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Abstract—The robot-assisted endovascular catheterization system (RAECS) has the potential to address some of the procedural
challenges and separate interventionalists from the X-ray radiation during the endovascular surgery. However, the employment
of robotic systems is partly changing the natural gestures and behavior of medical professionals. This paper presents a RAECS that
augments surgeon’s motions using the conventional catheter as well
as generates the haptic force feedback to ensure surgery safety.
The magnetorheological fluids based haptic interfaceexperiment
is proposed to measure the actions of the operator and provide
the haptic force. The slave catheter manipulator is presented to
actuate the patient catheter in two degrees of freedom (radial and
axial direction). In addition, a force model is provided to characterize the kinematics of the catheter intervention. Afterward, the
“pseudocollision” and “real collision” are utilized to descript the
catheter tip–vessel interaction. The in vitro results are presented,
which demonstrate that catheter-based haptic force feedback has
a benefit for improving catheterization skills as well as reducing
the cognitive workload of operators.
Index Terms—Haptic force feedback, magnetorheological (MR)
fluids, master-slave, robot-assisted endovascular catheterization
system (RAECS).
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I. INTRODUCTION
HORT recovery time, a small incision to the healthy issue,
good surgical outcomes, and little postoperative pain have
facilitated the adoption of endovascular surgical techniques [1].
But for interventionalists, long fluoroscopy times and X-ray radiation exposure to them lead to problems, such as cancers and
cataracts [2]. Even though lead aprons are worn, the face and
hands are still exposed. The heavy protection suits with long
hours in the operating can lead to neck and back pain and injury [3]. This potential shortcoming has been the motivation
to develop a robot-assisted endovascular catheterization system
(RAECS). Unlike the conventional bedside catheterization technique, the RAECS allows the interventionalist to offer axial and
radial action by the master robot placed in a remote location.
The control commands are processed by the computer console,
to control the catheter manipulator to insert, retract, or rotate the
patient catheter.
Robot-assisted surgeries have been adopted in the medical
field, especially in minimally invasive surgery. The development of a teleoperated surgical robot is motivated by the desire to enhance the effectiveness of the surgical procedure and
provide a comfortable operating environment for the surgeon
[4]. To ensure surgery safety, an ideal teleoperated surgery scenario is viewed as a physical extension of the human body.
Hence, a high level of transparency is essential to an operator to
make the correct decision in a human-centered teleoperation system. Surgical skills are determined by information acquisition:
medical knowledge accumulation (atlases of human anatomy),
physical experience (kinesthetic sensation and tactile sensation),
and preoperation and intraoperation patient-specific data (vital
signs and images) [5]. For example, the understanding of tissue
characteristics is a determining factor for a successful teleoperated robot-assisted surgery [6]. Okamura et al. pointed out
that lacking natural haptic sensation was the main limitation
in telesurgery because the surgeon was physically separated
far from the patient [7]. Nowadays, the haptic technology in
teleoperated surgery is a promising research area. Some commercial haptic devices have been developed, such as Sigma 7,
Omega, and Premium 3.0 master hand-controller, which have
been applied in a robot-assisted surgery system [8]. Pacchierotti
et al. integrated haptic sensation (kinesthetic and vibratory information) in the master interface for the teleoperated needle
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insertion [9]. The target of these researchers was to develop
a high quality of transparency and enhance the performance
of the robot-assisted surgery system by introducing the haptic
technology [10].
In recent years, some research groups have developed
RAECSs, which were combined with the haptic feedback, such
as [11]–[14]. However, the master devices in these systems are
all motor-based haptic devices. Therefore, some inherent factors of motor-based devices, such as the damping, inertia, and
friction, will significantly reduce the transparency of the system
[15]. Additionally, surgeons strongly rely on their sense of touch
and their intuitive skills during an endovascular procedure. The
employment of these haptic devices is potentially changing the
natural gestures and behavior of medical professionals.
The main contribution of this paper is recreating catheterbased haptic force sensation by the magnetorheological (MR)
fluids based master haptic interface, which can improve the
quality of transparency between the slave side and master side.
The MR fluids actuated haptic interface is as the master robot
to provide haptic sensation. The control command of catheter
manipulation in the master haptic interface can be replicated
by the slave catheter manipulator. The catheter tip force sensor
has been developed to measure the interaction force between
the catheter tip and blood vessel. The endovascular catheterization dynamic model and “pseudocollision” and “real collision”
discrimination theory are established. Then, the haptic force
feedback is designed to assist the operator to obtain an optimum
strategy of catheterization in the blood vessel phantom. In addition, the system design and proposed haptic force feedback
control strategy are validated via in vitro experimental results.
The remainder of this paper is organized as follows. The
RAECS is described in Section II. Section III is devoted
to establishing a dynamic model of catheter intervention. In
Section IV, the haptic force feedback strategy is described in
detail. The experiments have been carried out to evaluate the performance of RAECS with haptic force feedback in Section V.
Finally, discussion and conclusion are presented in Sections VI
and VII, respectively.
II. SYSTEM DESIGN
The proposed RAECS comprises three main parts. The master haptic interface (to be placed at a local site) measures the
axial and radial motions of an input catheter, which is operated by the interventionalist. Meanwhile, the haptic feedback
can be provided to the interventionalist during the operation.
The catheter manipulator replicates the interventionalist’s operation motions, which are measured by the sensor part of the
master haptic interface. Using image guidance, the interventionalist tracks the catheter tip position and remotely navigates
the catheter to the desired target. The computer console is used
to relay information between the master device and the slave
manipulator.
A. Master Haptic Interface
The design of the master robot should contain two capabilities, measuring the axial and radial motions of the input catheter
(7 F catheter) and applying the force feedback with the haptic

