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ABSTRACT In a vascular interventional surgery robot system, accurately pushing the guidewire into the
patient-specific branch vessel is the core step of the entire operation, so it has become the focus of the master-
slave co-control of the guidewire propulsion and manipulation mechanism. Some vascular interventional
surgery robots have been used for delivery of the guidewire; however, problems such as the inability to
reliably clamp the guidewire and the lack of accurate force feedback prevent doctors from using robots for
accurate delivery. In addition, failure to disinfect surgical robots quickly and completely increases the risk
of surgery. This article introduces a new type of master-slave vascular interventional robot with reliable
clamping of the catheter/guidewire, accurate perception of the lead-in force of the guidewire for precise
delivery and fast disinfection. In response to the problem of the nonlinear and uncertain disturbance of
the catheter/guidewire resistance affecting the delivery mechanism, an adaptive sliding controller based on
master-slave tracking is designed. Through experiments and analysis of the fuzzy sliding mode controller
(FSMC) experimental platform, the results show that a vascular interventional robot control system with
good tracking performance and strong robustness has been designed.

INDEX TERMS Adaptive sliding control, force feedback, precise delivery, quick disinfection, vascular

interventional surgery robot.

I. INTRODUCTION

Vascular interventional surgery refers to a doctor’s guided
manipulation of catheters/guidewires in the blood vessels of
the human body under a digital angiography machine for
treatment of lesions, manipulation of embolisms of blood
vessels, dissolution of blood clots, dilation of narrow blood
vessels and other purposes. A vascular interventional surgery
robot will ease patients’ urgent needs for doctors, reduce
the intensity of doctors’ work, and improve the surgical effi-
ciency and cure rates, which is currently a hot topic of domes-
tic and foreign research and a very challenging subject in the
field of robotics [1]. In a vascular interventional surgery robot
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system, according to a doctor’s remote operation, insertion
of a catheter/guidewire via a propulsion mechanism into a
specific branch of a blood vessel is the key step throughout
the operation and the main breakthrough in the research on
vascular interventional surgery robots. Therefore, study of the
guidewire propulsion mechanism and control system is one of
the key scientific areas [2]—[7].

The research on guidewire propulsion mechanisms orig-
inated in the 1940s and 1950s, which can be divided into
active wire propulsion mechanisms and passive wire propul-
sion mechanisms. For example, Sensei, a surgical robot
from Hansen Medical in Canada, and Amigo, a surgical
robot from Catheter Robotics in the United States, are both
active types that enable insertion and extraction of active
catheters/guidewires and bending of the head of the catheter.
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However, the passive wire guiding mechanism is widely
adopted because of the easy-to-implement characteristics
of the structure and control system [6]. The CorPath 200
wire propulsion system in Corindus, USA can feed bal-
loons and stents along the guide to the position of vas-
cular lesions and use the one-time-use shell to solve the
partial disinfection problem. The wire propulsion mechanism
developed by Professor Wang Shuguo of Harbin University
of Technology, China, which adopts two motors to sepa-
rately drive the catheter for axial feed and rotational motion,
pushes the catheter by the friction drive of a roller [8]-[17].
Professor Wang Hongbo of Yanshan University developed
a vascular interventional surgery robot catheter/guidewire
propulsion mechanism and positioning robotic arm; this
propulsion mechanism imitates the hand-propelled and rota-
tion operations [1]-[3].

The control performance of surgical robots is directly
related to the performance of the entire system or even
determines the success or failure of surgery. SensAble
of the United States has successfully developed a series
of PHANTOM force feedback operating masters. The
PHANTOM series main hands mainly include three types of
products: the PHANTOM Desktop force feedback operating
master, the PHANTOM Omni force feedback operating mas-
ter and the PHANTOM Premium Force Feedback operating
master, shown in Figs. 1-8. The PHANTOM Omni force
feedback operating master and PHANTOM Desktop force
feedback operating master both have 6 degrees of freedom
and a 3D force feedback function.

The Premium series has three products: 1.0, 1.5, and 3.0.
The Premium can feed back a wider range of forces and
provide a larger workspace, and programming is easier and
faster compared to the Desktop. The Phantom 1.5/6dof force
feedback operation main hand can not only feedback the
three-dimensional force but also reflect the three-dimensional
torque, which better fits the actual conditions. Shanghai
Jiaotong University in China has developed a 5 degrees
of freedom force feedback master for celiac surgery. This
master uses a motor for each degree of freedom to pro-
vide force feedback and can achieve the clamping operation
of laparoscopic surgery by providing 1 clamping degree of
freedom at the end. Harbin University of Technology has
developed a force feedback master for master-to-slave oper-
ation, which adopts a string-based mixed structure and has
7 motional degrees of freedom, 3D force feedback functions,
and a 100 mm x 100 mm x 100 mm working space. The
“Magic Hand” robot master developed by Tianjin University
is an improvement based on PHANTOM, has 7 degrees of
freedom, and provides a feedback force of up to 12 N in
3 directions of movement via the installed motor. In addition,
Southern Medical University, Fudan University Affiliated
Hospital and other units have also started research work with
PHANTOM as the robot master [17]-[20].

