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Abstract—The vascular interventional surgery robot (VISR)
can protect surgeons from radiation exposure. The robot
provides high-precision guidewire/catheter control during the
operation, but its flexibility is still not as good as that of human
fingers. The main reason is that the robot cannot accurately
control the guidewire/catheter and measure the clamping force
at the same time. Another problem is that the rigid surgical
instruments will not respond to pressure changes in time, which
was easy to cause endovascular damage. In order to solve this
problem, a parallel multi-fingered flexible gripper structure
was proposed. The small-sized gripper can stably clamp the
guidewire/catheter in a narrow surgical space. By simulating the
clamping process with Mooney-Rivlin model, the suitable size
of grippers for operation is selected. In addition, the simulation
results show that the clamping deformation can be controlled
by changing the moving distances, which will directly affects the
range of the maximum sliding stress. It means that the propose
flexible gripper can cushion the sudden stress in surgery and
provide more flexible functions for deploying surgical robots.

Index Terms—vascular interventional surgery robot, flexible
gripper, simulation analysis, Mooney-Rivlin.

I. INTRODUCTION

Vascular interventional surgery is an effective method for
the treatment of cardiovascular and cerebrovascular diseases,
such as thrombosis and stroke. However, surgeons who
perform interventional procedures often face the risk of
occupational diseases caused by radiation exposure. In recent
years, the teleoperation of vascular interventional surgery
robot (VISR) as a friendly way of the surgeon’s health is
widely used in clinical [1]–[4]. On the one hand, surgeons
is far away from the operating table, and operate the rocker
to command robots [5], [6]. On the other hand, the robot
holds the soft and slender catheter/guidewire, and repeats
surgeon’s movements. Some studies [7], [8] have shown that
increasing the force transmission between the master and
slave can improve the surgeon’s sense of surgical presence.
One difficulty is that VISR needs to accurately measure the
stress changes on the catheter/guidewire, and timely feedback
to the hands. The famous solution is to separate the load cell
from the clamping device [9]–[11]. The mechanical actuator
has precise movement, but the disadvantage is that the rigid
jaw structure easily leads to catheter deformations [12].

Some studies discussed that motor will vibrate during
the movement due to the separation of clamping points
and force measuring points. In addition, the traditional rigid
gripper has no force buffer, and its response speed to sudden
stress change is slow. These serious abnormal situations often
occur in catheter operations, causing vascular injury and even
punctures. At present, according to the different operating
force ranges of catheter/guidewire, a multi-level operation
strategy is proposed [13]. However, the strategy needs to be
equipped with a high-performance servo motion controller,
which undoubtedly increases the difficulty of system design.
Sometimes, the surgeon’s hand are easy to tremble and the
operation is not skilled [14]–[17]. Inaccurate motion capture
increases the risk of operation. It is also worth noting that the
separation of clamping and force measurement will increase
the volume of VISR, which will cause inconvenience.

Robot end effector with grasping function can be divided
into active and passive. The active grippers can be used to
move objects of general shape, such as torsion [18]. Passive
grippers need more structural and dimensional design to meet
specific operation requirements [19]. Some studies [20] have
shown that the flexible passive gripper has stronger adaptabil-
ity to objects of different shapes. By contacting surfaces and
objects with low hardness, the flexible grippers can ensure
the integrity of fragile objects, which is most widely used
in clamping foods [21]. More importantly, by measuring the
deformation of the surface, additional tactile information can
be collected. Some researchers [22] measure the force of the
target in different directions by using superelastic material.
The magnitude and direction of the force can be observed
through the changes of the mark points. In some studies, the
isotropic hyperelastic objects can be restrained by gas, and
maintain a constant grip strength through friction [23].

In VISR, the robot needs to clamp, rotate and transport the
soft catheter/guidewire, which makes the gripper at a high
level in terms of size and performance.

Therefore, this paper give some reasons for the design of
flexible clamping actuator:

• The rigid surface is easy to damage catheters, and will



be affected by mechanical motion.
• The traditional clamping action lacks buffer capacity and

can not respond to stress changes in time.
• Separation of clamping point and measuring point in-

creases the volume of the robot, which brings inconve-
nience to the operation.