Fig. 1.

Master haptic interface.

Fig. 2. (a) Working principle of catheter motion measurement. (b) Schematic
diagram of MR fluids container.

interface. Fig. 1 shows the proposed master haptic interface.
The laser-based navigation sensor was utilized to measure the
axial motion and radial motion of the input catheter, as shown
in Fig. 2(a). The vertical-cavity surface- emitting laser emits the
laser light to the surface of the catheter, and then the optical sensor will receive the image of this detected surface. Hence, when
the input catheter is pulled, pushed, or rotated, the changes of
two adjacent surface images, both in axial and radial directions,
can be detected.
The MR fluids container is a cylinder-like structure, its inner
diameter is 10 mm and length is 100 mm. The catheter goes
through the MR fluids, and it is coaxial with the container, as
shown in Fig. 2(b). In order to prevent the leakage and decrease
the frictional resistance, the four small permanent magnets are
fixed at both ends of the container. Four sponges are used to
absorb the leakage fluids [16].
The haptic force is generated by the MR fluids based actuated
haptic interface. Actuated haptic interface of MR fluids, which
are a kind of smart material, was developed in the past decade
[17], [18]. Haptic interfaces based on MR fluids have several
advantages over traditional ones, such as fast response time, low
power consumption, and intrinsic passivity [19]. The viscosity
of MR fluids can be adjusted by an external magnetic field.
When the operator navigates the input catheter through the haptic interface under the magnetic field, the chain-like structure of
MR fluids particles will be distorted and the passive force can
be produced. In particular, the operator’s gestures match with
the traditional catheter interventional practice.
The generated resistance forces of the input catheter insertion are mainly influenced by the shear stress of the MR fluids,
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Fig. 4.

Fig. 3. Catheter manipulator, the two degrees of freedom robotic device pulls,
pushes, and steers the patient catheter.

which are proportional to external electromagnetic powers [20].
In addition, when the magnetic field is applied, the MR fluids
will play a non-Newtonian behavior; hence, the insertion speed
of the input catheter will have an effect on perceived resistance
force of operators [21]. The resistance force is related to the controllable yield stress, and the detailed description is presented in
[22]. Two Hall sensors are embedded in an MR fluids container
holder to obtain the magnetic field intensity. The maximum
generated resistance force is over 0.5 N. This paper continues
research based on the designed master haptic interface, the design details and the performance evaluations were described by
our publications [16], [20], [22], [23].
B. Catheter Manipulator
The patient catheter is navigated via the blood vessel by the
catheter manipulator as commanded by the surgeon using the
master haptic interface. The catheter manipulator is shown in
Fig. 3. The grasper A is controlled by a dc gear motor to hold the
catheter for insertion, retraction, and rotation motions. When the
platform moves to the front end, the grasper B (controlled by dc
gear motor) will be clamped to keep the position of the catheter,
and then grasper A will release the catheter. Then, the platform
will be retreated for the next trail. To prevent slipping of the
catheter, the generated axial gripping force of two graspers is
4 N, and the radial gripping torque of grasper A is 6 N·m, which
meets the maximum value of force and torque applied by interventionalists during conventional endovascular surgery [24].
Two stepping motors (ASM46AA, Oriental Motor, Japan) are
utilized to actuate the platform in radial and axial directions. No
step loss can be achieved by a high-performance microstepping
driver (EN50178, Oriental Motor, Japan), even abrupt load variation. The distal force of the catheter is measured by the load
cell (TU-UJ, TEAC, Japan), and the value will be displayed on
the console screen [22].
C. Console
The control of the master site and slave site is achieved
through a computer console via RS-232 serial communication.
Control software is implemented using C++. The schematic