Based on the literature review and practical requirements,
a new type of vascular interventional surgery robot master-
slave design scheme is proposed in this article: It can reliably
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hold the catheter/guidewire, enable quick replacement of the
catheter/guidewire, achieve rapid disinfection, and accurately
detect the resistance of the catheter/guidewire during propul-
sion, which is amplified. The feedback, propulsion mech-
anism and rotational kinetic energy can be simultaneously
decoupled from each other at the same time UL 211-[27].
The operating mechanism conforms to the doctor’s oper-
ating habits and can provide effective feedback force
information [13], [28]-[32]. Based on this scheme, a vascu-
lar interventional surgery robot is built, an adaptive sliding
controller based on a PI sliding surface is designed, and
experimental verification is carried out with a fuzzy sliding
mode controller (FSMC) experimental platform.

Il. MASTER-SLAVE SYSTEM ANALYSIS AND
STRUCTURAL DESIGN

At present, the minimally invasive vascular interventional
surgical robot is composed of three parts: (1) Medical imag-
ing navigation system for visualization of the inside of
the blood vessels. (2) Master-slave system to assist doc-
tors in completing interventional surgery, which can per-
form catheter/guidewire delivery, withdrawal, rotation, etc.
(3) Positioning system of the robotic arm for position adjust-
ment of the slave hand delivery and reliable positioning of the
end delivery device to meet the surgical needs. This article is
based on an existing system; only the master-slave system is
researched in this work.

The master-slave operating system mainly consists of the
master-hand operating mechanism, the slave-hand propulsion
mechanism and the control system. The doctor observes the
patient’s intravascular condition through medical imaging
in an isolation chamber and controls the main master-hand
operating mechanism to generate the operating signal [18].
The control system issues motion commands to the propul-
sion mechanism of the slave hand according to the operating
signal to control the catheter/guidewire for delivery, and the
detected catheter/guidewire resistance signal is simultane-
ously transmitted back to the master hand [19], [33], [34].
The master-hand end changes the excitation current of the
magnetic powder clutch according to the signal and realizes
force perception feedback, as shown in Fig. 1.
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force
operation

Control System

Slave Delivery

feedback
Visual Monitor ”
feedback ',-/_\. ——
- - \ ";\6:««;::1,
p— = =

Doctor -
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FIGURE 1. Master-slave system.
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System Design Requirements:

(1) The slave-hand delivery mechanism must be able to
accurately sense the contact force of the catheter/
guidewire and the blood vessel wall. At the same time,
the master-hand-end operating mechanism should be
able to achieve resistance from the hand end in accor-
dance with a certain proportion of the mapping ratio.

(2) The minimally invasive interventional robot system
must have 2 degrees of freedom to decouple the delivery
and rotation actions.

(3) The surface of the catheter and guidewire cannot be
damaged.

(4) The slave-hand delivery structure should be easy to clean
and the catheter/guidewire easy to replace [1], [4].

Design Parameters:

(1) The propulsion speed of the catheter/guidewire is better
than 0 to100 mm/s, and the accuracy is less than 1 mm.

(2) The rotation speed of the catheter/guidewire is better
than 0 to 407 rad /s, and the accuracy is better than 3°.

(3) The maximum thrust is better than 5 N, and the rotational
torque is at least 10mN - m.

(4) The volume is at most 50 x 100 x 90 cm, and the weight
does not exceed 2 kg.

lll. STRUCTURAL DESIGN AND SIMULATION ANALYSIS
A. PROPULSION MECHANISM OF THE SLAVE HAND
Consisting of a rack, a holder, and fixed and mobile fin-
gers, the operating system of the slave-hand end is used to
carry out axial advancement, withdrawal, and rotation of the
catheter/guidewire [5], [33]. The propulsion mechanism of
the slave hand is shown in Fig. 2.

Fixed IRotetin otating Propulsio
finger 2 motor n motor
finge

Y valve Plate& “Slider Mobile - Ball
holder slideway finger screw

Coupling
FIGURE 2. Propulsion mechanism of the slave hand.

The fixed frame is used to fix the Y valve. The fixed
finger is used to guide and fix the catheter/guidewire when the
mobile rack is withdrawn. As the core part of the structure,
the moving rack is a composite structure, and the entire
rack can be moved axially. The inner structure provides
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a rotation mechanism, which can achieve rotation of the
catheter/guidewire [30]. The twisting mechanism is actuated
by a belt with a special winding method, which can drive
rotation of the catheter/guidewire through a tension wheel
that causes the multiple drive-wheel clamping claws to rotate
[14], [32]. This structure not only facilitates replacement of
the catheter/guidewire and clamping claws but also avoids
belt slip [2], [35], [36]. The rotation mechanism is shown in
Fig. 3.

Clamping

claw

Guide

wheel

band

Tension wheel

Active pulley

FIGURE 3. Belt winding principle.

