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Abstract
Remote-controlled vascular interventional robots (RVIRs) are being developed to increase the overall accuracy of surgical
operations and reduce the occupational risks of intervening physicians, such as radiation exposure and chronic neck/back pain.
Several RVIRs have been used to operate catheters or guidewires accurately. However, a lack of cooperation between the
catheters and guidewires results in the surgeon being unable to complete complex surgery by propelling the catheter/
guidewire to the target position. Furthermore, it is a significant challenge to operate the catheter/guidewire accurately and detect
their proximal force without damaging their surfaces. In this study, we introduce a novel method that allows catheters and
guidewires to be operated simultaneously in complex surgery. Our method accurately captures force measurements and enables
precisely controlled catheter and guidewire operation. A prototype is validated through various experiments. The results demonstrate the feasibility of the proposed RVIR to operate a catheter and guidewire accurately, detect the resistance forces, and
complete complex surgical operations in a cooperative manner.
Keywords Telesurgery . Minimally invasive surgery . Remote-controlled vascular interventional robot (RVIR) . Cooperation of
catheters and guidewires . Force feedback

1 Introduction
Minimally invasive surgery, in which special slender instruments are inserted through small skin incisions, is widely used
to ensure the least possible damage to healthy organs and
tissues. However, specific surgical procedures in the presence
of radiation and with a small workspace introduce several
difficult problems for surgeons, such as the need for heavy
radiation-shielded garments and the possibility of chronic
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back/neck pain (Klein et al. 2009), as well as partial protection
against radiation (Whitby and Martin 2005). However, by
using robotic technologies, surgeons can be released from
the risks of radiation and heavy radiation-shielded garments,
and the accuracy and precision of the surgical procedures can
be improved (Taylor and Stoiariovici 2003). Therefore,
remote-controlled vascular interventional robots (RVIRs)
have received increased interest and attention in the field of
minimally invasive surgery.
To date, four main commercial RVIRs have been developed. The Corpath robot system, developed by Corindus
Vascular Robotics (Schiemann et al. 2004; Jr 2012), can control catheters for vascular applications by using friction wheels
to grip and rotate the catheter. The Sensei and Magellan robot
systems, designed by Hansen Medical (Saliba et al. 2006;
Kanagaratnam et al. 2008; Riga et al. 2011, 2013), use steerable catheters and sheaths to conduct remote operations, and
have been successfully used in different clinical applications.
Catheter Robotics Inc. designed the Amigo robot system
(Khan et al. 2013), which achieves three degrees of freedom
(DOF) manipulation of the steerable catheter on the slave side
and provides a remote controller with push buttons on the
master side. The Niobe robot system, developed by
Stereotaxis Inc. (Faddis et al. 2002), uses controlled magnetic
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fields to operate a catheter connected with a magnet.
Moreover, several research groups have studied RVIRs. For
instance, Park et al. (2010) introduced a novel catheter navigation system that controls catheters by using electromechanical actuators in the slave manipulator and provides force feedback through a master manipulator. A number of studies on
RVIRs have been published (Arai et al. 2002; Tercero et al.
2010; Wang et al. 2010; Meng et al. 2013; Beyar et al. 2006;
Srimathveeravalli et al. 2010; Cercenelli et al. 2007; Marcelli
et al. 2008; Jayender et al. 2006, 2008; Tavallaei et al. 2016;
Fu et al. 2009, 2011; Kesner and Howe 2010, 2011; Feng et al.
2015; Zakaria et al. 2013; Shen et al. 2012; Zhang et al. 2011;
Thakur et al. 2009a).
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
(Guo et al. 1995; Guo et al. 2008, 2016). Moreover, several
types of RVIRs were designed to operate catheters with two
DOFs, measure the proximal force, and accurately realize the
force feedback (Xiao et al. 2008, 2012, 2013; Bao et al. 2016).
Two semi-active haptic interfaces were designed to be used as
master consoles, and a catheter operation training system was
developed to train new surgeons. This training system integrated a virtual reality simulator with a haptic device (Yin
et al. 2016; Guo and Guo 2016; Wang et al. 2016).
Depending on the operating characteristics, surgical catheters can be divided into two types: active catheters and passive
catheters. Active catheters rotate their tips using internal
mechanisms, whereas the tips of passive catheters are rotated
using end-mounted mechanisms that mimic the operation of a
surgeon’s hand. Owing to their guiding ability, active catheters
can easily pass through vessel branches, and can therefore be
used in abdominal and cardiac surgery. However, the size and
safety problems associated with active catheters limit their
application in cerebrovascular surgery. Passive catheters can
be incorporated in a wider range of applications than active
catheters, including abdominal surgery, cardiac surgery, and
cerebrovascular surgery. In addition, a guidewire is needed to
cooperate with a passive catheter. The catheters and
guidewires are simultaneously operated by the intervening
physician during surgery, because both the support of the
catheter and the navigation of the guidewire are required to
direct the catheter/guidewire through vessels in the body; narrow vessel branches would be particularly difficult to navigate
without such cooperation. This operation process is defined as
the cooperation of catheters and guidewires. Therefore, a lack
of cooperation of catheters and guidewires poses a significant
challenge during complex surgery. However, few researchers
have studied interventional robots based on the cooperation of
catheters and guidewires. For instance, Srimathveeravalli et al.
(2010) developed a system to simultaneously manipulate a
catheter and guidewire using a patient-side slave mechanism.

