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Abstract
Remote-controlled vascular interventional robots (RVIRs) are being developed to increase the accuracy of surgical operations
and reduce the number of occupational risks sustained by intervening physicians, such as radiation exposure and chronic neck/
back pain. However, complex control of the RVIRs improves the doctor’s operation difficulty and reduces the operation
efficiency. Furthermore, incomplete sterilization of the RVIRs will increase the risk of infection, or even cause medical accidents.
In this study, we introduced a novel method that provides higher operation efficiency than a previous prototype and allows for
complete robot sterilization. A prototype was fabricated and validated through laboratory setting experiments and an in-human
experiment. The results illustrated that the proposed RVIR has better performance compared with the previous prototype, and
preliminarily demonstrated that the proposed RVIR has good safety and reliability and can be used in clinical surgeries.
Keywords Minimally invasive surgery . Remote-controlled vascular interventional robot (RVIR) . In-human experiment . Clinical
operation . Cooperation of catheters and guidewires

1 Introduction
Minimally invasive surgery is widely used due to the intraoperative small damage and the postoperative rapid recovery.
However, several difficult problems for surgeons exist because of the specific surgical procedure under radiation, such
as heavy radiation-shielded garments, partial protection
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against radiation (Whitby and Martin 2005), and chronic
back/neck pain (Klein et al. 2009). Therefore, demand for
the application of robotic technology in the field of minimally
invasive surgery has increased (Taylor and Stoiariovici 2003).
Remote-controlled vascular interventional robots (RVIRs),
permitting the surgeons to be released from heavy radiationshielded garments and radiation, have received increased attention and interest in the field of minimally invasive surgery.
Four main RVIRs have been developed and are now commercial available: Corpath robot system (Corindus Vascular
Robotics) (Granada et al. 2011; Jr 2012), Magellan/Sensei
robot system (Hansen Medical) (Kanagaratnam et al. 2008;
Riga et al. 2013), Amigo robot system (Catheter Robotics
Inc.) (Khan et al. 2013), and Niobe robot system (Stereotaxis
Inc.) (Faddis et al. 2002). Meanwhile, several research groups
have also been devoted to the study of RVIRs. F. Arai et al.
(Arai et al. 2002; Tercero et al. 2010) developed a system that
used a linear stepping mechanism to realize the linear movement of the catheter and allows for magnetic tracking. Thakur
et al. 2009a, b) presented a remote catheter navigation system.
The system can measure the motion of an input catheter by a
catheter sensor and manipulate a patient catheter by a catheter
manipulator. Several other research groups (Tanimoto et al.
1997, 2000; Beyar et al. 2006; Jayender et al. 2006, 2008;
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Cercenelli et al. 2007; Marcelli et al. 2008; Fu et al. 2009,
2011; Park et al. 2010; Srimathveeravalli et al. 2010; Wang
et al. 2010; Kesner and Howe 2010, 2011; Zhang et al. 2011;
Shen et al. 2012; Zakaria et al. 2013; Bian et al. 2014; Meng
et al. 2013; Feng et al. 2015; Tavallaei et al. 2016) have also
been devoted to the study of RVIRs.
In our previous research, some novel active catheter systems
incorporating a miniature force sensor were developed. These
force sensors were mounted on the tip of the catheters and can
accurately measuring the distal force of catheters (S. Guo et al.
1995, 2008; J. Guo et al. 2016a). Several types of RVIRs were
designed and validated. These RVIRs can measure the proximal force of the catheters, operate the catheters with two degree
of freedoms (DOFs), and achieve force feedback (Xiao et al.
2008, 2012, 2013; Bao et al. 2016, J. Guo et al. 2018; Zhang
et al. 2018). Moreover, a novel RVIR based on cooperation of
catheters and guidewires was presented and it could complete
complex surgeries, as well as realize force feedback (Bao et al.
2017, 2018). Two operation training system were developed to
train new surgeons. These two training systems integrated a
novel haptic device with a VR simulator. (Yin et al. 2016; J.
Guo et al. 2016b; Wang et al. 2016).
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. The operation process wherein catheters and
guidewires are both needed and are simultaneously operated,
was defined as the cooperation of catheters and guidewires in
our previous research (Bao et al. 2018). Therefore, a lack of
cooperation of catheters and guidewires poses a significant
challenge for complex surgeries. However, few researchers
(Srimathveeravalli et al. 2010) have studied interventional robots based on the cooperation of catheters and guidewires.
When the RVIRs are used to assist surgeons to complete an
interventional surgery, a surgeon operates on the master side
while the robot replicates the operations on the slave side.
However, inaccurate replicated motion on slave side will lead
to incorrect operation, or even medical accident. 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
(Arai et al. 2002; Srimathveeravalli et al. 2010; Fu et al. 2011),
and the end-effectors of the friction-driven mold (Beyar et al.
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2006; Tanimoto et al. 2000). 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.
These above two challenges can be summarized as follows.
First, catheters and guidewires are both needed and are simultaneously operated to complete a surgery, especially in some
complex surgeries. It is only when the support of the catheter
and the guidance of the guidewire are used simultaneously
that the surgeon can operate the catheter/guidewire to complete a complex surgery. Second, catheters and guidewires
must be accurately manipulated by the RVIR without causing
damage to their own surfaces. Incorrect replicated motion of
the catheter or guidewire on the slave side will cause medical
accidents. Catheters or guidewires with damaged surfaces
may result in thrombus in the blood vessels.
To address these challenges, we proposed a novel solution
and fabricated a novel remote-controlled vascular interventional robot (called RVIR-CI) (Bao et al. 2018). The experimental results demonstrated that it can accurately operate the
catheter and guidewire, that it can realize real-time force measurement, that it can successfully complete complex surgeries
with the cooperation of catheters and guidewires.
However, three challenges exist when the RVIR-CI was
used in clinical operation. First, the framework of the RVIRCI is complex because lots of motion control parts (five parts)
are used in this prototype. It is inconvenient for the intervening
physician to install or remove the catheter/guidewire in the
clinical operation. Second, the motions of the catheter,
guidewire, and motion control parts are complicated and the
interferences among them occur frequently. They make the
control of the RVIR-CI complex. The complex control of the
RVIR-CI improves the doctor’s operation difficulty and reduces
the operation efficiency. Third, the RVIR-CI was designed
without solving the issue of sterilization. Sterilization is directly
related to the success of surgeries, and incomplete sterilization
will increase the risk of infection, or even cause medical accidents. The sterilization is the most critical challenge in the clinical application of RVIRs. Unfortunately, few researchers have
solved the issue of sterilization, such as some commercial
RVIRs: Corpath robot system (Granada et al. 2011).
In this paper, we addressed these challenges existing in our
previous study (RVIR-CI (Bao et al. 2018)). A novel remotecontrolled vascular interventional robot, called RobEnt, was
fabricated and its performance was validated by laboratory
setting experiments and an in-human experiment. The rest of
this paper is organized as follows. In Section II, a novel solution is presented. The solution includes a reliable solution for
motion realization, a new catheter and guidewire cooperation
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principle, and detachable and sterile assembly principle. The
system description is introduced in Section III. Three types of
experiments conducted to evaluate the performance of the
proposed RobEnt are presented in Section IV. In Section V,
the experimental results and the discussion are presented.
Section VI describes the conclusions.