In this paper, based on the two-parameter hyperelastic
Mooney-Rivlin model, a simulated flexible gripper is built.
It is used to estimate the clamping force of flexible clamping
material surface deformation on catheter and guidewire. The
radial force is transmitted by the moving distance between
two symmetrical clamps. By changing the moving distance,
the grippers can control the maximum friction range of
catheter/guidewire and ensure safe advancements in the blood
vessel. This article mainly includes the following parts:
the second part introduces the structure and the simulation
parameters of the owner in detail; The third section shows
the relationship between the movement and stress of the
gripper; In the fourth section, we will discuss the practicality
of flexible gripper in VISR, and finally, draw a conclusion in
the fifth section.

II. GRIPPER SIMULATION

Because the catheter/guidewire in interventional surgery
is soft and slender, surgeons often need to perform multi-
fingering operation to maintain smooth control of the moving
blood vessels. As shown in Fig. 1(b), when the surgeon grasps
the guidewire, the translation is realized through the thumb
and forefinger, and the retraction is realized through the
other three fingers. During exercise, the hand always grasps
the guidewire with fingers, and can only move in a narrow
space. In order to keep the stability of catheter/guidewire and
improve the movement efficiency of robot, it is necessary
to increase the grasping area of the end effector. Similarly,
the movement space of the end-effector needs to be limited,
which means that the size and movement range of the
gripper need to be optimized. Therefore, the following three
constraints are assumed to establish the simulation model of
flexible gripper:
• The girppers needs to increase the contact area of the

retaining catheter/guidewire as much as possible.
• The flexible structure need to buffer the translation and

retraction, and also ensure sufficient clamping force by
optimizing the size.

• According to the operation space of the human hand, the
motion space of the girppers is preset in the rectangular
space of 80mm× 60mm× 40mm.

A. Structural design

According to the above conditions, a flexible gripper
structure with side-by-side and staggered traction fingers is
proposed. Fig. 1(a) shows details of this structure, in which
the black central cylinder represents the guidewire, while the

Fig. 1. The flexible grippers

white parts at the left and right sides represent the clips. Each
clamping part contains a series of side-by-side thin pulling
fingers, in which an odd number of pulling fingers (N , in Fig.
1, N = 5.) are used for one clamp. The other gripper has a
even number of fingers (N + 1), and the width of the outer
finger is half that of the inner finger. It is to ensure that the
pulling force received on both sides of grippers is equal and
acts in the same position. Fig. 1(c) shows the influence of
deformation of flexible material. We assumes that the grippers
can be driven by external components. When the grippers are
tensioned, the deformation of the flexible material completely
wraps the central part of the guidewire and provides enough
clamping force. It can be easily seen that the clamping force
is related to the size and displacement of the gripper. We will
show the detailed information in the third section.

Fig. 2. The gripper sizes

The parameters of gripper size are described in Fig. 2,
where R is the outer diameter of the arc at the front of a
single finger. The distance from the front half to the fixed
finger is set to 2R, including a circular arc and a tangent;
D stands for the thickness of the finger; H stands for the
width of the fixed finger, which is a fixed value of 5mm; At



the same time, it is easy to know that the height of the fixed
finger is 2D; L stands for the width of the gripper, which
is a fixed value of 24mm; Therefore, when the width of the
pulling fingers S changes, the number of pulling fingers N on
the gripper will also change. In the lower left corner of Fig.
2, we have drawn the state of two grippers when S = 2mm,
S = 3mm and S = 4mm. During the process of clamping,
they always keep the same clamping area on the guidewire.

B. Hyperelastic model

The end-effector of medical robots needs to use human
friendly materials. silicone rubber is widely used in the man-
ufacturing process of medical equipment, and it is suitable as
the manufacturing material of flexible clamps. Because of the
superelastic characteristics of silicone rubber, its stress-strain
relationship is nonlinear. In order to study the relationship
between the clamping force provided by the gripper through
traction and the clamping distance, this part introduces a two-
parameter Mooney-Rivlin model simulation model based on
uniaxial tension. First of all, note that for an incompressible
hyperelastic object, the elastic strain energy W of the gripper
can be expressed by the stretching ratio λ.

W = f(λ) (1)

In isotropic materials, there is

λ =
L

L0
(2)

where L is is the gripper length after deformation, and L0

is the original. We assume that the two-parameter Mooney-
Rivlin model can transform the elastic strain energy W by

W = C10(I1 + 3) + C01(I2 − 3) (3)

Among them, C10 and C01 are material parameters. I1 and
I2 represent the isovolume invariants. Under the uniaxial
conditions, I1 and I2can be represented by the following
formula.