Biomed Microdevices (2018) 20:20

This mechanism controls a catheter with a mobile device and
actuates the guidewire with friction wheels.
The lack of force feedback is a major challenge in
telesurgery because the success of the surgery mainly depends
on the detection of collisions by a skilled surgeon during the
operation (Yin et al. 2016). In telesurgery, the force feedback
is reconstructed on the master side by using the force signals
measured on the slave side. Therefore, the accuracy of force
measurement is vital to the force feedback. Few RVIRs provide force feedback to the operator; most of these robots that
do provide force feedback use friction wheels to capture proximal force measurements (e.g., Beyar et al. 2006; Fu et al.
2011; Bian et al. 2014); several of these robots use a miniature
sensor fixed on the catheter tip to capture the distal force
measurement (e.g., Kanagaratnam et al. 2008; Wang et al.
2010; Guo et al. 2016 a; Tanimoto et al. 1997).
Nevertheless, successful minimally invasive surgery depends
on the detection of collisions by using the proximal force of
the catheter and the guidewire. Thus, the proximal force
serves as the basis for establishing force feedback, while the
distal force of the catheter or the guidewire is used to provide a
warning before the surgeon damages delicate blood vessels. It
is difficult to accurately measure the proximal force using
friction wheels, because there is some slippage between the
friction wheels and the catheter/guidewire.
When RVIRs are used to perform surgery, a surgeon operates
on the master side while the robot replicates these operations on
the slave side. However, inaccurate replicated motion on the
slave side will result in incorrect operations, or even medical
accidents. In accordance with the manipulation paradigm of the
catheter/guidewire, there are two types of manipulation: frictiondriven molds and sliding platform molds. The former achieve
linear catheter/guidewire motion using friction wheels, whereas
the latter achieve linear catheter/guidewire motion using a sliding platform. Regardless of the manipulation paradigm adopted,
the friction wheels are always used as end-effectors connected to
the catheter/guidewire, such as the end-effectors of the frictiondriven mold (Beyar et al. 2006; Tanimoto et al. 2000) and the
end-effectors of the sliding platform mold (Arai et al. 2002;
Srimathveeravalli et al. 2010; Fu et al. 2011). Unfortunately,
there is always some slippage between the friction wheels and
the catheter/guidewire because one is driven by the other (as
demonstrated in previously conducted analyses). To solve this
problem, a method that increases the clamping force of the
friction wheels is typically used. However, the surface of
catheter/guidewire may sustain damage if the clamping force
is too large, while the slippage may increase if the clamping
force is too small.
Based on our analysis of the aforementioned research,
some problems inevitably exist and have a greater impact on
operation accuracy, the optimum utilization of the surgeon’s
existing dexterity, and the success rate of operation. These
problems are summarized and listed as follows:
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1) Catheters and guidewires are both necessary and are simultaneously operated to complete operations, especially
in some complex surgeries. The simultaneous support of
the catheter and guidance of the guidewire is required so
that the surgeon can propel the catheter/guidewire to the
target and complete the complex surgery.
2) The proximal force of the catheter and guidewire must be
measured accurately to achieve force feedback. Force feedback is very important in telesurgery. The accurate measurement of forces is vital, because the measured force
serves as the foundation for providing force feedback.
3) Catheters and guidewires must be operated accurately
without causing damage to their own surfaces. Incorrect
replicated motion of the catheter or guidewire on the slave
side can cause medical accidents. Catheters or guidewires
with damaged surfaces may lead to thrombus in the blood
vessels.
However, to the best of our knowledge, there are no robot
systems currently available that can fully satisfy all three
requirements.
In this study, these challenges were addressed using a novel
solution, and a remote-controlled vascular interventional robot
(RVIR-CI) was fabricated based on this solution. In Section 2,
the principles that address the aforementioned challenges are
presented. These include the catheter and guidewire cooperation principle, force measurement and motion principle, and
integrated solution. In Section 3, the proposed system is described. Four types of experiments to evaluate the performance of the proposed RVIR-CI are introduced in Section 4.
In Section 5, the results obtained from the experiments are
presented and discussed. Finally, our conclusions are given
in Section 6.

2 RVIR-CI principles
RVIR-CI was designed as a telerobotic system composed of a
master controller and a slave manipulator. These two components work together to operate the catheter and the guidewire.
The master controller takes advantage of the surgeon’s dexterity by capturing the control signals imparted by the surgeon
and then moving the slave manipulator after real-time signal
processing by the control unit. The slave manipulator replicates the movement of the surgeon and measures the force of
the catheter/guidewire. During this process, the master controller receives force feedback using the force signals obtained
from the slave manipulator. A schematic diagram of the system, showing the workflows and interactions of different components, is shown in Fig. 1.
Based on the analysis in Section 1, three challenges exist,
each of which have a marked impact on the feasibility and
safety of the RVIR. The challenges mostly pertain to the

Fig. 1 Schematic diagram of the system: the surgeon operates the master
controller on the master side, while the slave manipulator replicates the
operations of the surgeon on the slave side; these two control units
communicate with each other through a local area network

design of the slave manipulator. To address these challenges,
we propose three novel methods.

2.1 Catheter and guidewire cooperation principle
During minimally invasive surgery, the surgeon operates a
catheter with one hand and a guidewire with the other hand.
With the support of the catheter and guidance of the
guidewire, the surgeon propels the catheter/guidewire to a
target position and performs the surgery. Catheters and
guidewires are both necessary and are simultaneously operated by the intervening surgeon during surgery. We can imitate
the way the surgeon operates the catheter and guidewire to
design the RVIR-CI.
The cooperation of catheters and guidewires was proposed
to mimic the operation of the surgeon’s hands. Under this
cooperation, the catheters and guidewires are operated by
the catheter control unit and the guidewire control unit, respectively (Fig. 2). The catheter can be operated by the catheter control unit to realize both linear and rotary motion. The
guidewire is operated using the same principle. The catheter
control unit and the guidewire control unit should be operated
independently to allow independent movement of the catheter
and the guidewire. In addition, there is no movement interference between these two units, and every unit can achieve
movement independently without being restricted by the other. Therefore, we introduce a cooperation principle to realize
catheter and guidewire movement (Fig. 3). The catheter control unit realizes linear and rotary motion in the catheter using
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Fig. 2 Cooperation of catheters and guidewires: the catheter and guidewire are both necessary, and are simultaneously operated by the catheter control
unit and the guidewire control unit, respectively

block 1 and block 3, respectively, and the guidewire control
unit realizes linear and rotary motion in the guidewire using
block 2 and block 4, respectively. Block 1 and block 2 are
coaxial, and block 3 has the same height as block 4. This is
because the guidewire is located in the catheter’s interior in the
surgery, and they are almost coaxial.

2.2 Force measurement and motion principle
2.2.1 Force measurement
A force sensor measures the force of the catheter/guidewire by
calculating the deflection of the strain gauge (inside the force
sensor) caused by the force of the catheter/guidewire.
Transmission devices are needed to transfer the force of the
catheter/guidewire to the strain gauge. The static connection
method is commonly used to connect strain gauges and transmission devices. However, owing to the special operation
method employed by RVIRs, the connection between the
transmission devices and the catheter/guidewire always uses
a dynamic connection method, such as a friction wheel (Beyar
et al. 2006; Fu et al. 2011; Bian et al. 2014).
The accuracy of the force measurements obtained using the
dynamic connection method is lower than that obtained using
the static connection method. This is because slippage exists
between the catheter/guidewire and the transmission devices.
To accurately measure the force of the catheter/guidewire, we
previously proposed the use of a static rather than dynamic
connection method (Bao et al. 2016). As shown in Fig. 4a, a
grasper is used to hold the catheter/guidewire in a static manner, and the sensor is statically and directly linked with the
grasper. Therefore, the catheter/guidewire is effectively
grasped and the force can be accurately measured.