2 RobEnt Principles
The RobEnt was designed as a telerobotic system. It is composed of a master controller and a slave manipulator. The master controller captures the control signals imparted by the surgeon and then controls the slave manipulator through the control unit. The slave manipulator can replicate the movement of
the surgeon and realize the operation of the catheter and
guidewire. Figure 1 shows the schematic diagram of the system.
Based on the analysis in Section I, the challenges having a
marked impact on the safety and feasibility of RVIRs mainly
pertain to the design of the slave manipulator. In order to address these challenges, several methods aiming at the design of
the slave manipulator were proposed and described as follows.
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First, to avoid the slippage between the RVIR and the catheter/guidewire, we introduced a special method to operate the
catheter/guidewire (Xiao et al. 2008). In this method, we mimicked the operation of the hand of the surgeons and proposed
the use of the static connection method instead of the dynamic
connection method. The RVIR can grasp the catheter/
guidewire statically and directly without slippage (shown in
Fig. 2a). Second, we introduced a novel method that the RVIR
grasps the catheter/guidewire by using the conical clamping
principle (Bao et al. 2016) (shown in Fig. 2b). The contact
area between the catheter/guidewire and the grasper increases
when the conical clamping principle is used. The larger contact area makes the unit pressure of the catheter/guidewire
surface lower when we grasp the catheter/guidewire with a
constant force. Owing to the larger contact area, the grasper
can apply a larger grasping force to the catheter/guidewire and
then effectively grasp the catheter/guidewire without damaging the surface. These two methods are also used in the design
of the proposed RobEnt.