The clamping claws use the movement of the guide sleeve
to adjust the opening size for applying catheters/guidewires
of different outer diameters, simultaneously changing the
clamping force. The movement of the guide sleeve is achieved
by a compression spring and tightening rope. In the natural
state, the guide sleeve is pushed by the compression spring so
that the clamping claws are tightened. In the working state, a
motor (RE13-MR256CPT, Maxon, Switzerland)-driven ten-
sion rope precisely adjusts the guide sleeve position, making
the clamping claw opening larger, to realize clamping or loos-
ening of the catheter/guidewire with flexibility and reliability
[3], [37]. The clamping claw structure is shown in Fig. 4.
The clamping claw opening and closing principle is shown
in Fig. 5.

Clamping Sleeve Spring Guide
claw wire

FIGURE 4. Clamping claw structure.

In addition to translation with the moving rack, this
structure can also be deflected as a whole on the
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FIGURE 5. Clamping claw opening and closing principle.

mobile rack, forming a force amplification mechanism to
amplify the resistance of the catheter/guidewire [15]. The
tiny resistance is measured with a micro-pressure sensor
(MDL: SBT674-2kg, Simbatouch, CN) below the rotation
mechanism, which does not increase the complexity of the
structure. The resistance detection mechanism is shown in
Fig. 6.
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FIGURE 6. Resistance detection mechanism.

For easy cleaning of the clamping claws that directly
contact catheters/guidewires, we design the clamping claw
guide sleeve and upper swing base as a quick-to-dismantle
structure, allowing the clamping claws to be quickly and
easily installed and removed [15], [30]. The clamping claw
removal structure is shown in Fig. 7.

B. MASTER-HAND OPERATING MECHANISM

Consisting of an operating sleeve, an operating shaft, a mag-
netic powder brake (CD-HSY-5, Lanling, CN), and so on,
the master-hand-end mechanism is used to receive the oper-
ation commands of the doctor and feed the resistance of the
catheter/guidewire back to the doctor [2], [33]. The master-
hand-end operating mechanism is shown in Fig. 8.

The operating sleeve is the core component of the master-
hand-end operating mechanism. The operating mechanism
is exactly the same as the doctor’s artificial way of advanc-
ing the catheter/guidewire. The operating sleeve moves to
advance and withdraw the corresponding catheter/guidewire
along the axial direction of the operating shaft. Six balls
are placed between this sleeve and the operating axis to
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FIGURE 7. Clamping claw removal structure.
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FIGURE 8. Master-hand-end operating mechanism.

reduce the friction between them. The resistance of the
operating sleeve when it is moving is adjusted by the mag-
netic powder brake, which is the same resistance as for
the catheter/guidewire. Its rotation with overall rotation of
the operating axis corresponds to rotation operation of the
catheter/guidewire. The flexible skin sensor on its surface
is used to capture the doctor’s clamping force to adjust the
clamping force of the claws on the slave-hand-end propulsion
system [30]. The operating sleeve axial advancement and
force feedback structure are shown in Fig. 9.

Rotary axis Fixed axis T-frame

e rating sleeve ,
Magnetic powder brake

Encoder Guidewheel/A Timing belt/ Base / Guide wheel/

FIGURE 9. Operating sleeve axial advancement and force feedback
structure.

C. SIMULATION ANALYSIS

The dynamic performance of the propulsion mechanism of
the slave-hand end directly determines the accuracy and
performance of the surgical robot. Motion simulation of
the propulsion mechanism was carried out with the Adams
soft-body simulation technology. Lightweight analysis of the
mobile rack was performed using the ANSYS finite element
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analysis, which reduces the mass of the moving rack while
maintaining the strength [32], [36].

After converting the SolidWorks-built slave-hand-
propelled mechanism model into Parasolid (*.x_t) format,
we imported an Adams View module and customized the
physical properties of the virtual prototype, including the
material mechanics, mass and other physical parameters. At
the same time, the constraint relationships of the propulsion
structure were applied to add motion constraints. The model
of the processed propulsion mechanism is shown in Fig. 10.
In this article, most of the materials for the processed parts
are made of hard aluminium, with an elastic modulus of
6.9 x 10'°N /mm?; the specific physical parameters can be
found in Table 1.

TABLE 1. Material performance parameters.

. Elastic Poisson’s Density
Material .
modulus ratio
Hard aluminum  6.9x10" 0.33 2.7x10°
Ball screw 2.06x10"! 0.29 1.8x10°
Flexible coupling 7.00x10"° 0.33 2.7x103

Rotating finger

Coupling

Clamping

Swing base !

claw

FIGURE 10. Propulsion mechanism model.

To simplify processing, most parts of the model are treated
as ideal rigid bodies; that is, two points on a part cannot move
relative to each other in simulation operations. The tangibly
changing parts, such as the ball screw and elastic coupling,
need to be treated as flexible bodies to meet the accuracy
requirements.

