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Amigo system. Meanwhile, the Corpath system allows for only
2-DOF to control catheters in vascular applications.
Meanwhile, T. Fukuda et al. [8] used a linear stepping
mechanism to realize linear movement of catheter and a system
allowing magnetic tracking. J. Park et al. [9] introduced a novel
catheter navigation system, which controls catheter by
electromechanical actuators in the slave manipulator and
provides force feedback by master manipulator. A remote
catheter navigation system developed by Thakur et al. [10], is
composed of a catheter sensor measuring motion of a input
catheter, and a catheter manipulator manipulating a second
catheter. R. Beyar et al. [11] introduced a remote navigation
system in which the angioplasty guidewire, the stent, and the
balloon can be navigated via a computerized system. R. Patel et
al. [12] investigated autonomous robot-assisted insertion of an
active catheter instrumented with Shape Memory Alloy (SMA)
actuators using image guidance. A bidirectional steerable
catheter developed by Fu et al. [13], was integrated with two
magnetic position-tracking sensors and can provide tracking
information.
In our previous research, several novel active catheter
systems were developed. These systems incorporated a
miniature force sensor that was mounted on the catheter tip and
was capable of accurately detecting the distal force of catheters
[14], [15]. Moreover, several types of RVIRs were designed to
operate catheters with two DOFs, measure the proximal force,
and accurately realize the force feedback [16], [17]. Two
semi-active haptic interfaces were designed to be used as
master consoles, and a catheter operation training system was
also developed to train new surgeons. This training system
integrated a VR simulator with a haptic device [18]. Moreover,
two novel RVIRs based on cooperation of catheters and
guidewires were presented and evaluated through in-human
experiment [19]-[21]. They could complete complex surgeries,
as well as realize force feedback.
RVIRs can reduce radiation exposure, increase the stability
of surgical motions, and provide added operator comfort by
using a method wherein a surgeon operates on the master side
while the robot replicates operations on the slave side. However,
inaccurate replicated motion on slave side will result in
incorrect operation, or even medical accident. To stop
replicating incorrect motion of the master controller, the

Abstract—Remote-controlled vascular interventional surgery
robots (RVIR) are being developed to reduce the occupational
risk of the intervening physician, such as radiation, chronic neck
and back pain, and increase accuracy and stability of surgery
operation. However, inaccurate replicated motion on slave side
will result in incorrect operation, or even medical accident. To
prevent the inaccurate operation, the method that shuts down the
power source or switches off the connection between the master
controller and the slave manipulator is typically used. These
methods will restrict the continuity of operation and the dexterity
of a surgeon. In this paper, a novel RVIR integrated with a
bimodal gripping mechanism was designed and its performance
was evaluated by experiment. The results demonstrated that the
incorrect operations can be eliminated without restricting the
continuity of operation and the dexterity of a surgeon by using
different clamping forces.
Index Terms— Minimally invasive surgery; Remote-controlled
vascular interventional surgery robot (RVIR); Inaccurate
operation

I. INTRODUCTION
Minimally invasive surgery is widely used in surgery
because it can reduce pain of patients and allow for quick
recovery. However, the minimally invasive surgery causes
several difficult problems for surgeons, such as heavy
radiation-shielded garments, chronic back/neck pain [1], as
well as partial protection against radiation [2]. Therefore,
demand for the development of surgical support devices that
utilize robotic technology has increased [3]. Remote-controlled
vascular interventional robots (RVIRs), allowing the surgeons
to be released from radiation and heavy radiation-shielded
garments, have received increased interest and attention in the
field of minimally invasive surgery.
Four main commercial RVIRs have been developed by
Corindus Vascular Robotics [4], Hansen Medical [5], Catheter
Robotics Inc. [6], and Stereotaxis Inc. [7]. The Sensei system
has been successfully used in different clinical applications,
such as endovascular aneurysm repair and cardiac ablation,
because of the validation of its efficacy in reducing radiation
exposure and fluoroscopy time. Meanwhile, the shortage of the
Sensei system is obvious, including large size, high cost, and
longer setup times. The Sensei system can provide 2-DOF in
catheter manipulation, as well as the Niobe system and the
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method that shuts down the power source or switches off the
connection between the master controller and the slave
manipulator is typically used. However, preparation for
performing the surgery again (e.g. rebooting of the RVIR,
catheter/guidewire position adjustment, etc.) restricts the
continuity of operation and it will be difficult to take full
advantage of the dexterity of a surgeon. Moreover, when the
surgeon performs surgical procedures, the inconvenient
operation of the RVIR will improve the surgical operation
difficulty and reduce the surgical operation efficiency. The
harder and inefficient operation will easily make the
interventionalist irritable and impatient.
In this paper, a novel method was proposed to address this
challenge and a prototype was fabricated based on this method.
In Section II, the system description and principle are presented.
In Section III, an experiment conducted to evaluate the
performance of the proposed prototype is presented. The results
obtained from the experiment and the discussion are presented
in Section IV. Finally, the conclusions are given in Section V.