I1 = λ2 + 2λ−1

I2 = 2λ+ λ−2
(4)

The second Piola-Kirchhoff stress in the tensile direction is
represented as

T = 2(
1

λ
− 1

λ4
)(λ

∂W

∂I1
+
∂W

∂I2
) (5)

The first Piola-Kirchhofftress P and Cauchy stress Σ can be
expressed as a function of the second Piola - Kirchhoff stress
T by

P = FT

σ = J−1FTF ᵀ (6)

where J is the volume ratio, and F is the deformation
gradient matrix. Due to the incompressibility of the material
(J = 1), F is an isotropic materials, which is given by the
following formula.

F =

λ 0 0
0 1√

λ
0

0 0 1√
λ

 (7)

According to equation (3-6), the first Piola-Kirchhoff stress
P in the principal tensile direction can be expressed as

P = 2(1− λ−3)(λC10 + C01) (8)

C. Stress analysis

Fig. 3. The surface stress analysis

In order to simplify the calculation of the relationship
between clamping force and strain, we use COMSOL sim-
ulation software to build a single finger model. The fixed
finger is constrained as rigid object, and the pull finger is con-
strained as a hyperelastic object. The cylindrical guidewire
passes through the middle part of the finger. The surface
of the guidewire is tangent to the inner side of the finger,
and the tangent point is at the centerline. Because of the
interaction of other traction fingers, the position of guidewire
is always fixed. So when dragging the fixed finger to clamp
the guidewire, the pulling finger will deform and produce
stress, as shown in Fig. 3(a).

Note that the friction force M acting on the guidewire in
the radial direction is related to the clamping force N and
friction coefficient µ, and its mathematical expression is

M = µN (9)

While considering an infinitesimal arc area where the finger
contacts the cylindrical surface, as shown in Fig. 3(b).

dN =
πrSPc

180
dθ (10)



Where Pc represents the surface stress of the material and θ
represents the angle of the furthest two points connecting
lines from the centroid. λ represents the displacement of
the finger. We can use the sector formula to calculate the
relationship between θ and λ.

cos(
θ

2
) =

r − λ
r

(11)

Assuming that the finger moves from θ1 to θ2, the max-
imum friction force fv of a single finger on the guidewire
can be calculated by the integral formula.

M(θ1, θ2) =
πrµSPc

180

∫ θ2

θ1

θdθ (12)

Bring equation (11) into equation (12) to get

M(λ1, λ2) =
πSPcµ

90
(λ1 arccosλ1 −

√
1− λ21

−λ2 arccosλ2 +
√

1− λ22)

(13)

Fig. 4. The stress analysis of guidewires with different sizes

It is concluded that there is no correlation between the
radius R of the clamped guidewire and the surface pressure
M . We also prove this conclusion through the simulation
results, as shown in Fig. 4.

III. RESULT ANALYSIS

In order to verify the stress of different sizes paws, six
kinds of fingers were selected by the method of controlled
variables. The dimensions are shown in TABLE I.

In TABLE I, a, b, c, d, e and f represent the labels of
fingers, respectively. Among them, a, b and c change the R
value, which indicates that there are difference in the length
of the finger; c, d and e change S value indicates that the
width and number of finger are different; e and f by changing
the value of D to change the thickness of the finger.

TABLE I
THE PULL FINGER SIZES

Grippers (mm) R D S
a 6 1 2
b 7 1 2
c 8 1 2
d 8 1 3
e 8 1 4
f 8 2 4

A. Grasping experiments

In the simulation process, a fixed constraints to the end of
the gripper is added. And the surface of the guidewire is set to
be rigid and contacted with the flexible gripper. The motion
simulation process is shown in Fig. 5(a). For superelastic
material parameters, a natural rubber with Shore hardness 40
is selected and shown in TABLE II.

TABLE II
SUPERELASTIC MATERIAL PARAMETERS

Shore hardness C10(MPa) C01(MPa)
40 0.195 0.0162

In practical tasks, these parameters need to be obtained
by experimental data. The purpose of this experiment is to
determine the influence of different gripper shapes on stress
and strain, so these parameters are set as fixed values. Then, a
6mm relative displacement is given between the catheter and
the gripper, and the stress and strain is observed, as shown
in Fig. 5(b).