According to the ball screw lead, the relationship between
the displacement of the moving finger and the angular dis-
placement of the ball screw in an ideal case can be calculated
by the following formula:

Om (1) = i—ZX (ON

where:
0, (1) — Angular displacement of the ball screw (rad);
P, — Ball screw lead (mm);
X (t) — Moving finger displacement (mm).
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The relationship between the acceleration of the moving
finger and the angular acceleration of the ball screw can be
obtained by taking the derivative of the two sides of the above
formula:

6 (1) = &
m (1) = P Q)
where:

O (1) — Angular acceleration of the ball screw (rad / 52);

P, — Ball screw lead (mm);

X@) - Moving finger acceleration (mm/s?).

Using a step function for the steering drive, the drive
applies an angular speed at the input of the coupling. Accord-
ing to the mechanical parameters of the relevant material
given in Table 1, the dynamic response curve of the moving
finger is obtained. The moving finger displacement curve

is shown in Fig. 11, and the acceleration curve is shown in
Fig. 12.

Rigid curve
"""" Flexible curve

-10.0/
-15.01
-20.0¢
250 . . . . :
0.0 0.1 0.2 0.3 04 0.5 0.6

FIGURE 11. Moving finger displacement response curve.
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FIGURE 12. Moving finger acceleration response curve.

In comparison, the displacement response curves of the
moving finger under the rigid and flexible body models
almost coincide, which indicates that the ball screw and
elastic coupling selected in this article can meet the stiffness
requirements of the propulsion mechanism. The acceleration
response curve in the rigid body model has significant local
fluctuations, which may be a friction effect when the propul-
sion mechanism speeds up or slows down.

Leaving the other parameters unchanged while reducing
the overall mass of the mobile rack by 10%, the acceleration
response curve is shown in Fig. 13. A significant change
occurs in the acceleration response curve of the propulsion
mechanism by comparison. Thus, when we use the speed
control mode, the mass has an impact on the acceleration
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H. Wang et al.: Research on a Novel Vascular Interventional Surgery Robot and Control Method Based on Precise Delivery

IEEE Access

10000.0
1 Flexible curve
00004 | s Ligh tweight curv / R

0.0 n
1N

-5000.0 { \'\'

-10000.0 *
0.0

Arceln'zllon(mJSZ)

0.05 0.06 00"

FIGURE 13. Lightweight mobile rack acceleration response.

response of the propulsion mechanism. Reducing the mass
of the mobile rack improves the dynamic performance of the
delivery mechanism.

To reduce the mass of the mobile rack, ANSYS/Workbench
finite element topology optimization principles were used,
and lightweight analysis was performed for the mobile rack
moving base, moving swing base, rotating finger, fixed shaft
and other components,. Under the premise of meeting the
strength and stiffness requirements, the mass in the simula-
tion calculation was reduced by a total of 0.117 kg, which is
15.32% of the mobile rack mass, as can be seen in Table 2.

TABLE 2. Lightweight mobile rack results.

Moving-fin Rotating Outside
Part Moving ger-end finger support support
a
base support plate plate
plate
Original mass ~ 0.12 0.162 0.024 0.034
Lightweight 0.08 0.107 0.012 0.024
mass
F,
Xg f
D { ——— bee- } ———————— >
— - — ] sx1 Tsx

beari Moving
finger

FIGURE 14. Axial motion dynamics model of the patient-end propulsion
mechanism.

IV. CONTROLLER DESIGN
A. MOTION DYNAMICS MODELLING
The dynamic model of the axial motion of the patient-end
propulsion mechanism is shown in Fig. 14.

Choosing a brushless servo motor as the propulsion mech-
anism to provide axial motion, the dynamic equation is

d*o de
Ty =Jstsx +Bsd_;x+Tsx1 (1
The dynamic equation for the coupling is
d*o
Tox1 = Jsx1 Tzsx + Tox2 (2)
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The dynamic equation of the ball screw is

2 Osx

dr?
The relationship between the torque of the screw and thrust
is

T2 = Jsx2 + T; 3)

P
T, = Fi @)
2 - M
The axial load of the screw is
d?x,
Ft:mtﬁ + Fr + F, (5)

The force relationship between the clamping claws and the
guidewire is
dx

Fy = po - ==+ e -mig ©)

The relationship between the guidewire displacement and
the corner of the screw is

Eesx (7)
Combining (1)— (7), the relationship between the servo
motor driving force moment and the guidewire displacement

1S

2 m; (P \2 d?x;
Ty = 7 s + Jsx1 +Jxx2) + — (_)

Xy =

n \2mw dr?
p 2\ dxs
£ 4 p /)= X 8
+ (Muzn_nl + B; D > dr +Mcmtg2n (8)

In formula (8), Ty, is torque of the servo motor, N - m; p is
the screw lead, mm; J; is the motor rotational inertia, kg - m2;
Jgx1 1s the coupling rotational inertia, kg - m?2; J o is the screw
rotational inertia, kg - m?; my is the mass of the moving finger,
kg; x; is the axial propulsion displacement of the guidewire,
mm; 4, is the viscous friction coefficient of the rails; u,
is the Coulomb coefficient of friction for the rails; 7 is the
positive efficiency of the screw; and By is the motor damping
factor [38]. The dynamic model of the patient-end propulsion
mechanism rotational motion is shown in Fig. 15.