Fig. 1. Schematic diagram of the system.

II. SYSTEM DESCRIPTION
The RVIR is a telerobotic system and it is composed of a
master controller and a slave manipulator. The schematic
diagram of the RVIR is shown in Fig. 1. The master controller
is located on the master side and the surgeon can operate it
without wearing heavy radiation-shielded garments. The
master controller takes advantage of the dexterity of the
surgeon by capturing the control signals imparted by the
surgeon, and then controls the movement of the slave
manipulator. The slave manipulator is mounted on the
operating table on the slave side, and it can replicate the
movement of the surgeon and measure the force of the
catheter/guidewire.

Fig. 2. Master controller, including a catheter haptic device and a
guidewire haptic device.

B. Slave manipulator
When commercial catheters (passive catheters) are used in
the minimally invasive surgery, catheters and guidewires are
both needed and are simultaneously operated by the intervening
physician during surgery. Both the support of the catheter and
the navigation of the guidewire are needed to direct the
catheter/guidewire through vessels in the body; especially the
narrow vessel branch would be particularly difficult to navigate
without such cooperation. We firstly introduced a concept that
the catheter and guidewire can be simultaneously operated in
RVIR in [19]. Moreover, the operation process wherein
catheters and guidewires are both needed and are
simultaneously operated, was then defined as the cooperation
of catheters and guidewires in our previous study [20]. In
addition, a prototype was fabricated based on this concept and
validated through laboratory setting experiments and an
in-human experiment. The results demonstrated that the
proposed RVIR can accurately operate a catheter and guidewire
and complete a complex surgical operation in a cooperative
manner [20], [21].

A. Master controller
To captures the control signals imparted by surgeons and
reconstruct force feedback of the catheter and guidewire,
respectively, the master controller performs four functions: it
collects catheter operation data from the surgeon, it collects
guidewire operation data from the surgeon, it reconstructs
catheter force feedback, and reconstructs guidewire force
feedback. Considering these requirements, two commercial
haptic devices (Geomagic® TouchTM X, 3D Systems, Inc.,
USA) are used as the catheter haptic device and guidewire
haptic device. The catheter haptic device and guidewire haptic
device work together and be used as the master controller. The
catheter haptic device collects catheter operation data imparted
by a surgeon and reconstruct catheter force feedback. Similarly,
the guidewire haptic device captures guidewire operation data
from a surgeon and realizes the guidewire force feedback for
the surgeon. The master controller is shown in Fig. 2.
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(a)
Fig. 3. Physical prototype of the RVIR.

(b)

Fig. 5. Principle of bimodal gripping mechanism: (a) the clamp is located at
position A; (b) the clamp is located at position B.

Fig. 4. Principle of the RVIR to prevent unexpected movement of catheter or
guidewire.

(a)