Fig. 5. The gripper motion simulation

In Fig. 6, the stress on the ordinate represents the clamping
stress integral of the cylindrical surface of the guidewire. In
order to ensure the consistency of units, all coordinates are
divided by S, because for a single finger, the width of the



Fig. 6. The stress and strain in clamping state

whole gripper remains the same. The abscissa indicates the
relative movement and displacement of the gripper and the
catheter. Comparing curves e and f, increasing the thickness
D of fingers can effectively improve the clamping force;
Increasing the length R will make the fingers to relax;
Increasing the width S will have a slight effect on the
clamping force. Therefore, in order to ensure that the gripper
does not slide relative to the guidewire, the most effective
way to increase the gripper clamping force is to increase
thickness and reduce the length. However, the excessive
force may cause the damage. The solid gripper lacks stress
buffering ability, so we have carried out the stress buffering
experiment.

B. Buffering experiments

During the operation, the guidewire will contact with the
blood vessel wall, resulting in stress. Experienced surgeons
will make use of this power to achieve more dexterous and
safe operations. For robot-assisted surgery, it takes a lot of
cost to realize precise servo control, which is not conducive
to be replaced. The flexible actuator proposed in this paper
can play a role in buffering stress and strain, so as to reduce
vascular injury.

From the grasping experiment, it can be seen that in a
limited space, the force of the gripper is influenced by the
structure of the finger. But the sensitivity to stress and strain is
different. Under the action of radial displacement and friction
force of guidewires, the clamping finger is tightened in the
radial direction, as shown in Fig. 5(c). According to the
interaction of forces, the strain of the gripper is consistent
with the sudden stress of the guidewire when moving in the
blood vessel. During the process of operation, if the gripper
is deformed more due to the same force, we consider that
the sensitivity is higher. Then, a 6mm movement is given

on radial direction of the guidewire, and the stress-strain
relationship of the finger is observed, as shown Fig. in 7.

Fig. 7. The stress and strain in buffered state

In Fig. 7, in order to ensure that the change of longitudinal
coordinate of the guidewire is more consistent, the change of
longitudinal coordinate is divided by the radial coordinate,
so that all the longitudinal coordinates can represent the
initial stress of the catheter. The abscissa represents the radial
displacement of fingers. Comparing curves c,d and e, it can
also be seen that increasing width S has only slight influence
on the stress; According to a, b and c, increasing the length
R will improve the sensitivity of grippers; Compared with e
and f, increasing the thickness D will reduce the sensitivity
of the gripper, but not as obvious as R.

IV. DISCUSSION

The above two experimental results show that, in a limited
space, if the size of the gripper is reasonably selected,
the effective buffer can be provided for the stress of the
guidewire while maintaining sufficient clamping force. Some
researchers show that the finger holding force over 3N can be
competent for the operation. According to the Fig. 6, pulling
the finger with curve a (0.383 × 12 = 4.596N) and curve
f (0.473 × 12 = 5.676N) in the relative movement space
(6 × 2 = 12mm) can meet the requirements. Here, it is
12 because the clamping force are tangent and cancel each
other out in the guidewire, and the position of the guidewire
remains the same during the process. During the process of
operation, assuming that the maximum sensitive force range
of the gripper in 6mm space does not exceed 2N , the stress
distributed to a single finger should be (2/24 ≈ 0.08N). As
can be seen from the Fig. 7, all pulling fingers can meet the
requirements. Here, it is 24 because the clamping force acts
on the radial direction of the guidewire, and the shear is su-
perimposed on each other. If it is required that the maximum
sensitive stress range should not exceed 1N , and the stress



allocated to a single finger shall be (1/24 ≈ 0.04N), then the
traction finger a (0.0602N), traction finger b (0.0430N) and
traction finger f (0.0432N) can not meet the requirements. At
this time, if the pulling finger c is selected, once the radial
force of the guidewire exceeds 0.032 × 24 = 0.768N , the
guidewire will slide relative to the pulling finger to ensure
that the blood vessel will not be punctured. However, there
are still some problems. The superelastic materials in this
paper are all assumed, and the parameters need to be further
confirmed in the real environment.

V. CONCLUSION

In this paper, a parallel multi-fingered flexible gripper
structure based on vascular intervention robot was proposed.
Compared with mechanical gripper, the flexible gripper
achieved enough force in a narrow space without damaging
the guidewire/catheter. Furthermore, the flexible gripper can
provide a buffer zone in the guidewire/catheter moving
direction, It will reduce the effect of sudden stress and
avoid vascular injury in real time. The simulation results
by Mooney-Rivlin model show that the proposed method
is suitable for different sizes of surgical instruments. The
volume of the buffer zone varies with the length, width and
thickness of grippers. These results provide a reference for
the setting of the srugery robot’s grasping range. In the future,
a reasonable model with materials will be constructed to meet
the real environments of vascular intervention surgery.
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