Fig. 3 Cooperation principle of the catheter and the guidewire

There are two challenges in using the static connection
method to capture force measurements.
1) Minimizing the influence of friction forces in the transmission devices on the measurement accuracy of the force
signals. To overcome this challenge, a special mechanism
was developed to minimize the friction forces by using
several types of bearings and good lubrication.
2) Determining how to effectively grasp the catheter/
guidewire without damaging their surfaces. The
catheter/guidewire has a small diameter and can easily
be damaged. In our design, we overcame this challenge
by using the conical clamping principle. As shown in Fig.
4b, the grasper holds the catheter/guidewire using the
conical clamping principle. It is obvious that, as the contact area between the catheter/guidewire and the grasper
increases, the unit pressure of the catheter/guidewire surface decreases under a constant grasping force. Owing to
the larger contact area, the grasper can apply a larger
grasping force to the catheter/guidewire without damaging the surface.

2.2.2 Linear and rotary motion
In our previous study, a special method was introduced to
operate the catheter/guidewire (Xiao et al. 2008). As shown
in Fig. 5, two graspers are used to operate the catheter/
guidewire, and the following sequence of operations is
applied.
1) Grasper 1 is turned on to grasp the catheter/guidewire
while Grasper 2 is turned off to release the catheter/
guidewire. The catheter/guidewire is operated by
Grasper 1 to achieve both linear and rotary motion, as
shown in Fig. 5a.
2) Grasper 1 is then turned off and Grasper 2 is turned on, as
shown in Fig. 5b. At this point, Grasper 1 needs to change
the gripping position of the catheter/guidewire (just as a
surgeon changes his/her gripping position); the catheter/
guidewire cannot move randomly in the linear direction
because Grasper 2 is holding the catheter/guidewire. This
restriction was designed to avoid surgical risk caused by
loss of control of the catheter/guidewire.

Biomed Microdevices (2018) 20:20

Page 5 of 18 20

Fig. 4 The principle of force measurement: a the sensor linking with the grasper statically and directly, b the grasper grasping the catheter/guidewire by
using the conical clamping principle

3) Grasper 1 remains off and changes its position while
Grasper 2 remains on, as shown in Fig. 5c.
4) Grasper 1 is turned on and Grasper 2 is turned off, as
shown in Fig. 5d. Grasper 1 moves to a new gripping
position and grasps the catheter/guidewire again.
Grasper 1 and Grasper 2 repeat this operation as
necessary.

Using the conical clamping principle proposed above, the
graspers can hold the catheter/guidewire without slipping and
without damaging the surface. Therefore, the catheter/
guidewire can be moved more accurately and safely using
the operation method (Fig. 5) and the conical clamping principle (Fig. 4) simultaneously.

2.3 Integrated solution
One significant challenge is how to integrate the two principles described in Sections 2.1 and 2.2 to achieve a cooperative
catheter/guidewire system. This challenge exists for the following reasons. First, the two aforementioned principles have
different and contradictory application objects. The first principle (catheter and guidewire cooperation principle) is used to
control the catheter and the guidewire simultaneously or with
respect to each other, whereas the second principle (force
measurement and motion principle) is only designed for the

Fig. 5 Operation process of the catheter/guidewire: a Grasper 1 is turned
on to realize both linear and rotary motion of the catheter/guidewire while
Grasper 2 is turned off; b Grasper 1 will be turned off and Grasper 2 will
be turned on when Grasper 1 needs to change the gripping position of the

catheter or the guidewire. Second, more graspers will be used
when these two principles are integrated into a system. This
will make the framework more complex. Third, the motions of
the catheter, guidewire, and graspers are complicated, and it is
difficult to eliminate the interference among them. Fourth, the
control of the integrated system is complex because of the
separated and substantial control of every part (such as grasper
1 and grasper 2 being used in both the catheter control unit and
the guidewire control unit).
To address this challenge, we propose a novel integrated
solution, which is shown in Fig. 6. The structures and functions of the five units are summarized as follows.
1) Units A and E are fixed to the platform and can grasp or
release the catheter/guidewire.
2) Units B and D are mounted on the sliders and can move
forward or backward in a linear direction. Both Unit B
and D can grasp or release the catheter/guidewire. Unit B
applies the rotary motion, linear motion, and force measurements in the catheter. Unit D handles rotary motion,
linear motion, and force measurements in the guidewire.

3) Unit C is also mounted on a slider and can move forward or backward in the linear direction. Unit C is
composed of two parts: Grasper C-1 and Grasper
C-2. Grasper C-1 remains off and grasps the end of

catheter/guidewire; c Grasper 1 moves and changes the gripping position
while Grasper 1 remains off and Grasper 2 remains on; d Grasper 1 will
be turned on and Grasper 2 will be turned off when Grasper 1 moves to a
new gripping position
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Fig. 6 Integrated solution

the catheter throughout the entire operation, while
Grasper C-2 grasps or releases the guidewire depending on the control signals.
4) Grasper C-1 is mounted on an additional slider and can
move freely in the linear direction. It can provide support
to the end of the catheter without interfering with its motion or force measurement readings.
These five units have different functions in our design:
Units B and D are the key components––they are designed
to operate and capture force measurements in the catheter and
guidewire; Unit A, Grasper C-2, and Unit E are assistant
parts––they are designed to prevent the catheter/guidewire
from moving randomly without restriction in the linear direction when Unit B/D releases the catheter/guidewire; Grasper
C-1 is another assistant part––it can prevent the end of the
catheter from drooping and ensure the catheter and the
guidewire remain in line by supporting the end of the catheter.
When any of these five units is turned on, they will grasp
the catheter/guidewire; conversely, when any of these five
units is turned off, they will release the catheter/guidewire.
The operating methods of the integrated solution are summarized below.
Prerequisites: During the entire operation sequence, the
control of the integrated solution has the following prerequisites. First, Unit C has the same linear motion as Unit B when
Unit B is turned on, and Unit C remains static in the linear
direction when Unit B is turned off. Second, Grasper C-1
remains off and grasps the end of the catheter throughout the
entire operation.
1) When Unit B and Unit D have attained suitable gripping
positions, Unit A, Grasper C-2, and Unit E are turned off,
and Unit B and Unit D are turned on. At this time, Unit C
has the same linear motion as Unit B. The catheter can
then be operated by Unit B and Unit C to perform rotary
motion, linear motion, and force measurement. The
guidewire is then operated by Unit D to perform rotary
motion, linear motion, and force measurement.
2) When Unit B needs to change its catheter gripping position (just as a surgeon changes his/her gripping position),
Unit A is turned on and Unit B is turned off. At this time,
the catheter remains static and cannot move randomly