E[ J@]SG3 0,50
Y

— =

Js64 9" Tsor
|| y 'e s6
===

T59 ]SB ]591

959 ]SGZ

FIGURE 15. Dynamic model of the patient-end propulsion mechanism
rotational motion.

The dynamic equation of the motor is

d29s9 dBsg
Ty :‘ISW +Bs7+Ts01 (9)
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The dynamic equation for the coupling is

d*6y
Tso1 = Jso1 — > 2

The dynamic equation of the active wheel is

+ Ts02 (10)

oo = Jsoa— 7~ > © 4 Ty (1D
The dynamic equation of the driven wheel is
Tso3 = Jsp3—>— "Gl + Tio4 (12)
dr?
The dynamic equation for the clamping claws is
Ty4 = Jse4dd6;92 + Tor (13)

Combining (9) to (12), the relationship between the servo
motor driving force moment and the doctor’s action regarding
the rotation of the guidewire is

Tso =[(Js+Js01+502) iso1 - is02+ 5030501+ 504 - Is61 - is62]

d*0s02
dt T2

In (14), J; is the motor rotational inertia, kg - m2;J s01 1s the

coupling rotational inertia, kg - m2; Jspo 18 the active wheel

rotational inertia, kg - m?2; Js is the driven wheel rotational

inertia, kg - m?; Jsp4 1s the clamping claw rotational inertia,

kg - m2; i is the transmission ratio of the active wheel and

driven wheel; 0,9 is the active wheel rotation angle, rad; 6592

is the driven wheel rotation angle, rad; and By is the motor
damping factor.

+ By - i1 - ise2 (14)

B. ADAPTIVE SLIDING MODE CONTROLLER BASED ON A
PI SLIDING SURFACE
When we established the axial motion dynamics of the
patient-end propulsion mechanism in section A, we ignored
the nonlinear disturbances. Because the wire itself is a flex-
ible body with infinite degrees of freedom, in the process of
delivering the guidewire to the target area, the positioning
accuracy of the guidewire will be affected by a few uncertain
factors such as the changes in the shape of the guidewire itself,
friction between the guidewire and the walls of blood vessels
and blood flow. Therefore, a new type of adaptive sliding
mode controller based on a PI sliding surface is designed in
this article [35], [36].

According to formula (8), we introduce interference items
and represent the dynamic model of the axial motion of the
propulsion mechanism as

27 P \?|..
Ty = — u+&w&»&{—)x
P 2

p 2
+ | o s X+ e g
271 p 2

In formula (8),

A0 _[o 1 x,(1)
() | | 0 =B1/Ay | | Xs() 1/A

[ (D1 +4) (16)

+ A (15)
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Al = U+t +u2) + 2(£) 7B = pozls +
BS%;DI Hemig5to-i A s interference items.

The key step in the design of the sliding mode control
is the design of the sliding surface s(¢). According to (16),
the system is a second-order system. This article sets the
controller based on the PI sliding surface. The tracking error
of the PI sliding surface in space is defined as

s(t) = Kpe(t) + K,-/e(é)dé 17
Combining (16) and (17),
sty =[c1] ([2} - [;CZ]) = (Xs — Xg) + ¢ (x5 — xg)
(18)
;o Bi, . .o, 1 T D+ A
S(I)__14_1xS+C(Xd_XS)_Xd+A_1 smc A
(19)

According to the index approach law, the sliding mode
control rate is

Ugne = A]C(x'd - xs) +Aixg +Bixs+Di+ A
—kys (t) — kpsign(s(r)) (20)

In formula (20),
p 2
Al = (J +Jsx1 +Jsx2) + — ( ) ;
2
2
Bi = uy P +B;—; k1 >0; kp > 0.
2w - p

To verify the stability of the system, according to the
Lyapunov theorem,

. 1 .
V=0 (t) (—z—lls 1) + z—zlsign (s() — A—1A> <0 (@21

According to formula (21), the control rate we designed can
make the system error tend to stability for a limited time.

As for the uncertainty of the external disturbance, we
estimate the adaptive parameter k.

ky (1) = {M/s(t)/ /s(t)/ > ¢
0 [s(t)] <e

For the linear and nonlinear parts of the patient-end propul-
sion mechanism dynamics, the control rate is divided into
equivalent control and robust control:

Uasmc = Uey + U, (23)

(22)

The equivalent control volume U, is as follows:

mg p 2] 4
Ueq = | s+ Jox1 +Jsx2) + —( ) | ST+ o
m 2w 2 -m

(L) en)s

- ((JS + Jsx1 +Jsx2)+ 1
+kis +kie (24)

The robust control amount U, is as follows:
Uy = (Kp + K)sign(s) (25)
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The axial motion dynamics equation for the patient-end
propulsion mechanism is

1
- A5 + Bys
In formula (26):

2
A = (s +Jp1 +Jp2) + %(%)a B, = Mvznp,m +

(Tsx - Dl - A) (26)

Xs

B2 Dy = pomig e

With the introduction of the adaptive sliding controller, the
principle of propulsion position control of the microinvasive
vascular interventional robot guidewire is shown in Fig. 16.