2.2 A new catheter and guidewire cooperation
principle

2.1 A reliable solution for motion realization

(1) Basic framework

Based on requirements of the minimally invasive surgery,
catheters and guidewires must be operated accurately without
causing damage to their own surfaces. Incorrect replicated
motion of the catheter or guidewire is mainly caused by using
the friction wheels (demonstrated in previously conducted
analyses). The surface of catheter/guidewire may sustain damage when the catheter/guidewire is grasped with small contact
area between the catheter/guidewire and the RVIR.

Catheters and guidewires are both needed and are simultaneously operated by the intervening physician during surgery
because both the support of the catheter and the navigation of
the guidewire are needed to direct the catheter/guidewire
through vessels in the body. Based on the cooperation principle, the RVIR-CI was developed and its principle is shown in
Fig. 3a. The RVIR-CI integrated cooperation principle, force
measurement principle, and motion realization principle into a
solution. Its performance was validated and the experimental
results demonstrated that the RVIR-CI is suitable for use in
minimally invasive surgery.
However, three challenges exist when the RVIR-CI was
used in clinical operation (discussed in Section I). To address
these challenges, a novel solution was proposed and shown in
Fig. 3b. Only two units are used and their structures and functions are summarized as follows.

Fig. 1 Schematic diagram of the system

Fig. 2 Catheter and guidewire clamping principle: (a) grasper clamping
the catheter/guidewire statically and directly; (b) catheter and guidewire
grasped by using the conical clamping principle
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gripping position, Unit B is turned on and Grasper A-2
is turned off (Unit A can move again). Then, Unit B will
operate the guidewire again. Similarly, Grasper A-1 can
operate the catheter again.

Fig. 3 (a) The principle of the RVIR-CI; (b) a novel principle with
simpler frame structure

1) Unit A and Unit B are both mounted on the sliders and
they can move forward or backward in a linear direction.
2) Unit A is composed of Grasper A-1 and Grasper A-2.
Grasper A-1 grasps the end of the catheter throughout
the entire operation. Grasper A-2 grasps or releases the
guidewire according to the control signals. Similarly, Unit
B grasps or releases the guidewire according to the control signals.
3) Grasper A-1 can perform linear and rotary motion of the
catheter. Grasper A-2 can constrain the guidewire in the
linear direction to avoid it moving randomly when Unit B
releases the guidewire. Unit B can perform linear and
rotary motion of the catheter.
4) When Grasper A-2 is turned on, it will grasp the
guidewire and Unit A will keep static in the linear direction. Conversely, when Grasper A-2 is turned off, they
will release the guidewire and Unit A can move again.
When we use this method to realize the cooperation of
catheters and guidewires, the operating methods are summarized below.
1) When Unit B has a suitable guidewire gripping position
(just as a surgeon has a suitable guidewire gripping position and can operate the guidewire with hands), Unit B is
turned on and Grasper A-2 is turned off. Unit B can then
operate the guidewire to perform the linear and rotary
motion. Meanwhile, Grasper A-1 can operate the catheter
to perform the linear and rotary motion.
2) When Unit B needs to change its guidewire gripping position (just as a surgeon changes his/her gripping position), Grasper A-2 is turned on (Unit A keeps static in
the linear direction) and Unit B is turned off. At this time,
the guidewire stays static and cannot move randomly because of the restriction imposed by Grasper A-2. Then,
Unit B changes its position while Grasper A-2 maintains
its grip. When Unit B attains a suitable guidewire

Compared with the previous study in (Bao et al. 2018), this
solution has following advantages. First, the framework of the
RobEnt is simpler, and it is convenient for the intervening
physician to install or remove the catheter/guidewire in clinical operation. Second, the motions of the graspers, catheter
and guidewire become uncomplicated. It is easy to eliminate
the interferences among them because fewer components are
used and the interferences rarely occur. Third, the control of
the RVIR-CI is much easier. Two graspers need to be controlled instead of five graspers.
(2) Assistance mechanism
When we use the novel solution (Fig. 3b) to realize the
linear and rotary motion of the catheter/guidewire, the framework, motions and control of the RVIR become simple.
However, another challenge appears because of the simplified
framework (fewer units and graspers). When Grasper A-1 is
used to operate the catheter, it grasps the end of the catheter
throughout the entire operation. At the beginning of the clinical operation, most of the catheter body is located outside the
vessels, and the Grasper A-1 is far away from the vascular
sheath (the vascular sheath is inserted into blood vessels).
The distance between Grasper A-1 and the vascular sheath is
so long that the catheter will buckle when the Unit A operates
the catheter to advance (shown in the Fig. 4). To address this
challenge, we proposed using a catheter guiding sleeve to
prevent the catheter from buckling during the operation
(Fig. 5). The catheter guiding sleeve is composed of several
sections with different diameters. They are all connected one
by one and compose a long sleeve. The length of the catheter
guiding sleeve can be changed with the movement of the
Grasper A-1. As shown in Fig. 5a, when the Grasper A-1 is
located at the farthest position from the vascular sheath (at
beginning of the clinical operation), the catheter guiding
sleeve is in the longest state. The length of the catheter guiding
sleeve becomes shorter when the Grasper A-1 operates the
catheter to advance. During this process, the catheter goes
forward and the length of the catheter outside the blood vessel
becomes shorter (Fig. 5b). The catheter guiding sleeve and the
catheter outside the blood vessel have a same length of
change.