3

System block diagram of the RAECS.

diagram of the RAECS is presented in Fig. 4. The motion
data of the master haptic interface are transmitted to the computer console by the ad board (AD 16-16U (PCI), CONTEC),
and the motion command is sent to the motor actuators of
the slave catheter manipulator via the motion control board
(SMC-4DF-PCI, CONTEC).
III. DYNAMICS OF CATHETER INTERVENTION
In this section, the model of catheter interventional is presented, and then the catheter tip–vessel collision discrimination
theory is carried out.
A. Model of Catheter Intervention
In the catheterization procedure, two different kinds of force
can be perceived by the interventionalist. One is the friction
force which is required to advance the catheter through the
introducer sheath. Another is the interaction force between the
catheter and the vascular system. This interaction force can be
divided into three classifications: no contact and no collision,
contact, and collision. In the first situation, the operator only
feels the viscous drag force which is caused by the viscosity of
the blood. This kind of force exists in the whole interventional
procedure. In the second situation, when the catheter is inserted
into tortuous parts of the vascular system, friction force will be
generated due to catheter surface contacts with the vessel wall.
In the third situation, catheter tip will be contacted with the inner
wall of the vascular system, the surgeon must vary the operation
gesture (retreat or rotate the catheter) to change the direction of
the catheter tip. Compared to the analysis in [25], these forces
can be expressed as follows:
fvdf = c · v

(1)

fcﬀ = μ · fN

(2)

fcf = E · S · δ

(3)

where fvdf , fcﬀ , and fcf are viscous drag force, contact friction
force, and collision force, respectively. c, μ, and E are the viscosity coefficient of the blood, the dynamic friction coefficient
generated between catheter surface and blood vessel wall, and
Young’s modulus of blood vessel, respectively. v, fN , S, and δ
are the velocity of catheter intervention, the normal force acted
on the catheter, the cross-sectional area of the catheter tip, and
the magnitude of the deformation of blood vessel, respectively.
The total force of catheter intervention can be expressed using
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Fig. 6.

Catheter intervention process.

can be given by

fcf =
Fig. 5.

Situations of “pseudocollision” and “real collision.”



pseudo collision

fcf ≥ Fm ax ,



real collision

(6)

(4)

where Fm ax is the threshold safety value. It is noted that haptic sensation has a close relationship with interaction situation between the catheter and vascular system during catheter
interventional. Obviously, the haptic sensation is a kind of
noncontinuous force.

(5)

IV. HAPTIC FORCE FEEDBACK

the following equations:
Fdh = fis + fvdf + sgnfcﬀ + sgnfcf

1, (contact or collision)
sgn =
0, (no contact or no collision)

fcf < Fm ax ,

where Fdh is the direct haptic sensation of the surgeon acquired during endovascular surgery. fis is the force to overcome
friction between the catheter and an introducer sheath, the minimum value is 0.29 ± 0.06 N [26]. The value of sgn is determined by the situation of catheter intervention. The viscous
drag force and contact friction force are difficult to measure and
estimate in real time, due to the dynamic change of blood vessel and the unfixed contact points of the catheter body with the
blood vessel wall. The collision force between the catheter tip
and vessel wall is proportional to the elastic deformation of the
blood vessel wall.
B. “Real Collision” and “Pseudocollision”
In practice, the success of endovascular surgery is dependent on the discrimination of collision by a skilled surgeon in
direct operation. The interaction between the catheter tip and
blood vessel wall exists in the catheter interventional procedure. It needs to point out that it is impossible without contact
between the catheter tip and blood vessel during catheter operation practice [23]. The contact forces are ones that require
a collision, such as a catheter tip hitting the inner blood vessel
wall. Therefore, only when the contact force exceeds the safety
threshold value (deformation of blood vessel δ exceeds elastic
limit δ m ax ), it can be viewed as “real collision.” If the deformation of blood vessel δ does not exceed elastic limit δ m ax , it
is viewed as “pseudocollision.” The situations of “pseudocollision” and “real collision” are shown in Fig. 5. The deformation
δ is proportional to the impact force fcf between the catheter
tip and the inner vessel wall. Therefore, collision discrimination