because of the restriction imposed by Unit A. Then,
Unit B changes its position while Unit A maintains its
grip. When Unit B has attained a suitable catheter gripping position, it is turned on and Unit A is turned off.
Then, Unit C has the same linear motion as Unit B, and
Unit B will operate the catheter again.
3) When Unit D needs to change the guidewire gripping
position, Grasper C-2 and Unit E are turned on and Unit
D is turned off. At this time, the guidewire remains static
and cannot move randomly because of the restriction provided by Grasper C-2 and Unit E. Unit D then changes its
position while Grasper C-2 and Unit E remain attached.
When Unit D attains a suitable guidewire gripping position, Unit B is turned on and Grasper C-2 and Unit E are
turned off. Then, Unit D can operate the guidewire again.
The system construction and operating methods are complex because several inevitable challenges exist in integrating
these different principles into one solution. Nevertheless, the
integrated solution makes it possible for RVIR-CI to perform
complex surgery accurately and safely.

3 System description
3.1 Master controller
To collect movement information from the surgeon and reconstruct the force feedback of the catheter and the guidewire, the
master controller performs four functions: it collects catheter
and guidewire operation data from the surgeon, and reconstructs
catheter and guidewire force feedback. To handle these requirements, two commercial haptic devices (Geomagic® TouchTM
X, 3D Systems, Inc., USA) are used as catheter and guidewire
haptic devices in the master controller (Fig. 7). The catheter
haptic device collects catheter operation data from the surgeon
and reconstructs the catheter force feedback. The guidewire
haptic device collects guidewire operation data from the surgeon
and reconstructs guidewire force feedback.
When the surgeon pulls or pushes the operating handle of
the catheter/guidewire haptic device along the x axis (Fig. 7),
the linear motion data of the operating handle will be recorded
and transmitted to the slave manipulator. The slave
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a linear motion platform is designed. The rotary motion and
force measurement conducted by the catheter are enabled by
Unit B, and those of the guidewire are enabled by Unit D.
Therefore, a catheter manipulator (CM) is designed to perform
rotary motion and capture the force measurement of the catheter, and a guidewire manipulator (GM) is designed to perform rotary motion and capture the force measurement of the
guidewire. During operation, Units A, C, and E act as assistant
parts and are designed to grasp or release the catheter/
guidewire. Thus, three assistant grasping mechanisms are
developed.

Fig. 7 Master controller, including a catheter haptic device and a
guidewire haptic device

manipulator then performs the linear motion of the catheter/
guidewire. Similarly, the slave manipulator performs the rotary motion of the catheter/guidewire according to the rotary
signals obtained from the catheter/guidewire haptic device
(the surgeon rotates the operating handles around the x axis).
Moreover, the motion and force signals of the catheter/
guidewire are displayed on a multidimensional information
monitoring interface in real time. This interface is composed
of a numerical interface and a graphical interface. The operator can obtain the positions/poses and force information of the
catheter/guidewire from the monitoring interface, allowing for
the real-time adjustment of surgical operation.

3.2.1 Linear motion platform
The linear motion platform, which enables the linear motion
of Units B, C, and D, is composed of four parts: a support
platform, mobile mechanism, tightening mechanism, and
driving mechanism (Fig. 8). The support platform was designed to support and regulate most of the devices used during
surgery. It is mounted on a mechanical arm that regulates the
position of the RVIR-CI relative to the patient. To perform the
three linear motions analyzed above, the mobile mechanism
uses a slide rail mounted on the support platform and three
sliders mounted on the slide rail. The slide is driven by a
cable-driven mechanism because of its low inertia, simple
structure, and small volume. A tightening mechanism was
developed to apply tension to the wire rope in the cabledriven mechanism during installation and debugging.

3.2 Slave manipulator
3.2.2 Catheter manipulator and guidewire manipulator
Based on the analysis presented above, the integrated solution
of the slave manipulator (Fig. 6) is somewhat complex.
Therefore, we classify the five units into different types (based
on their functions) to simplify the design challenge. Because
Units B, C, and D have linear motions that must be performed,

Fig. 8 Virtual prototype of the linear motion platform

To realize the rotary motion and force measurement of the
catheter and the guidewire (providing the partial function of
Units B and D, Fig. 6), the CM and GM were developed. The
CM is presented schematically in Fig. 9a and is composed of a
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Fig. 9 Virtual prototype of the
CM: a whole schematic design of
the CM, b internal structure of the
CM

force measurement mechanism, rotation mechanism, and
grasping mechanism.
The force measurement mechanism was designed based on
the force measurement principle proposed in Section 2. A
static connection composed of a grasper, conical plate, and
plate connects the sensor and the catheter (Fig. 9b). To minimize the friction forces in the transmission devices (the devices transferring the force from the catheter/guidewire to the
force sensor), a special mechanism was developed. This
mechanism utilizes a needle bearing, ball spline, linear bearing, thrust bearing, and slide rail. To ensure that the catheter
does not slip in the grasper, the grasping mechanism was
designed based on the conical clamping principle. Using this
principle, the catheter can be effectively grasped without damaging its surface. As shown in Fig. 4b, an additional force is
needed to reduce the gap between the grasper and the catheter
when the grasper begins to grip the catheter. This extra force is
produced by the linear motion of the inner ring of the grasper,
which uses a screw drive to transform the rotary motion of the
motor into the linear motion of the inner ring. During this
process, the rotation mechanism and an electromagnetic
clutch help the grasper to hold or release the catheter. When
the grasper needs to hold or release the catheter, the electromagnetic clutch turns on, and the rotation mechanism begins
to rotate clockwise or counterclockwise.