Fig. 4 Deformation of catheter when it was operated to advance
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Fig. 5 Movement status of catheter guiding sleeve: (a) catheter guiding
sleeve in the longest state; (b) catheter guiding sleeve getting shorter
when the catheter goes forward

Meanwhile, a guidewire guiding sleeve with fewer sections
is also used to prevent the guidewire from buckling during the
operation, even though the Unit B is located close enough to
the end of the catheter and the guidewire advances with almost
no buckling. Therefore, we designed the catheter guiding
sleeve and the guidewire guiding sleeve as novel assistance
mechanisms, the principle of the RobEnt integrating the basic
framework and the assistance mechanism is shown in Fig. 6.

2.3 Detachable and sterile assembly principle
Sterilization is directly related to the success of surgeries, and
incomplete sterilization will increase the risk of infection, or
even cause medical accidents. Therefore, the sterilization is
the most critical challenge in the clinical application of
RVIRs. To ensure the patient safety, all motion control parts
in contact with the catheter/guidewire must be sterilized.
Meanwhile, a simple and reliable assembly/disassembly of
catheter/guidewire in the RVIR is another challenge in the
clinical application of RVIRs. It should permit easy disengagement of the catheter/guidewire from the RVIR for repair
or sterilization.
To address these two challenges, we proposed a detachable
and sterile assembly principle. First, the structure of the RVIR
is split into two modules: an electrical components integrated
module and a disposable clamping module. The electrical
components integrated module contains all of the electrical
components in RVIR, such as motors, sensors, and it can
perform linear and rotary motion. The disposable clamping

Fig. 6 Principle of the RobEnt integrating the basic framework and the
assistance mechanism

Page 5 of 13 34

module can clamp the catheter/guidewire and is used as a
connector to connect the catheter/guidewire and the electrical
components integrated module (Fig. 7). Second, the components that come into contact with the catheter/guidewire are
disposable, such as the disposable clamping module, the catheter guiding sleeve, guidewire guiding sleeve. Third, a medical sterile film is used to isolate the conventional and germfree
environment (Fig. 7). Using the medical sterile film eliminates
the need to sterilize the electrical components and the robot
body, thereby eliminating the adverse effect of sterilization on
the electrical components and reducing the sterilization difficulty. This principle can provide a simple and reliable installation of the RVIR for surgeons and create a sterile surgical
environment for patients.

3 System Description
3.1 Master controller
To captures the control signals imparted by the surgeon, the
master controller performs two functions: collecting catheter
operation data from the surgeon and collecting guidewire operation data from the surgeon. In view of the requirements, we
use two commercial haptic devices (Geomagic® TouchTM X,
3D Systems, Inc., USA) as a catheter controller and a
guidewire controller. The catheter controller can capture catheter operation data, and the guidewire controller can capture
guidewire operation data. These two controllers form a master
controller shown in Fig. 8.

3.2 Slave manipulator
Based on the principles proposed in Section II, the RobEnt
was fabricated and shown in Fig. 9a. Since Unit A and Unit B
(Fig. 3b) have linear motions that should be performed, a
linear motion platform was developed. Meanwhile, the rotary

Fig. 7 Detachable and sterile assembly principle

34

Page 6 of 13

Biomed Microdevices (2018) 20:34

catheter guiding sleeve and the guidewire guiding sleeve are
manufactured from surgical stainless steel.