Us +Jsx1 d )
+Jsx2) I (e'(1)*
m,
+ _t(L)
n \27m .
Equivale
d nt slip
de film
control
oz~ (Us p
2m-m Ueq(t) Mcm:ym

+lsatsa) | |d e

+ﬂ(ﬁ)2.c dt
n \2m.

1
[Us +Jsx1 +sx2)
2

ﬂ(lz
+’h 2m s

+py —— +
Ho 2,

Xs

Bso

FIGURE 16. Wire adaptive sliding position control scheme.
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FIGURE 17. Working principle of the test bench.

V. EXPERIMENTAL RESEARCH
A. FSMC GUIDEWIRE POSITION CONTROL
PERFORMANCE EXPERIMENT
The working principle of the test bench for the control
algorithm that we used in this article is shown in Fig. 17.
The doctor-end operating mechanism gives the patient preset
input signal and uses the dynamic signal collector to collect
the guidewire propulsion position information of the patient-
end propulsion mechanism [35]. A photo of the test bench
is shown in Fig. 18. Table 3 indicates the relevant technical
parameters of the test bench designed in this article.

A sine signal is the classic signal for master-slave system
performance testing. The quality of the sine response can
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TABLE 3. Indicator parameters of the FSMC performance test platform.

Name Parameters and descriptions

Servo motors of the Rated voltage: 12 V, rated speed: 10200
rpm, rated torque: 2.45 mNm, rated current:

0.331 A, slowdown ratio: 29:1

guidewire propulsion

Doctor-end ~ servo  Rated voltage: 12 V, rated speed: 10200
motor rpm, rated torque: 2.45 mNm, rated current:

0.331 A, slowdown ratio: 279:1

Doctor-end  torque Range: 5 N-m, output sensitivity: 1.0

servo mV/V, linearity: +0.3%F.S., excitation
voltage: 24VDC, output: 0 + 5V, operating
temperature range: —30°Cto +70°C

Doctor-end axial  Supply voltage: DC 5+ 0.5V, operating

position sensor temperature: —20 to 80°C , linearity:
0.03%F.S. , measurement accuracy: &

bits/turn, measurement range: 1-65536 turns.

Patient-end Supply voltage: DC5+ 0.5V , operating

guidewire  position  temperature: —20 to 80°C , linearity:

sensor 0.03%F.S. , measurement accuracy: &

bits/turn, measurement range: 1-65536 turns.

Force sensor for the
doctor’s awareness

Servo motor for guide wire
propulsion motion

Patient-end guide
position sensor

s

IDH5956D Dynamics signal tester®

ﬂﬁm ‘.'ZK:V- v

Doctor-end axial position sen:
T,

FIGURE 18. Working platform.

determine the performance of the guidewire propulsion posi-
tion control system. Under different sine responses, different
manifestations of the wire position control system are added
to the test scheme, and research was performed after design-
ing the test schemes shown in Table 4 [37], [39].

In the FSMC guidewire position control performance test,
the effectiveness of the control algorithm designed in this arti-
cle was verified by contrasting the wire position accuracies
when using proportional-integral-derivative (PID) control or
adaptive fuzzy sliding control. Because of the limit of the
overall size of the delivery mechanism structure, the effect
of the designed control algorithm on the control accuracy of
the guidewire propulsion position was not verified by directly
observing the sine response signals. Thus, the error curve of
the input position and output position is given to observe the
control effect of the control algorithm [40]-[42].

26575



IEEE Access

H. Wang et al.: Research on a Novel Vascular Interventional Surgery Robot and Control Method Based on Precise Delivery

TABLE 4. Wire adaptive fuzzy sliding mode position control design
scheme.

The signal entered

Sine amplitud 45 (7.85mm)  frequency 0.05 Hz
respon e
se
frequenc 0.05Hz amplitude 22.5
y (3.93 mm)
0.04 Hz 33.75
(5.89 mm)
0.03 Hz 45 (7.85 mm)

The sine input signals used for the experimental test of
the vascular intervention robot system are shown in Table 5.
The sine signal magnitudes were 7.85 mm and 3.49 mm for
frequencies of 0.05 Hz, 0.04 Hz, 0.03 Hz, and for the fre-
quency of 0.05 Hz, the magnitudes were 3.49 mm, 5.89 mm,
and 7.85 mm. The experimental accuracy curves of the corre-
sponding wire position control are shown in Figs. 19-23.
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FIGURE 19. Amplitude: 7.85 mm, frequency: 0.03 Hz.