The GM has the same function as the CM, and so one can
be used as the other by changing the size of the grasper.
3.2.3 Assistant grasping mechanism
To realize the function of Units A, C, and E (Fig. 6), three
assistant grasping mechanisms were designed. As discussed
above, Unit A, Grasper C-2, and Unit E need to grasp or
release the catheter/guidewire during the operation. An active
grasper is proposed to realize the function of Unit A, as shown
in Fig. 10a, and this is composed of an electromagnet, support
plate, and pressure plate. When the catheter needs to be
grasped, the electromagnet turns on and pulls the pressure
plate. The catheter is then grasped as the pressure plate moves
down. The principle of the active grasper was also used in the
design of two other assistant grasping mechanisms (Grasper
C-2 and Unit E) by changing the size of the structure, because
their functions are identical.
Grasper C-1 should grasp the end of the catheter throughout the entire operation to provide support. Thus, a passive
grasper was developed to grasp the catheter by fixing the
hemostasis valve mounted on the end of the catheter
(Fig. 10b). Therefore, two active graspers were used as assistant grasping mechanisms (assistant grasping mechanism 1
and assistant grasping mechanism 3), realizing the function
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Fig. 10 a Active grasper; b
assistant grasping mechanism
holding the catheter and the
guidewire by the passive grasper
and the active grasper,
respectively; these components
realize the function of Unit C

of Units A and E, respectively. One active grasper and one
passive grasper work together (constituting assistant grasping
mechanism 2) to realize the function of Unit C, as shown in
Fig. 10b.
Generally, the RVIR-CI can accurately operate the catheter
and the guidewire, and obtain improved force measurements
without damaging the surfaces, by using the linear motion
platform, CM, GM, and three assistant grasping mechanisms.
As shown in Fig. 11, the functions of Units A–E are realized
by assistant grasping mechanism 1, the CM, assistant grasping
mechanism 2, the GM, and assistant grasping mechanism 3,
respectively. A physical prototype of RVIR-CI is shown in
Fig. 12.

4 Experimental evaluation
Four types of experiments were carried out to evaluate the
performance of the proposed RVIR-CI. Experiment I verifies
whether the catheter and guidewire can be accurately operated
by the slave manipulator. Experiment II shows that the proposed RVIR-CI can accurately detect resistance forces. The
tracking performance between the sensed (master controller)
and replicated (slave manipulator) motion is evaluated in
Experiment III. Experiment IV tests whether the proposed
Fig. 11 Virtual prototype of the
RVIR-CI

RVIR-CI can complete complex surgery with the cooperation
of catheters and guidewires.

4.1 Linear and rotary motion experiment
To verify whether the catheter/guidewire can be operated accurately by the slave manipulator, we first evaluated the accuracy and precision of both the linear and rotary motion of the
CM/GM. We then tested whether the CM/GM could grasp the
catheter/guidewire effectively without experiencing slippage.
To evaluate its linear accuracy, the CM was advanced in
30-mm increments over a range of 780 mm at a speed of
20 mm•s−1; CM positional readings were taken at each increment. To evaluate the linear precision of the CM, it was advanced to the 150-mm position ten times, and the standard
deviation of the positional error was calculated. In this experiment, a grating scale (JCXE-DK, Guiyang Xintian Oetech
Co., Ltd., CN) was used to measure the CM linear position,
and a programmable multi-axis controller (PMAC) (PMACPCI-LITE, Delta Tau Data System Inc., US) was used to control the CM and record its control signals. A similar series of
experiments was performed to evaluate the linear accuracy
and linear precision of the GM.
To evaluate the rotary accuracy and rotary precision of the
CM, a 1.8-mm diameter steel rod replaced the 5F catheter,
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Fig. 12 Physical prototype of the
RVIR-CI

thus avoiding any measurement errors owing to the elastic
properties of the catheter. The rotary accuracy of the CM
was evaluated by rotating the steel rod at a rate of 50°•s−1 over
a range of 750°, with measurements taken at 50° increments.
The rotary precision of the CM was evaluated by rotating the
steel rod to the 360° position ten times, and recording the
rotary position at each trial. In this experiment, a rotary encoder (HK50, Shenzhen HZJ Co., Ltd., CN) was used to measure the rotary position of the rod, and a PMAC (PMAC-PCILITE, Delta Tau Data System Inc., US) was used to control
the CM and record its control signals. A similar series of
experiments was performed to evaluate the rotary accuracy
and rotary precision of the GM, with the guidewire replaced
by a 0.8-mm diameter steel rod.
To test whether the CM could grasp the catheter effectively
without slipping, a 1.8-mm diameter steel rod was mounted on
a force/torque sensor and grasped by the CM. We fixed the
force/torque sensor in place and then pulled the CM until the
rod slipped relative to the CM grasper. In addition, we rotated
the rod in the grasper of the CM until the rod slipped relative
to the grasper. In these experiments, a force/torque sensor
(Gamma, ATI Industrial Automation, Inc., US) was used to
record the maximum force and torque of the rod (Fig. 13).
Similar experiments were performed to evaluate the ability
of the GM to grasp the guidewire (a 0.8-mm diameter steel
rod was used to replace the guidewire).

Fig. 13 Experimental set-up recording the maximum grasping force and
torque that the CM can provide

4.2 Force measurement experiment
To verify that the proposed RVIR-CI can accurately detect the
resistance force, static force experiments were performed to test
the accuracy of the sensing unit (in the CM/GM) under different
standard loads, and time-varying force experiments were performed to test the real-time performance of the sensing unit.
Figure 14 shows the experimental set-up for the static force
measurements. The CM was positioned vertically to keep the
axis of the grasper oriented in the vertical direction, and a
standard weight was placed on the end of the grasper. The
standard weight tends to push the grasper (similar to the push
of the catheter) owing to gravity. The CM sensing unit captured the pushing force, and then we compared the data with
the gravity of the standard weight. We added different loads
(20–450 g) to the sensing unit, and ten repetitions were carried
out for each load.
To evaluate the performance of the time-varying force measurement, the experimental set-up was the same as that used to
record the maximum grasping force and torque of the CM (as
shown in Fig. 13). A 1.8-mm diameter steel rod mounted on a
force sensor was again used in place of the 5F catheter, and the
rod was grasped by the CM. When we applied a time-varying
dynamic force to the stent of the force sensor, the CM acquired
simultaneous force signals from its sensing unit in real-time.

Fig. 14 Experimental set-up for static force measurement of the CM
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To evaluate the performance of GM static and time-varying
force measurements, similar experiments were performed by
replacing the guidewire with a 0.8-mm diameter steel rod.