According to the manipulation paradigm of the
catheter/guidewire, the drive mode of the catheter/guidewire
can be divided into two types: sliding platform mold and
friction-driven mold. The former drive mode achieves the
catheter/guidewire linear motion by using a sliding platform,
and the latter drive mode realize the catheter/guidewire linear
motion by using friction wheels. Regardless of which drive
mode is adopted, the friction wheels always serve as
end-effectors connected to the catheter/guidewire, such as the
end-effectors of the sliding platform mold [8], [13], and the
end-effectors of the friction-driven mold [11]. However, when
the friction wheels are used as the end-effectors to drive the
catheter/guidewire, slippage between the catheter/guidewire
and the friction wheels exists inevitably. In order to solve this
problem, a typical method increasing the clamping force of the
friction wheels is always adopted. However, the surface of
catheter/guidewire may sustain damage if the clamping force is
too large, while the slippage may be enlarged if the clamping
force is too small. In view of this challenge, we proposed a
method grasping the catheter/guidewire statically and directly
to operate the catheter/guidewire, and we then proposed the use
of the static connection method instead of the dynamic
connection method presented in [17].
In this study, these three methods are also used and the
physical prototype is shown in Fig. 3. The slave manipulator is
composed of a linear motion platform, a catheter manipulator
(CM), a guidewire manipulator (GM), and three assistant
grasping mechanisms. The CM is used to perform linear and
rotary motion of the catheter and capture the force
measurement of the catheter. Similarly, the GM was developed
to perform linear and rotary motion of the guidewire and
capture the force measurement of the guidewire. The assistant
grasping mechanism 1, 2 and 3 are designed to prevent the
catheter/guidewire from moving randomly without restriction
in the linear direction when CM/GM releases the
catheter/guidewire (Fig. 3). Moreover, the assistant grasping
mechanism 3 can also prevent the end of the catheter from

(b)

Fig. 6. (a) A novel assistant grasping mechanism including the bimodal
gripping mechanism; (b) virtual prototype of the clamp.

drooping and keep the catheter and the guidewire almost
coaxial (in line) by supporting the end of the catheter.
C. Design of a bimodal gripping mechanism
We proposed using an assistant grasping mechanism to
prevent unexpected movement of catheter/guidewire in linear
direction in [20]. The principle is shown in Fig. 4. As shown in
this figure, the assistant grasping mechanism can prevent
catheter from moving forward when incorrect operations were
performed by accident, and thus it can eliminate the incorrect
operations.
We need control the catheter manipulator to pull the catheter
backwards the vessels. However, when the catheter is grasped
by the assistant grasping mechanism, the catheter can neither
move forward nor move backward. Therefore, we must restart
the RVIR or pull the catheter back manually.
To solve this problem, a bimodal gripping mechanism was
proposed and its principle is shown in Fig. 5. The bimodal
gripping mechanism is composed of an active base and a clamp.
The active base can push down the clamp when the
electromagnet turns on and pulls the active base (Fig.6 (a)). The
structure of the clamp in the bimodal gripping mechanism is
shown in Fig. 6 (b).
When the catheter/guidewire moves forward, the clamp will
be located at position A (Fig. 5 (a)); when the
catheter/guidewire moves backward, the clamp will be located
at position B (Fig. 5 (b)). The equation of the geometric
relationship for clamp at position A and B are as follows:
1 =
(1)

 2 =1 − b tan 

(2)

where  is the motion rise of the active base in the vertical
direction, 1 is the change in axial motion of the spring at the
position A,  2 is the change in axial motion of the spring at the
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position B, b is length of the gap between the active base and
the clam in the horizontal direction, and  is the angle of
inclination for the interface between the active base and the
clamp.
The clamping forces generated by the clamp can be
obtained by

F = k1

(3)

F ' = k 2 .

(4)

Substituting (1) into (3) and substituting (2) into (4) result in

F = k

F '=k ( − b tan  )

Fig. 7. Experiment set-up.

(5)
(6)

where F is the clamping force of the catheter/guidewire
applied by the clamp at position A, F ' is the clamping force of
the catheter/guidewire applied by the clamp at position B, and
k is the stiffness coefficient of the spring.
F and F ' are clamping force of the catheter/guidewire, so
(7)
F  0, F '  0 .
Using (5), (6) and (7) concludes that

F  F'.

(8)
Therefore, if the surgeon pushes the catheter/guidewire with
an incorrect operation and the catheter/guidewire would
damage the blood vessels at this time, the bimodal gripping
mechanism begins to run and results in that the catheter can
move backward instead of moving forward.

Fig. 8. Experiment results and curve fitting results.

voltage of the electromagnet. Similarly, we pushed the force
sensor in horizontal direction until the rod slipped and recorded
the working voltage of the electromagnet and the maximum
reading of the force sensor.