4 Experimental Evaluation

Fig. 8 Master controller, including a catheter haptic device and a
guidewire haptic device

motion of the catheter and the restriction of the guidewire in
linear direction are enabled by Unit A; the rotary motion of the
guidewire is enabled by Unit B. To realize these functions of
Unit A and Unit B, a catheter manipulator (CM) and a
guidewire manipulator (GM) was designed, respectively.
The CM can perform rotary motion of the catheter and can
constrain the guidewire in linear direction. The GM can perform rotary motion of the guidewire.
One end of the catheter guiding sleeve is fixed on the base
of the linear motion platform and the other end is fixed on the
CM. Similarly, one end of the guidewire guiding sleeve is
fixed on the CM and the other end is fixed on the GM
(Fig. 9a). The disposable clamping module can be easily
installed and removed from the electrical components integrated module (shown in Fig. 9b).
To meet the safety requirements for the use of clinical instruments, the relevant parts of the RobEnt are manufactured
from medical materials. For example, the CM and the GM are
manufactured from polyether ether ketone (PEEK); the

Fig. 9 (a) Physical prototype of the RobEnt; (b) the disposable clamping
module grasping the catheter and guidewire with simple installation and
disassembly

To evaluate the performance of the RobEnt, three types of
experiments were conducted. First, tracking performance
evaluation experiments were carried out in the laboratory setting to evaluate the accuracy of the RobEnt to replicate the
operation of surgeons in both linear and rotary motion.
Second, to test whether the catheter/guidewire can be
installed/removed on the RobEnt more convenient and the
RobEnt can perform a surgery more efficiently compared with
the RVIR-CI, operation efficiency experiments were conducted. Third, an in-human experiment was performed to demonstrate the safety and feasibility of the RobEnt.

4.1 Tracking performance evaluation experiment
To evaluate the accuracy of the RobEnt to replicate the operation of surgeons, the tracking performance of the catheter and
that of the guidewire were tested, respectively. When a surgeon uses the RobEnt to perform a surgery, he/she operates the
operating handles of the master controller, and the operating
handles of the master controller have the same motion as him/
her. The rotary and linear motion of the catheter/guidewire can
be replaced by those of the CM/GM, respectively, because the
catheter/guidewire is grasped by the CM/GM without slipping
(evaluated in Bao et al. 2018). Moreover, the master controller
consists of a catheter haptic device and a guidewire haptic
device; the catheter haptic device captures the catheter operating signals imparted by the surgeon and then control the CM
through the control unit; the guidewire haptic device captures
the guidewire operating signals imparted by the surgeon and
then control the GM through the control unit. Therefore, the
tracking performance of the catheter was evaluated by measuring the accuracy of the CM to replicate the motion of the
catheter haptic device, and the tracking performance of the
guidewire was evaluated by measuring the accuracy of the
GM to replicate the motion of the guidewire haptic device.
To evaluate the linear tracking performance of the catheter,
an operator pulled and pushed the operating handle of the
catheter haptic device. Meanwhile, the CM replicated the operation imparted by the operator. The linear motion signals of
the operating handle of the catheter haptic device was captured by a position sensor (Polaris Vicra, NDI, CA). The linear
position of the CM was measured by a grating scale (JCXEDK, Guiyang Xintian Oetech Co., Ltd., CN). Ten operators
were enrolled in this experiment, and the linear tracking performance of the catheter were evaluated for ten trials per
operator.
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Similarly, in order to evaluate the rotary tracking performance of the catheter, an operator achieved rotary motion by
rotating the operating handle of the catheter haptic device on
the master side, and the CM replicated the operations on the
slave side. The rotary motion signals of the operating handle
of the catheter haptic device and that of the rod grasped in the
CM were measured by two rotary encoders (HK50, Shenzhen
HZJ Co., Ltd., CN).
Similar to evaluating the tracking performance of the catheter, the tracking performance of the guidewire was evaluated
by some experiments.

4.2 Operation efficiency experiment
To test the operation efficiency of the RobEnt compared with
the RVIR-CI, we firstly tested the assembly and disassembly
efficiency, and then tested the surgery efficiency of the
RobEnt and the RVIR-CI.
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Corporation, USA) were operated by RVIR from a starting
position to a target position in a human body model
(General Angiography Type C, FAIN-Biomedical, Inc. JP)
(Fig. 10). The starting position was located at the femoral
artery, and the target position was located at the left subclavian
artery (shown in Fig. 10). The operation was performed by an
interventionalist with >2 years of experience in catheterization. The interventionalist firstly performed this operation by
using the RobEnt, and the surgery operation time was recorded. Then the same operation was performed by using the
RVIR-CI. Ten interventionalists participated in the experiment, and each operation was performed ten trials per
operator.

