the operating requirements of the doctors, a novel tactile sensing
robot-assisted system for vascular interventional surgery was developed. The slave

manipulator can accurately deliver the catheter and the guidewire to the target position



and detect the total force between the surgical tools and the blood vessel environment in
real time. The master manipulator based on MR fluids was used to generate the haptic
force acting on doctors' hand to achieve the haptic force feedback. Besides, the principles
of the haptic force feedback, the grasper device, and the force detection mechanism were
introduced, and the robot kinematics was analyzed.

Chapter 3: Evaluation of the Novel Tactile Sensing Robot-Assisted System

A novel tactile sensing robot-assisted system was evaluated by experiments in “Vitro”.
Experimental results indicated that the system has good performance in tracking
performance, the maximum error of the linear motion was less than 2 mm, and the
maximum error of the rotation motion was less than 2 degrees. Under the guidance of
the collaborative operation and the haptic force feedback, the guide wire and the
catheter were delivered to the target position smoothly, the safety of the operation with
haptic force feedback was significantly higher than that of without haptic force feedback.
After five participants repeated the experiment, the safety performance increased by
4.32% on average.

Chapter 4: Analysis of Forces on the Guidewire and the Catheter

To improve the accuracy of the haptic force feedback and reduce the difficulty of doctors’
judgment the total force on the guidewire and the catheter was analyzed in detail by
modeling, the disturbance force was eliminated, and a force sensor based on pressure
sensitive rubbers was designed to confirm the collision force between the tip of the
catheter and the blood vessel. The safety performance of the tactile sensing
robot-assisted system can be improved by combining the haptic force feedback with the
collision detection of the self-developed force sensor based on the pressure sensitive
rubbers.

Chapter 5: Study on the Active Enhancing Safety Method of the System

To avoid the dangerous behaviors caused by doctor’s misoperation and the medical
accident during the operation, a preliminary method was proposed to assist the
deflection of the tip of the catheter to pass through the curved blood vessels with the
relatively small collision force, and active enhancing safety methods occurring on the
master side and the slave side were proposed to improve the safety of the robot-assisted
system, which can actively avoid the dangerous behaviors in time.

Chapter 6: Safety Performance Evaluation of the Robot-Assisted System

A series of experiments in “Vitro” were carried out to verify the safety of the
robot-assisted system was improved by the methods proposed in Chapters 4 and 5.
Experimental results indicated that the accuracy of the haptic force feedback can be

enhanced by eliminating the disturbance force during the procedure, the collision force



at the tip of the catheter can be detected by using the developed force sensor, which is
helpful for the doctor to make the accurate judgment during the operation. The active
enhancing safety method can reduce the risk in time. The collision force at the tip of the
catheter was reduced by 0.104N and the average and the maximum total force between
the catheter and the blood vessels was reduced by 0.1N and 0.054N, respectively, under
the active enhancing safety method.

Chapter 7: Concluding Remarks

This thesis carries out in-depth research on a novel tactile sensing robot-assisted
system for vascular interventional surgery. And three new points of this thesis can be
summarized as follow, 1) A novel tactile sensing robot-assisted system with the haptic
force feedback was developed, and it can realize the accurate positioning of the
guidewire and the catheter in the blood vessel. 2) The total force and the disturbance
force between the catheter and the blood vessel environment has been analyzed and
eliminated, and the safety has been improved. And 3) The active enhancing safety
method has been proposed to avoid the dangers of the operation caused by the doctor's
misoperation and the medical accident. If possible, the developed tactile sensing
robot-assisted system for vascular interventional surgery will be verified through the

experiments in “Vivo” in the future.

The main papers published during the doctoral period are as follows, including two

journal papers as the first author, one journal paper as the co-first author.