4.3 Tracking performance evaluation experiment
Experiments were conducted to test the tracking performance of the master controller and the slave manipulator.
The master controller and slave manipulator were connected over a local network. The time delay caused by
using this local network is not discussed here because of
space limitations. Therefore, in our experiments, the
tracking performance of the master controller and the
slave manipulator were evaluated without considering
time delays.
The linear and rotary motion of the catheter/guidewire
could arguably be replaced by the linear and rotary motion of the CM/GM, respectively, because the catheter/
guidewire is operated by the CM/GM without slipping.
Moreover, as the master controller is composed of a catheter haptic device and a guidewire haptic device and the
linear and rotary motion of the catheter/guidewire can be
replaced by the linear and rotary motion of the CM/GM,
we evaluated the tracking performance of the master controller and the slave manipulator in two experiments. The
first evaluated the linear and rotary tracking performance
of the CM and the catheter haptic device, and the second
examined the linear and rotary tracking performance of
the GM and the guidewire haptic device.
To evaluate the linear tracking performance of the CM and
the catheter haptic device, an operator achieved linear motion
on the master side by pushing and pulling the operating handle
of the catheter haptic device, and the CM replicated the operations on the slave side. A position sensor (Polaris Vicra, NDI,
CA) was used to measure the linear motion of the operating
handle of the catheter haptic device, and a grating scale
(JCXE-DK, Guiyang Xintian Oetech Co., Ltd., CN) was used
to measure the linear position of the CM. Ten operators
pushed (pulled) the operating handle of the catheter haptic
device, and the linear tracking performance was evaluated
for ten trials per operator.
Similarly, to evaluate the rotary tracking performance of
the CM and the catheter haptic device, rotary motions were
performed on the master side by rotating the operating handle
of the catheter haptic device, and the CM replicated the operations on the slave side. In this experiment, two rotary encoders (HK50, Shenzhen HZJ Co., Ltd., CN) were used to
measure the rotary positions of the operating handle of the
catheter haptic device and the rod grasped in the CM.
Similar experiments were conducted to evaluate the
linear and rotary tracking performance of the GM and
the guidewire haptic device.
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4.4 Catheter and guidewire cooperation experiment
To test whether the proposed RVIR-CI can perform complex surgery with the cooperation of catheters and
guidewires, an experiment was conducted to test whether
a catheter and guidewire could be successfully propelled
to a target position. A catheter (VER135°, Cordis
Corporation, USA) and guidewire (451-514HO, Cordis
Corporation, US) were propelled by the RVIR-CI from
the starting position to the target position in a human
body model (General Angiography Type C, FAINBiomedical, Inc., JP; Fig. 15). The starting position was
located at the aortic arch and the target position was the
left subclavian artery (shown in Fig. 15).
In this experiment, the operator manipulated the catheter haptic device and the guidewire haptic device with two
hands, and the slave manipulator operated the catheter and
the guidewire by replicating these operations. The linear
and rotary motions of the catheter and the guidewire were
recorded by the PMACs, and the force of the catheter and
guidewire was measured by the sensing units in the CM
and the GM, respectively. Meanwhile, the experimental
operation time was recorded. Ten operators were enrolled
in this experiment, and each operator performed ten trials.

5 Results and discussion
5.1 Linear and rotary motion experiment
5.1.1 Experimental results
The results for the accuracy and precision of the CM and
the GM are listed in Table 1. The CM has a maximum
grasping force of 20.2 N and a maximum grasping torque
of 24.4 mN•m. The GM has a maximum grasping force of
18.5 N and a maximum grasping torque of 21.6 mN•m.

Fig. 15 Human body model, and the starting and target positions in the
experiment involving the cooperation of catheters and guidewires
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Accuracy and precision of the CM and the GM

Catheter manipulator
Catheter manipulator
Guidewire manipulator
Guidewire manipulator

Linear motion (mm)
Rotary motion (°)
Linear motion (mm)
Rotary motion (°)

Accuracy

Precision

0.11
1.43
0.12
1.43

±0.023
±0.30
±0.024
±0.28

Thus, the proposed RVIR-CI can operate the catheter/
guidewire accurately without slippage with respect to the
graspers (in the CM/GM). Moreover, the RVIR-CI can be
easily adapted for catheters and guidewires of different sizes
by changing the dimensions of the graspers.

5.2 Force measurement experiment
5.2.1 Experimental results

5.1.2 Discussion
The performance evaluation demonstrated the ability of the
slave manipulator to perform linear and rotary motions within
the expected specifications: the linear accuracy is better than
0.12 mm, and the rotary accuracy is better than 1.5°. We
obtained the maximum grasping force and torque of the
CM/GM by recording the force and torque signals when the
rod slipped relative to the CM/GM grasper.
In these experiments, we used a 1.8-mm and 0.8-mm
diameter steel rod to replace the catheter and the
guidewire, respectively. However, the friction coefficient
between the grasper in the CM/GM and the steel rod is
different from that between the grasper in the CM/GM
and the catheter/guidewire. The friction coefficient between the CM/GM grasper and the steel rod is 0.15, whereas that between the CM/GM grasper and the catheter/
guidewire is approximately 0.10 (Cheng 2008) in view of
the possible lubrication caused by the liquids present in
actual surgery, such as blood or normal saline. Therefore,
when we use a catheter and guidewire in actual surgical
scenarios, the maximum grasping force and maximum
grasping torque for the CM will be less than 20.2 N and
24.4 mN•m, respectively, and those for the GM will be less
than 18.5 N and 21.6 mN•m, respectively. Even though the
maximum force and torque of the GM/CM in the experiments is smaller than those in actual surgical scenarios,
these values far exceed the maximum force (2.5 N) and
torque (14 mN•m) applied by interventionalists on a catheter (Thakur et al. 2009b).

Fig. 16 Static force data under different loads: a CM, b GM

A comparison of the results of the static force measurement
for the CM and the GM is shown in Fig. 16. The results
include standard force data, average measured force data,
and the standard deviation of the measured force data. The
maximum relative error between the measured and the reference forces is 2.53% for the CM and 2.48% for the GM.
A comparison of the time-varying force measurement results for the CM and GM is shown in Fig. 17. The red line
represents the readings of the CM/GM force sensor and the
blue line represents the readings of the ATI force sensor. The
errors between the force signals are also shown. The maximum relative error and the average relative error between the
force signals for the CM are 12.16% and 7.10%, respectively,
and those for the GM are 18.85% and 8.56%, respectively.
5.2.2 Discussion
In the static force measurement experiment, the CM/GM was
positioned vertically to keep the axis of the grasper vertical.
However, in actual surgery, the CM/GM is located at a certain
orientation above the horizontal because the patient is generally lying flat on the operating table. When the CM/GM is
positioned vertically, the gravity of the sensing unit and friction A (caused by assembly) have an impact on the force
measurement performance. When the CM/GM is located at
a certain angle above the horizontal, the force measurement
performance is influenced by friction B (caused by assembly),
the gravity of the sensing unit, and friction C (caused by gravity). Fortunately, friction B and friction C are approximately
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Fig. 17 Comparison of time-varying force measurement: a CM, b GM