4.3 In-human experiment

To test the surgery efficiency, a catheter (VER135°, Cordis
Corporation, USA) and guidewire (451-514HO, Cordis

The RobEnt was transported to an operating room at Beijing
Tiantan Hospital, Beijing, China. The slave manipulator of the
RobEnt was mounted on the operating table at the patient’s
side (Fig. 11), and the master controller of the RobEnt was
placed outside the operating room (Fig. 12). The surgeon can
sit in front of the master controller and perform surgical procedures without wearing heavy lead protection. The shell of
the slave manipulator was aseptically isolated from the operating table by using medical sterile film (shown in Fig. 11). A
catheter (VER135°, Cordis Corporation, USA) and guidewire
(RF*GA35153M, Terumo Corporation, JP) were installed in
the CM and the GM of the slave manipulator, respectively.
By screening all the volunteers, a male patient, 37 years
old, was selected. The patient signed an informed consent
approved by the institutional ethic committee at Beijing
Tiantan Hospital, and was then enrolled in the study. The
patient suspected of having intracranial aneurysms, needed
to be determined by cerebral angiography. To complete the
clinical diagnosis of the patient, bilateral carotid and bilateral
vertebral angiographies were to be performed.
The in-human experiment was performed by an
interventionalist with >10 years of experience in catheterization. The interventionalist was previously provided with

Fig. 10 Human body model, and the starting and target positions
involved in the operation efficiency experiment

Fig. 11 The slave manipulator of the RobEnt mounted on the operating
table at the patient’s side

(1) Assembly and disassembly efficiency
The assembly efficiency test comprised installing the catheter and guidewire to RVIR and recording installation time. A
catheter (VER135°, Cordis Corporation, USA) and guidewire
(451-514HO, Cordis Corporation, USA) were used to be
installed on RVIR in the laboratory setting. An operator completed the installation of the catheter and guidewire on the
RobEnt, and the entire installation time was recorded. Ten
operators participated in the experiment, and each installation
was performed ten trials per operator. Similar to the installation efficiency evaluation of the RobEnt, the installation efficiency of the RVIR-CI was evaluated by experiments.
Similarly, the disassembly efficiency was evaluated by removing the catheter and guidewire from the robot and recording the entire disassembly time.
(2) Surgery efficiency
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training instructions and had used the RobEnt to successfully
complete several animal experiments. The interventionalist
operated the master controller placed outside the operating
room, and the slave manipulator replicated the operation of
the interventionalist to achieve the movement of the catheter
and guidewire in the patient’s blood vessels.
To perform the bilateral carotid and bilateral vertebral
angiographies, the catheter was propelled in turn to the
left common carotid artery, right common carotid artery,
left vertebral artery and right vertebral artery. The operating data of the interventionalist was measured by the
master controller, and the motion date of the catheter
and guidewire was recorded by the slave manipulator.
Dynamic x-ray images are obtained while advancing the
catheter and guidewire to the target position. Moreover,
to evaluate the safety of the RobEnt in this in-human
experiment, the patient underwent necessary inspections
before and after the experiment, such as head magnetic
resonance image (MRI) scan and blood routine test.

5 Results and Discussion
5.1 Tracking performance evaluation experiment
(1) Experimental result
The linear and rotary tracking performance of the catheter
are shown in Fig. 13, and the linear and rotary tracking performance of the guidewire are shown in Fig. 14. The average
linear error of the catheter or guidewire tracking performance
is less than 0.18 mm, the average rotary error of the catheter or
guidewire tracking performance is lower than 0.37°. The maximal deviation of the linear motion for the catheter or
guidewire is below 1.40 mm, and the maximal deviation of
the rotary motion for the catheter or guidewire is below 1.95°.

Fig. 12 The master controller of the RobEnt placed outside the operating
room, and the interventionalist operating it beside the table

Linear Motion Error (mm)
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Fig. 13 (a) The linear tracking performance of the catheter; (b) the rotary
tracking performance of the catheter

(2) Discussion
The experimental results in the laboratory setting show that
the tracking performance errors are significantly larger for
some operators. The reason is that the lag time between the
master controller and the slave manipulator exists and it cannot be eliminated because of the transmission delay in the
control system. In this experiment, every operator controlled
the RobEnt at different velocities, and larger errors occurred in
the case of a higher operating velocity (Thakur et al. 2009a).
Compared with the performance of the RVIR-CI, the
RobEnt has better performance: better linear tracking performance and better rotary tracking performance. The main reason is that the stiffness of transmission components in the
RobEnt is higher than that in the RVIR-CI. The RobEnt performs linear motion of the catheter and guidewire by using a
timing belt-driven mechanism, while the RVIR-CI performs
that motion by using a cable-driven mechanism. The stiffness
of the timing belt-driven mechanism is higher than that of the
cable-driven mechanism because a timing belt is composed of
several cables. Both the RobEnt and the RVIR-CI achieve the
rotary motion of the catheter and guidewire using gears and
some graspers. The RobEnt was manufactured from PEEK,
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Fig. 15 Comparison results of installation time
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between them is 9 s, and the average disassembly time difference between them is 6 s.
As shown in the Fig. 17, in the surgery efficiency experiment, when the RobEnt was used to operate the catheter and
guidewire from the femoral artery to the left subclavian artery,
it cost less time than the RVIR-CI. The maximum surgery
operation time difference between them is 34 s, and the average surgery operation time difference between them is 29 s.