From Figs. 19-23, the axial propulsion position devia-
tions under the sine input signals of the wire position con-
trol schemes are shown in Table 5, where the wire axial
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TABLE 5. Indicator parameters of the FSMC performance testing
experiment platform.

era era era  xi Xi Xi ria  ria
ge ge ge mu mu mu nc nc
loc pos po m m m e e

ati  itio siti P  po  po of  of
on n on D siti  siti PI  FS
de dev de po on on D M
via iati via siti  de de  po C

tio on tio on via via siti  po

Input signal n of n de tio tio on siti
of FS eli via n n de on
PI M mi  tio of eli  via de
D C/ nat n/ FS mi tio via
co m io m M  nat n tio
ntr m n m C/  ion n
oll rat m rat
er/ e/ m e/
m % %
m

00 06 02 55 06 03 50. 05 05

Hz 6 1 1 9 7 1

/4 00 04 00 8. 05 01 42. 05 04
(7.85 4 01 67 34 93 63 00 65 81
mm) Hz 3 5 6 1 5 6

00 05 04 77. 08 04 41. 05 04

8 04 00 74 07 03 49. 05 04
39 03 70 01 32 46 67 60 31

n/6 04 00 76. 08 03 49. 05 04
0.05

n/4 06 02 55 06 03 50. 05 05
(7.8 00 11 1209 31 03 61 61

position deviation elimination rate = (1 — corresponding
error of the FSMC controller)/ corresponding error of the PID
controller x 100%, the maximum deviation = (input signal
— output signal) apsolute, and the average deviation = ((input
signal) absolute — (Output signal) absolute) Average-
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FIGURE 21. Amplitude 7.85 mm, frequency 0.05 Hz.

According to Figs. 19-23 and Table 3, compared with the
proposed control strategy for master-slave position tracking
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FIGURE 22. Amplitude 5.89 mm, frequency 0.05 Hz.

of the guidewire, the control performance of the guidewire
delivery position using only the existing PID controller is
relatively poor. The system’s guidewire master-slave posi-
tioning deviation fluctuates between 0.4 mm and 0.65 mm.
When the sinusoidal response amplitude and frequency are
large, the guidewire position control system using only the
PID controller cannot meet the demand for high-precision
position control of the guidewire in vascular interven-
tional surgery. With the introduction of the FSMC con-
troller, the position control performance of the guidewire
can be greatly improved; the positioning deviation fluctuates
between 0.07 mm and 0.3 mm, and the error elimination rate
of the system relative to the PID controller fluctuates between
80% and 50%. In addition, after the introduction of the FSMC
controller, the variance in the position deviation is smaller
than that with the PID controller, the data fluctuation is small,
and the control accuracy of the system is improved.

B. FORCE FEEDBACK PERFORMANCE EXPERIMENT

To verify the force feedback performance of the designed
vascular interventional surgery robot, a time-varying force
experiment was carried out. The force feedback experimental
device is shown in Figs. 24 and 25: The vascular interven-
tional surgery robot was placed horizontally with respect
to the hand, and the guidewire (ATW-595-MEQ014, Cordis
Corporation, USA) was passed through the clamping claw
and extended forward to the front end of the Y valve holder.
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FIGURE 23. Amplitude 3.93 mm, frequency 0.05 Hz.
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FIGURE 24. Force feedback experimental principle.

A sensor holder was placed in front of the Y valve holder.
Pressure sensor I (MDL: SBT674-2kg, Simbatouch, CN) was
connected to the sensor holder by a spring, and the axis of the
sensor was kept on the same straight line as the guidewire.
The servo motor drove forward movement, which then drove
the guidewire to push pressure sensor I forward, and pressure
sensor I recorded the change in the force at the tip of the
guidewire. At the same time, the tip force of the guidewire
was transmitted to pressure sensor II (MDL: SBT674-2kg,
Simbatouch, CN) through the resistance detection mecha-
nism of the surgical robot, and pressure sensor II recorded
the measured force signal simultaneously.
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By comparing force F1 of the guidewire tip with force
F2 measured by the resistance detection mechanism and
analysing the relationship between the two, we can evaluate
the force feedback performance. The experimental results are
shown in Fig. 26.

FIGURE 25. Force feedback experimental device.

Under the action of a time-varying force, the resistance
detection mechanism can more accurately detect the tip force
of the guidewire and reflect its changing trend. When the
tip of the guidewire stably touches the object, the resistance
detection mechanism can amplify this force, with a magnifi-
cation factor of K| = F»/F;. The factor is between 1.86 and
1.92, which is in line with the expected target.

To verify the stability of the master-slave interaction
when the above force feedback exists, while performing
the above experiments, the force established by the master
hand was recorded, that is, force signal F3 generated by
the magnetic powder clutch at the master hand was col-
lected. By comparing the changes of the master-end force
signal F3 and the slave-end force signal F2, the stabil-
ity of the master-slave system can be evaluated, as shown
in Fig. 27.