A. Design of Haptic Force Feedback
In this design, the interventionalist is guided by haptic feedback during the catheter tip–vessel contact. The recreated guiding force should be proportional to the elastic deformation of
the vascular wall and can be perceived by the surgeon to avoid
the penetration of vascular wall. Substituting (3) into (6) gives
δ≤

Fm ax
= δm ax
E

(7)

where δm ax is the elastic limit; in order to ensure surgery safety,
it should keep δm ax in a safe deformation range of vascular wall
tissue. To calibrate δm ax , Young’s modulus E and Fm ax should
be known. The range of E can be defined by the ages and sex
of the patients and different parts of the blood vessel.
Blood vessel deformation information can hardly be obtained
by the intraoperative image processing program by 2-D fluoroscopy images, but the contact force can be obtained by the
catheter tip force sensor. During catheter intervention, when the
catheter tip collides with the inner wall of the blood vessel, deformation of the blood vessel will happen. The deformation δ
is proportional to the impact force between the catheter tip and
the inner vessel wall. In Fig. 6, the dashed line shows the center
line of the blood vessel. In an ideal situation, the trajectory of
catheter insertion is along the center line to the disease target.
However, it is impossible to achieve that goal during endovascular procedure, even by an experienced interventionalist. The
“pseudocollision” always happens but hardly causes a medical
accident. The red line shows the deformation of the blood vessel
after “pseudocollision” or “real collision.”
Here, the different values of collision forces between the
catheter tip and blood vessel wall will be selected to describe
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Fig. 7. (a) Force calibration setup. (b) Fibre optical sensor mounted inside the
5 F catheter.

the deformation of the blood vessel as follows:

kP FPseudo , 0 < δ < δm ax
Fhg =
kR FReal ,
δ ≥ δm ax

(8)

Fig. 8.

Stress against force in the axial loading.

Fig. 9.

Schematic diagram of the control loop structure for the RAECS.

where Fhg is the haptic guidance (HG) perceived by the operator. FPseudo and FReal are utilized to describe the collision
forces of “real collision” and “pseudocollision,” respectively.
The kP and kR are coefficients for FPseudo and FReal , respectively. The thoracic aorta blood vessel of 50–60 years’ people
will be damaged by the direct force 0.12 N [26]. In this design,
the collision force between the catheter tip and blood vessel
exceeds 0.12 N, which means the “real collision” happened.
For a designed haptic force feedback strategy, the differences
of the generated resistance forces should be noticed by the operators. Human HG perception often obeys Weber’s law. Weber’s
law is given by
Δ∅
=k
∅0

(9)

where Δ∅ is the just noticeable difference (JND) [28]. It describes the minimum difference between two stimuli, which can
be reliably perceived by operators. ∅0 is the initial stimulus and
the constant k is Weber fraction.
B. Catheter Tip Force Calibration
In order to obtain contact forces between the catheter tip and
vascular wall, a fiber optical sensor (diameter 1.3 mm, FISO
Technologies Inc.) integrates with the catheter, as a tube-in-tube
structure is utilized to measure tip forces. The experiment is
set up to investigate the output of the fiber optical sensor in
axial loading, as shown in Fig. 7(a). The catheter goes through
the stopcock, which in the distal end is grasped without slip.
The stopcock is fixed with the transducer rod of load cell by a
clamper. The load cell is mounted on the platform of linear stage
that is actuated by a stepping motor. The catheter is navigated in
the horizontal direction at the speed of 10 mm/s. A soft siliconebased phantom is utilized as soft tissue to test the collision force.
The sensitive area of fiber optical pressure sensor is fragile, so
the test collision force will not exceed 0.2 N. Hence, when the
measured collision force is 0.2 N, the platform will go back for
the next trail.
The result of stress against force in the axial loading is shown
in Fig. 8, loading and unloading in five times. The experimental