1.5
1
0.5

0
-0.5
-1
-1.5
-2

RobEnt
RVIR-CI

225

Time (s)

Linear Motion Error (mm)

Biomed Microdevices (2018) 20:34

1

2

3

4

5

6

Operator

7

8

9

10

(b)

while the RVIR-CI was manufactured by 3D printing with a
low-stiffness resin (WeNext 8000, Zhbond Technology, CN).
Due to the fact that the low-stiffness component can be deformed more easily, the RobEnt has better rotary tracking
performance than the RVIR-CI.

5.2 Operation efficiency experiment
(1) Experimental result
A comparison of the results of the installation time for the
RobEnt and that for the RVIR-CI are shown in Fig. 15. A
comparison of the results of the disassembly time for the
RobEnt and that for the RVIR-CI are shown in Fig. 16. The
results of the surgery operation time for the RobEnt and that
for the RVIR-CI are compared and shown in Fig. 17. The
compared results include the average measured time and the
standard deviation of the measured time data.
In the assembly efficiency experiment (Fig. 15), the installation time for the RobEnt is less than that for the RVIR-CI.
The maximum installation time difference between them is
86 s, and the average installation time difference between
them is 48 s. In the disassembly efficiency experiment
(Fig. 16), the RobEnt has less disassembly time than that the
RVIR-CI. The maximum disassembly time difference

To evaluate whether the RobEnt is more convenient than
the RVIR-CI for the intervening physician to install or remove
the catheter and guidewire, the assembly and disassembly
efficiency were tested. The experimental results show that it
averagely cost less than 48 s and 6 s to install and remove the
catheter/guidewire, respectively, when the RobEnt was used
instead of the RVIR-CI. Therefore, when the RobEnt is used
in the clinical operation, it will be more convenient for the
intervening physician to install or remove the catheter and
guidewire.
When the interventionalist operated the RobEnt to
perform surgical procedures in a human body model,
it averagely cost less than 29 s compared with using
60

RobEnt
RVIR-CI

50
40

Time (s)

Fig. 14 (a) The linear tracking performance of the guidewire; (b) the
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the RVIR-CI. We think it is mainly due to two reasons.
First, the motions of the catheter, guidewire, and motion
control parts are much simpler and the interferences
among them occur infrequently. They make the control
of the RobEnt much easier. The easier control of the
RobEnt reduces the doctor’s operation difficulty and
improves the operation efficiency. Second, the CM of
the RobEnt grasps the end of the catheter and does
not need to change its catheter gripping position
throughout the entire operation, while the CM of the
RVIR-CI grasps at a suitable gripping position of the
catheter and needs to change its catheter gripping position for several times during the entire operation.
Changing the catheter gripping position not only increases the operation time, but also restricts the continuity of operation.
The installation and disassembly time have an impact on
the preoperative preparation and the surgeons are keen to use a
RVIR that can be quickly installed and removed. A lack of
specialized skills in mechanical installation results in that surgeons fear the inconvenient installation and disassembly.
Moreover, when the interventionalist 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. These
factors will affect the success of the operation.

5.3 In-human experiment
(1) Experimental result
Fig. 18(a)-(d) show some frames from the dynamic session
where the catheter and guidewire are advancing towards the
left common carotid artery, right common carotid artery, left
vertebral artery and right vertebral artery, respectively.
Similarly, Fig. 19 (a)-(d) shows the frames from the dynamic
session that the catheter and guidewire successfully reach the
targets and complete the angiographies.