The analysis shows that when force feedback exists, the
slave-hand-end resistance detection mechanism can stably
detect the tip force of the guidewire; at the same time, the
amplified feedback force is processed by the control system
and transmitted to the magnetic powder clutch at the master
hand, establishing a stable force, which can effectively assist
the doctor in the operation. Although a certain time lag exists
between the master end and slave end, it is controlled within
an acceptable range. Therefore, we suppose that when force
feedback exists, the interaction between the master end and
slave end is relatively stable.

C. PRECISE GUIDEWIRE DELIVERY EXPERIMENT

To verify whether the designed vascular interventional
surgery robot can effectively assist the doctor in an operation,
an experiment was conducted to test whether the guidewire
can be accurately delivered to the target location. Ten testers
were randomly selected to operate the vascular interventional
surgery robot to deliver the guidewire (ATW-595-MEOQ14,
Cordis Corporation, USA) from the starting position of
the human heart model to the target position, as shown
in Fig. 28.
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FIGURE 27. Master-slave force signal.

In this experiment, each tester operated the device 10 times
and recorded the position of the guidewire and the maximum
tip force of the guidewire. For each measurement, the dis-
tance from the starting position to the target position of the
heart model was 250 mm. The actual delivery distance of
the guidewire can be obtained by the encoder (RS485-RTU,
Realwetech, CN) in the robot. The position of the guidewire
can be obtained by comparing the two. The tip force of
the guidewire can be measured by the resistance detection
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FIGURE 28. Precise guidewire delivery experimental device.

mechanism. The experimental results are shown in Fig. 29
and Table 6.

Fig. 29 shows that the maximum position error of the
10 testers in the guidewire delivery experiment did not exceed
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TABLE 6. Maximum force of the guidewire tip.
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FIGURE 29. Guidewire position error.

2 mm, only one had a minimum position error of more than
0.5 mm, and the rest were less than 0.5 mm. The average
position error did not exceed 1.5 mm. The average position
error of 6 testers is approximately 1 mm. Table 6 shows that in
the process of delivering the guidewire, the maximum force of
the guidewire tip touching the blood vessel wall was usually
not more than 0.4 N, and only one person had a maximum
force of 0.48 N.

Considering that none of the 10 testers are profession-
ally trained interventional doctors and that the material
used for the key components of the vascular interventional
surgery robot prototype was resin (WeNext8000&7500,
WeNext Technology, CN), whereas in actual surgery, pro-
fessional doctors will use high hardness materials such
as aluminium alloy, we suppose that the designed vascu-
lar interventional surgery robot can assist doctors in accu-
rately delivering the guidewire and that under the protection
of the robot force feedback mechanism, it can prevent
the tip of the guidewire from piercing the blood vessel
wall.

VI. CONCLUSION

Vascular disease mortality is the leading cause of death in
humans and is increasing year by year. Interventional surgery
can cause serious harm to the patient, so introducing robotic
technology to assist doctors to complete minimally invasive
vascular interventional surgery has become an urgent need in
the global medical device market. This article focuses on the
core problems of lack of accurate delivery, force feedback and
quick disinfection; low propulsion position accuracy; and low
anti-jamming capability, which are common in the existing

26580

vascular interventional surgery robots. The main research
results of this article are summarized below:

(1) According to the existing problems of surgical robots,
combined with the specific requirements of the surgical
procedures, a new vascular interventional surgery robot
system with precision delivery of the catheter/guidewire
has been designed, which has one-time-use, grip-
adjustable clamping claws; can solve the problems of
disinfection, slip, injury to the guidewire and so on;
and can provide accurate force feedback, including for
the main-hand operating mechanism and the slave-hand
propulsion mechanism.

(2) The influence of the mass and stiffness on the dynamic
characteristics of the propulsion mechanism was stud-
ied, and the mass was found to be the key factor that
affects the dynamic characteristics of the propulsion
mechanism. On this basis, lightweight analysis of key
parts of the mobile rack was carried out by the finite
element method, and the mass of the mobile rack was
reduced by 15.32%, which improved the dynamic char-
acteristics of the propulsion mechanism. Then, finite
element analysis of clamping claws of different shapes
and different opening angles was carried out, and an
optimal optimization scheme was selected.

(3) In view of the nonlinear and uncertain disturbance of the
catheter/guidewire resistance, which affects the deliv-
ery mechanism, an adaptive sliding controller based on
master-slave position tracking with strong robustness
has been designed. By comparing the traditional PID
control with the adaptive sliding mode control designed
in this article, the adaptive sliding mode control algo-
rithm is found to reduce the influence of uncertainty on
the stability of the system, reduce the control deviation,
and improve the response speed, robustness and accu-
racy of the control system.

(4) According to the force feedback mechanism of surgical
robots, a series of experiments were carried out. Through
the analysis of experimental data, the force feedback
performance and the stability of the master-slave inter-
action when force feedback exists were verified. We
conducted experiments on the human heart model based
on the robot. The results show that the designed vascular
interventional surgery robot can effectively assist the
doctor in accurately delivering the guidewire, and under
the protection of the robot force feedback mechanism,
it can prevent the tip of the guidewire from piercing the
blood vessel wall.
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