constant functions of the positioning of the CM/GM above the
horizontal, and can thus be eliminated by compensation.
Therefore, the performance of the CM/GM can be evaluated
by this method, and we obtained the static force measurement
results with compensation by eliminating the influence of the
gravity of the sensing unit and friction A. Moreover, the performance of the proposed RVIR-CI could be improved by this
compensation mechanism when it is located at a certain angle
above the horizontal in actual surgery.
In the time-varying force measurement experiment, the results show that the maximum and average relative error between the force signals for the CM are 12.16% and 7.10%,
respectively, and those for the GM are 18.85% and 8.56%,
respectively. As shown in Fig. 17, the relative error between
the force signals is higher for larger forces. The sensing unit in
the CM/GM will deform when it is used to measure the force.
This deformation will offset part of the force applied to the
sensor in the sensing unit, resulting in the measured force
being less than the real force. Larger deformation will result
in smaller measured force. Therefore, when larger force was
applied to the sensing unit, the larger deformation results in
higher relative error. Moreover, when we periodically apply
the force to the sensing unit, the sensing unit deforms periodically and the relative error changes periodically.
To conveniently verify the performance of the prototype,
the CM and GM used in these experiments were manufactured
by 3D printing with a low-stiffness resin (WeNext 8000,
Zhbond Technology, CN). However, the sensing units in the
CM/GM can be easily deformed because of their low stiffness.
This deformation makes the time-varying force error of the
CM/GM greater than that of a CM/GM made from stiffer
materials. This occurs for two reasons: (i) a low-stiffness sensing unit has a low response when it measures force, and (ii) the
deformation of a low-stiffness sensing unit makes the friction
changeable when a time-varying force is applied to the sensing unit; the changeable friction cannot be eliminated by compensation because it changes unpredictably. Fortunately, the
CM/GM used in actual surgery will be fabricated from stainless steel or other high-stiffness materials. We believe that the

CM/GM force measurement performance will improve when
it is made from such materials and used in actual surgical
operations.
Previous research shows that the perceptual resolution in
force discrimination, as measured by the just noticeable difference (JND), is 7–10% over a range of 0.5–200 N (Jones
2000). Considering the abovementioned discussions, we may
argue that the RVIR-CI is sensitive enough to accurately detect small changes in force.

5.3 Tracking performance evaluation experiment
5.3.1 Experimental results
A time delay exists between the master controller and the
slave manipulator because they communicate using a local
area network. To evaluate the tracking performance without
considering the time delay, the peak values of the master controller movements were artificially aligned with those of the
slave manipulator movements.
The linear and rotary tracking performance of the CM and
the catheter haptic device are shown in Fig. 18, and the linear
and rotary tracking performance of the GM and the guidewire
haptic device are shown in Fig. 19. The mean linear error
between the master controller and the slave manipulator is less
than 0.2 mm, and the mean rotary error between the two is less
than 0.4°. The maximal deviation of the linear motion is less
than 1.5 mm, and the maximal deviation of the rotary motion
is less than 2.1°.
5.3.2 Discussion
To evaluate the tracking performance without considering the
time delay, the time lag was eliminated. However, the lag time
cannot be eliminated in actual surgery because of the transmission delay in the control system. Therefore, the tracking
performance in the actual surgery will be worse than that in
this experiment. As the lag time has a crucial adverse effect on
the movement synchronization of the master controller and
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Fig. 18 Tracking performance of the CM and the catheter haptic device: a linear tracking performance, b rotary tracking performance

the slave manipulator, it will be measured in a future study and
the tracking performance will be evaluated under the consideration of this time delay.
The experimental results show that the tracking performance errors are significantly larger for some operators. The
reason is that every operator controls the RVIR-CI at a different velocity, and larger errors occur under higher velocity
operating conditions (Thakur et al. 2009a). The relationship
between operating velocity and tracking performance error
will be established in a future study to evaluate and improve
the tracking performance of the RVIR-CI.

5.4 Catheter and guidewire cooperation experiment
5.4.1 Experimental results
The catheter and the guidewire reached the target position
successfully in all experiments performed by the ten operators
(shown in Fig. 22d). The operation time of the different operators are shown in Fig. 20. The results include the average
operation time and the standard deviation. The maximum average operation time is 70.2 s and the maximum standard
deviation is 19.4 s.
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The linear motions, rotary motions, and forces of the catheter and the guidewire from one of the experimental procedures are presented in Fig. 21.
During the 0–12 s time interval, the operator directed the
catheter and the guidewire along the aortic arch, and tried to
propel the catheter and the guidewire to the intersection of the
aortic arch and the left subclavian artery. During this process,
the operator primarily pushed the catheter and guidewire with
almost no rotation; the forces exerted by the catheter and the
guidewire were small and had little variation. Figure 22a
shows the starting position of the catheter and guidewire in
the human body model.
During the 12–38 s time interval, the operator changed the
positions and poses of the catheter and guidewire to prepare
them to pass through the narrow vessel branch and gain access
to the left subclavian artery. The operator changed the positions and poses of the catheter and the guidewire by pulling,
pushing, and rotating both elements. The forces exerted by the
catheter and guidewire changed frequently because there were
numerous collisions between the catheter/guidewire and
blood vessels. The collisions were caused by the pushing
and rotation of the catheter/guidewire. At the end of this process, the catheter and guidewire were located at the
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Fig. 19 Tracking performance of the GM and the guidewire haptic device: a linear tracking performance, b rotary tracking performance
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Fig. 20 Operation time of
different operators
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intersection of the aortic arch and the left subclavian artery
with special positions and poses (Fig. 22b).
During the 38–55 s time interval, the operator propelled the guidewire into the left subclavian artery with
almost no operation of the catheter. During this process,
the guidewire passed through the narrow vessel branch
and gained access to the left subclavian artery, while the
catheter remained at the intersection of the aortic arch
and the left subclavian artery. There was only a small
amount of variation in the force of the catheter, whereas
the force of the guidewire changed frequently and drastically. Figure 22c shows the final situation of this process, wherein the guidewire is located in the left subclavian artery and the catheter is at the intersection of
the aortic arch and the left subclavian artery.
During the 55–65 s time interval, the operator propelled the
catheter into the left subclavian artery, and then operated the
catheter and the guidewire along the left subclavian artery.
During this process, the operator mainly pushed the catheter
and the guidewire with almost no rotation. The forces exerted
by the catheter and the guidewire changed slightly, except for
the force of the catheter at 55–56 s. Figure 22d shows the final
state of the entire process wherein the catheter and guidewire
are both located at the target position.
5.4.2 Discussion
While operating the catheter and the guidewire, it is difficult to
directly measure the linear and rotary motions of the catheter
or the guidewire, because the position sensors cannot measure
the linear and rotary motions without interfering with the operation. Thus, we substituted the real linear and rotary motions
of the catheter and guidewire with the signals obtained from
the PMACs, which control all the motors on the slave side.
This is acceptable for three reasons. First, this experiment was
designed to test whether the proposed RVIR-CI can utilize the
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cooperation of catheters and guidewires to propel them to the
target position. We paid great attention to the relative positions
and the whole operation process of the catheter/guidewire,
rather than the accuracy or precision of the catheter/guidewire.
Second, the accuracy and precision of the catheter/guidewire
satisfy the basic requirements of surgery, and this substituted
motion is a good approximation of the actual motion of the
catheter/guidewire. Third, the tracking performance between
the master controller and the slave manipulator was evaluated
in experiment III, and it was not necessary to repeat this
evaluation.
In addition, a PID controller was used in the RVIR-CI
because of its good performance for high precision control.
To evaluate the stability of the RVIR-CI, both simulations and
experiments were carried out. The simulation and experimental results preliminarily proved that the RVIR-CI has good
stability and can work for a long time without any accidents.
Ten operators controlled the catheter and guidewire to pass
through the narrow vessel branch and reach the target position.
The operation time varied for two main reasons. First, different operators have different operational capabilities. Second,
the initial angles of the catheter and guidewire tips at the
starting position differed in every experiment. When these
experiments were performed in the human body model, the
operator could clearly observe the positions and poses of the
catheter and guidewire in real time, and thus realize real-time
adjustments using the cooperation of catheters and
guidewires.
Figure 21a shows the force of the catheter when propelled
to a target position. The force of the catheter increased drastically and immediately from approximately 12–16 s; this was
because the catheter collided with the vessel wall of the aortic
arch and began to rotate. After approximately 33 s, the movement direction of the catheter changed, and the force decreased immediately. As shown in Fig. 21, the force values
of the guidewire are much smaller than those of the catheter
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Fig. 21 a Linear motions, rotary
motions and forces of the catheter,
b linear motions, rotary motions
and forces of the guidewire