Fig. 18 Positions of the catheter and guidewire in blood vessels using Xrays: (a) the catheter was located in the aortic arch and tried to advance
towards the left common carotid artery, while the guidewire had got into
the left common carotid artery; (b) the guidewire was located in the right
common carotid artery and the catheter in the truncus brachiocephalicus
prepared to get into the right common carotid artery; (c) the catheter was
located in the left subclavian artery and tried to advance towards the left
vertebral artery, while the guidewire had got into the left vertebral artery;
(d) the catheter was in the truncus brachiocephalicus and prepared to entry
into the right vertebral artery

(2) Discussion
The catheter and guidewire were successfully delivered to
the targets and the angiographies were then performed; thereby, the clinical diagnosis of the patient was achieved. To evaluate the safety of the RobEnt, first we evaluated the effect of
robot sterilization by observing the patient’s signs of infection
after the experiment. The patient had no fever, no abnormal
blood routine and no related infections before the experiment.
After the experiment (24 h later), no abnormality seen in the
body temperature, routine blood test, and no related infections
occurred. Moreover, the patient was inspected for vital signs
every 12 h after the experiment until he was discharged (3 days
later). The results show that the patient did not appear postoperative fever or other discomfort. We preliminarily argue that
the robot sterilization is acceptable in clinical application.
Moreover, the patient was examined for cerebrovascular
events after the experiment. We examined the patient’s head
with a 7.0 T MRI 48 h later after the experiment. Two
interventionalists evaluated the cerebrovascular events by
comparing the preoperative and postoperative MRI. The results show that there was no new intracranial ischemia or
haemorrhage. In the two postoperative neurological examinations (24 h and 48 h later after the experiment), the positive
signs associated with cerebrovascular events of the patient had
not been found, such as dizziness, headache, physical activity
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Fig. 19 Angiograms of different
vessels: (a) angiogram of the left
common carotid artery; (b)
angiogram of the right common
carotid artery; (c) angiogram of
the left vertebral artery; (d)
angiogram of the right vertebral
artery

disorder, and sensory dysfunction. On the seventh postoperative day, we conducted a telephone follow-up of the patient
and the patient did not have any relevant neurological positive
signs.
Generally, based on the evaluation of the robot sterilization and cerebrovascular events after the experiment, we
preliminarily argue that there were no clinical adverse effects related to the use of the RobEnt, and the RobEnt is
suitable for use in clinical application.

6 Conclusions
In this paper, a novel remote-controlled vascular interventional robot was presented and its performance was validated
through laboratory setting experiments and an in-human experiment. The results show the RobEnt has better performance
compared with the RVIR-CI. Moreover, the RobEnt has good
safety and reliability, and can be used in clinical surgeries.
This paper would provide some references for the RVIR
design and its clinical application. (1) We provided a detachable and sterile assembly principle. The sterilization is the
most critical challenge in the clinical application of robots

and incomplete sterilization will increase the risk of infection.
A safe and reliable method of disinfection is crucial to the
clinical application of RVIRs. (2) The required accuracy of
the RVIRs in clinical application was given and preliminarily
verified by in-human experiment. Catheters and guidewires
must be operated accurately, and incorrect replicated motion
of the catheter or guidewire on the slave side can cause medical accidents. However, to our knowledge, no literature describes the specific feasible accuracy of the RVIR for clinical
applications. (3) A novel method realizing the cooperation of
catheters and guidewires was presented. Catheters and
guidewires are both needed and are simultaneously operated
to complete a surgery, especially in some complex surgeries.
In addition, the installation and operation efficiency are another two significant factors to perform the surgery and need to be
considered. We proposed a novel method that can not only
realize the cooperation of catheters and guidewires, but also
improve the installation and operation efficiency.
However, several limitations exist in this research. First, a
dedicated master controller is needed to collect the operation
data from the surgeon. In this paper, we used two commercial
haptic devices as the master controller, it’s difficult to take full
advantage of surgeons’ existing operating experience because
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the operating handle of the commercial haptic device and the
catheter/guidewire differ in size and feel. Second, when we
use the CM to pull the catheter, the catheter will buckle slightly even though a catheter guiding sleeve is used to prevent the
catheter from buckling. The deformation of the catheter will
have an adverse effect on operation accuracy. In order to compensate for the motion error caused by deformation, the kinematics of catheter deformation need to be analyzed and the
catheter motion control algorithm needs to be redesigned.
Third, a lack of force feedback will pose a difficult for the
clinical operation because the success of the surgery depends
on the detection of collisions by a skilled surgeon. In this
paper, the force of the catheter and guidewire were not reconstructed in the master controller, and the surgeon cannot take
advantage of force feedback to complete the operation.
Finally, we preliminarily evaluated the performance of the
RobEnt by one in-human experiment. More in-human experiments and statistics are needed to evaluate the performance of
the RobEnt, as well as the effects related to the use of it. In the
future study, we will improve the performance of the RobEnt
to overcome these limitations mentioned above and validate
the RobEnt in more clinical experiments.
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