1.Xiaoliang dJin, Shuxiang Guo, Jian Guo, Peng Shi, Takashi Tamiya, et al,
“Development of a Tactile Sensing Robot-Assisted System for Vascular Interventional
Surgery”, IEEE Sensors Journal, Vol.21, No.10, pp.12284-12294, 2021. (IF:3.301)
2.Xiaoliang Jin, Shuxiang Guo, Jian Guo, Peng Shi, Takashi Tamiya, Masahiko
Kawanishi, and Hideyuki Hirata, “Total Force Analysis and Safety Enhancing for
Operating Both Guidewire and Catheter in Endovascular Surgery”’, IEEE Sensors
Journal, Vol.21, No.20, pp.22499-22509 2021. (IF:3.301)

3.Jian Guo, Xiaoliang Jin, Shuxiang Guo, Qiang Fu, “A Vascular Interventional
Surgical Robotic System Based on Force-Visual Feedback”, ITEEE Sensors Journal,
Vol.19, No.23, pp.11081-11089, 2019. (IF:3.301)

AR ROR T

5



T4 2 A 3 HICARERZ O CNTRMEHABRZ M L7z, AFESTIE, HFEE 2 Lim
XONFICET DHRETo72 (K 40 ), £Ok, HabelBR & L TR SLONEIC
MWD LEEZEOBEREICIEICEA D Z L 2RD, BITALam 3 B L 72 55 B o0 §EfY
I a2 MR 95 Z & ThERBR & Lz (89 40 29 .

HAETRERIZI 1T 2 AL UK T D2 ERISEOMEIILU TO LB TH Y, FEPHEIL
FTANTHIREICEIE LT,

ORE LR T 4 v BT —TIVENES AT LOFHRMEIID,

([F) kD~ AX =V AT LTI, N RARY a A AT 4 v 7 ZHNTOER, i
BLTEH LWHEZ, ZEOFRINHD T —T L E2HWTHIET 5720, HEIZEILTR)
ERMTHLTICWI 2R TELHBMERD L, FllfRRMELFOov A Y —F L —
TA T VAT LERHE, KA ROWMGONEREE=F—) AR LI, B
T=TNA B =Ry a YT N, R T 4 — Ry 7 LERERRIER T 4 —
RS 7 DR AWEE, BIR SNT- T AT AREEME L 22l hmh b = L & i LT,

@ T — T WEXE S AT AOREME LD X O ITRIES LD D,

(B2 BB T, etin & A FOm GO NiEFRE e h—THEL, £t b LT,
BEBEORKMEEBZRNE I, 74— Ry I EGIHT L LIcky, BReEtEofk
Rz HIET,

@I T —TNALE—R g U JETIICBWT, BENIED L IS END D,

(BZ) HTF—FNA 2= g JEF BT, SlE22 (Pseudo Collision)
71 & B HfE 2% (Real Collision) HZEFBFINTT 4 v 7 7 4 —FXXwZ(CHWTWD, £
DIz EF AN L, BRI E2 45 L, Flca b CEBIEREZ RSB LT,

Q@ LI T —T NHIEXE S AT KTHONWT, A RIA Y & T —F VO FHERE
FEIEETH L, A% EIRBEAIND

(BI%) WA RUA Y EDT =T NVOBFBRIEIREE OBRIEA XL TH D, T ahh
LT, 7= R—2AFMHEEL, AHEZEOBRIEAINEGO T — X _X—RTHESNT
MDEZIET D, S5, BEOME CT & MRI T—X ZB% L7= VR VAT AIZEA L
T, BEOMEET N EFBEST D, EEOFMEZ T HANCEBE DI TE D720, Fif
DRV E O TERFREZ D TE D,

AFEEZERICTBITO2HEEDT. ALERXONE., MHETEREZHRAL LS &T26DT
b5,

ARFAZERT, BH SN ARG A E L (T%) OHLET L0 TH
D ORAERFEE THMESICE T D o SRR 2 AT D Lo Ll LT,
EXY | AREH&RBROF G Z &k &3 2,