during the operation. This is mainly due to two reasons: (i)
the friction created by the guidewire is small owing to the
fact that the guidewire is located in the catheter and suffers
fewer collisions, and the surface of the guidewire is
smoother than that of the catheter; (ii) the collision force
with the vessel wall is small because the tip of the
guidewire is softer than that of the catheter. Similarly, after
approximately 34 s, the movement direction of the
guidewire changed (Fig. 21b), and the force decreased immediately. However, the force of the guidewire increased
drastically to a peak value at approximately 45 s, while the
guidewire rotated without linear movement. The main reason for this is the deformation of the guidewire in the
operation process: the guidewire had passed through the
narrow vessel branch and entered the left subclavian artery
under rotation; when the guidewire was located at the intersection of the aortic arch and the left subclavian artery,
its tip was bent as the operator rotated it; when the operator
rotated the guidewire to the correct position, the guidewire

entered the left subclavian artery and the partial deformation disappeared, resulting in a sudden increase in force.
As shown in Fig. 21b, the force values of the guidewire
from approximately 46–65 s (when the guidewire is located in the aortic arch) were much larger than those from 0 to
43 s (when the guidewire is located in the left subclavian
artery). We believe that this can be attributed to the fact
that the guidewire generates larger frictional forces when it
is located in the left subclavian artery, because of the larger
bending angle of the guidewire as it passes through the
narrow vessel branch and enters the left subclavian artery.
We have preliminarily verified that the RVIR-CI can propel
a catheter and a guidewire to a target position through a narrow vessel branch, even though operating a catheter and
guidewire from the aortic arch to the left subclavian artery in
a human body model is not an extremely complex operation.
Hence, the RVIR-CI can complete complex surgical procedures, because it can simultaneously direct a catheter and a
guidewire to pass through a narrow vessel branch.
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Fig. 22 Positions of the catheter and guidewire in the human body model:
a the starting point of the catheter and the guidewire in the human body
model before the operation, b the catheter and guidewire are located at the
intersection of the aortic arch and the left subclavian artery; the guidewire
will try to pass through the narrow vessel branch in the next operation, c

the guidewire is located in the left subclavian artery, while the catheter is
located at the intersection of the aortic arch and the left subclavian artery,
and the catheter will try to pass through the narrow vessel branch in the
next operation, d the catheter and the guidewire reaching the target

Generally, based on the abovementioned results obtained from
the four experiments, the RVIR-CI can control the motion of the
catheter and the guidewire accurately, provide real-time force
measurement at critical positions (such as intersection points between two vessels), and complete complex surgical procedures
successfully with the cooperation of catheters and guidewires.

must be provided with instructions and trained to use the robot
expertly. To achieve safe operation in surgery, a training evaluation system should be designed to evaluate the proficiency
of using the RVIR-CI. Second, the lag in replicated motion
needs to be evaluated. The lag time between the master controller and the slave manipulator is significant in telesurgery.
In addition, the relationship between the operating velocity
and the tracking of performance errors needs to be established
to evaluate and improve the tracking performance of the
RVIR-CI. Finally, the torque of the catheter and guidewire
should be measured in the slave manipulator and reconstructed in the master controller. The torque of the catheter/
guidewire is another important factor in the discrimination
of collisions in actual surgical operations. In the future, we
will improve the RVIR-CI to overcome the limitations mentioned above, and will validate the RVIR-CI in real in-vivo
experiments on animals, or even in actual clinical operations.

6 Conclusions
This paper has described a novel remote-controlled vascular
interventional robot (RVIR-CI) and validated its performance.
The results demonstrate the feasibility of the RVIR-CI accurately operating a catheter and guidewire, accurately detecting
the resistance forces, and completing complex surgical procedures by utilizing the cooperation between the catheters and
guidewires. We believe that the RVIR-CI is suitable for use in
actual surgical operations.
However, several limitations exist in this research. First, a
special master controller and a training evaluation system are
needed. In this study, two commercial haptic devices were
used as the master controller; it will be difficult to take full
advantage of surgeons’ dexterity with these, because the operating handles of commercial haptic devices and the catheter/
guidewire differ in size and feel. Moreover, for the operation
process, using the RVIR-CI to perform surgery is still a little
different from traditional surgical operations. The surgeon
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