III. EXPERIMENTAL EVALUATION
To evaluate whether the bimodal gripping mechanism can
perform the functions: 1) prevent the catheter/guidewire from
moving forward and allow for backward movement at the same
time, and 2) need not identify the movement direction of the
catheter/guidewire and change the control signal, an
experiment measuring the clamping force was conducted. In
order to simplify the experiment, the experiment was carried
out to test the clamping force of catheter instead of guidewire
because of the similar characteristics of guidewire compared
with catheter. In addition, to avoid the measurement errors
introduced owing to the elastic properties of the catheter, a
1.8-mm diameter steel rod were used to replace the catheter.
The experiment set-up is shown in Fig. 7. A 1.8-mm
diameter steel rod mounted on a force sensor was grasped by
the bimodal gripping mechanism. We captured the clamping
force with a force sensor (Gamma, ATI Industrial Automation,
Inc., USA). The clamping force will be altered by adjusting the
voltage of the electromagnet. The rated voltage of the
electromagnet is 24 V and we adjusted the voltage in 0.3-V
decrements from 24 V until the clamping force is 0 N. When
the electromagnet pulled the active base and generated a
clamping force, we pulled the force sensor in horizontal
direction until the rod slipped relative to the bimodal gripping
mechanism. We then recorded the working voltage of the
electromagnet and the maximum reading of the force sensor.
Ten cycles of repetition were carried out for each working

IV. RESULTS AND DISCUSSIONS
The average clamping forces of the bimodal gripping
mechanism under different working voltages of the
electromagnet were recorded and shown in Fig. 8. When we
pulled or pushed the force sensor under the same working
voltage of the electromagnet, the clamping forces of the
bimodal gripping mechanism were different (as demonstrated
in the equation (5) and (6)). As shown in Fig. 8, the red dots
represent the clamping force of the bimodal gripping
mechanism when the catheter moves forward (referred as MF
force); the blue dots represent the clamping force of the
bimodal gripping mechanism when the catheter moves
backward (referred as MB force).
In order to establish a functional relationship between forces
and voltages, two curves were constructed by using curve
fitting (least squares) in MATLAB. The equation of the curve
for the MF force is as follow:

F =4.89  10−6 V 5 + 8.88  10−5 V 4 − 2.19  10−2 V 3
+ 0.70V 2 − 8.54V + 35.96

(9)

where F is the MF force (the unit of MF force is N), and V is
the working voltages of the electromagnet (the unit of voltage is
V).
Meanwhile, the equation of the curve for the MB force is as
follow:
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F =2.73  10−5V 5 − 2.3  10−3V 4 + 7.74  10−2 V 3
− 1.26V 2 + 10.03V − 31.88

[3]

(10)
[4]

where F is the MB force (the unit of MB force is N), and V is
the working voltages of the electromagnet (the unit of voltage is
V).
When different types of catheters or guidewires are used
during surgeries, the clamping force can be altered by adjusting
the voltage of the electromagnet. In addition, when the catheter
or guidewire is grasped by the bimodal gripping mechanism,
the catheter or guidewire cannot move forward, but they can
move backward. Therefore, the incorrect operations can be
eliminated without restricting the continuity of operation and
the dexterity of a surgeon. Moreover, the easier operation can
reduce the surgical operation difficulty and improve the
surgical operation efficiency because the harder and inefficient
operation will easily make the interventionalist irritable and
impatient.

[5]

[6]

[7]

[8]

V. CONCLUSIONS

[9]

In this paper, a novel RVIR integrated with a bimodal
gripping mechanism was designed and its performance was
evaluated by experiment. The results demonstrated that the
incorrect operations can be eliminated without restricting the
continuity of operation and the dexterity of a surgeon by using
different clamping forces when the catheter/guidewire moves
forward or backward. We may argue that the novel RVIR with
the bimodal gripping mechanism is suitable for use in actual
surgical operations.
However, several limitations exist in this research. First, we
only tested the performance of the bimodal gripping
mechanism for catheter. Catheters and guidewires are both
needed in surgeries. To ensure the safety of surgeries, the
incorrect operations of both catheter and guidewire should be
recognized and eliminated. Second, the maximum clamping
force without damaging the surface of the catheter/guidewire
needs to be measured by experiments. The surface of
catheter/guidewire may sustain damage if the clamping force is
too large and catheters or guidewires with damaged surfaces
may lead to thrombus in the blood vessels. In the future, we will
improve the RVIR to overcome the limitations mentioned
above and validate the RVIR in real in-vivo measurement of
animals, or even actual clinical operation.
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