result shows a good linear relationship between the stress and the
measured force in axial direction. The sensor also reflects good
sensitivity in collision with the soft silicone-based phantom.
The force working range is estimated from 0 to 0.2 N; the
corresponding pressure is from 13.40 to 23.39 lb/in2.
C. Control Architecture
The schematic diagram of the control loop structure for the
RAECS has been shown in Fig. 9. The system goal is to avoid the
“real collision” during the endovascular procedure. The contact
force between the catheter tip and blood vessel wall is obtained
by the designed catheter tip sensor. The controller is utilized to
distinguish the different kinds of collision (no collision, “pseudocollision,” and “real collision”). The force control model is
utilized to describe the relationship between the generated haptic resistance force and applied magnetic field of master haptic
interface [19]. The intensity of the magnetic field is measured
by embedded hall sensors inside the MR fluids container. The
error between the desired magnetic field and its measured values
provides a reference signal for a current source, which actuates
the electromagnetic coils. The passive HG can be perceived by
the human operator during the operation. The surgeon’s actions
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Fig. 11. Results of catheter insertion experiment. The accuracy of catheter
navigation by inexperienced subjects. (a) In the axial direction. (b) In the radial
direction. The data are the median, lower median, upper median, and range of
measured errors for ten trails per subject.
Fig. 10.

Catheter is inside the rigid model of cerebral vascular.

are captured by the master haptic interface to guide the slave
catheter manipulator. In addition, the visual feedback (VF) can
assist the surgeon in navigating the patient catheter.
V. PERFORMANCE EVALUATION
In this section, three experiments are carried out to evaluate the performance of RAECS with haptic force feedback.
Experiment I is used to test the tracking performance of the
master–slave system. Experiment II is utilized to find the JND of
resistance force during the input catheter insertion.
Experiment III is used to verify the effectiveness of haptic force
feedback strategy in vitro.

Fig. 12.

Schematic of resistance force resolution experiment.

haptic interface and output motion of catheter manipulator in
axial and radial directions were 1.23 ± 0.07 mm (range: 0.5–
2.1 mm) and 1.57 ± 0.07° (range: 0.9–2.1°), respectively.

A. Performance Evaluation of the System
1) Experimental Method: In order to evaluate the accuracy
of designed RAECS, the ten participants were recruited to manipulate the input catheter through the master haptic interface
to guide the catheter manipulator to actuate a 5 F catheter in
cerebral vascular phantom, as shown in Fig. 10. The VF was
provided by a round view camera, which was mounted right
above the phantom. The operators had no interventional experience or experience of using RAECS. Inexperienced operators
were selected because of their higher kinematics in catheter navigation than professionals [26]. Before the experiment, the participants were informed about the procedure and provided with
15 min of training on this system. The 5 F catheter should be
navigated through the rigid model of cerebral vascular, and then
the catheter tip should be directed into the wide neck aneurysm,
as shown in Fig. 10. Each participant repeated the procedure ten
times. The operator motions have filtered the frequencies beyond the range of 5–20 Hz to remove hand tremor. The hollow
encoder (UN-2000, MUTOH, Japan) connects with the catheter
navigator to measure the rotation angle of catheter manipulator.
Axial displacement of catheter manipulator is measured by the
laser sensor (LK 5000, Laser displacement sensor, KEYENCE
Corp, Japan).
2) Experimental Results: The accuracy of the catheter navigation in radial and axial directions is shown in Fig. 11. It was
found that the mean errors between applied motion by master

B. Resistance Force Difference Experiment
For a conventional bedside catheterization technique, only
the sudden change of resistance force of patient catheter manipulation can be perceived by interventionalist. In addition, the
interventionalist can hardly distinguish the collision force from
other resistance forces during the catheterization procedure [23].
Pang et al. indicated that a JND varied between100 and 200 mN
for pinching motions from finger and thumb by constant resistance forces [29], considering that the biggest resistance force
generated by the designed master haptic interface is about 0.5 N
(when the applied magnetic flux density is 150 mT) [20]. The
specific values of resistance force were selected as the different
levels of haptic feedback to the operator, and the differences
between adjacent forces can be just noticeable by operators.
1) Experimental Method: The goal of this experiment is to
determine the JND of the resistance force that the operator’s
finger is able to detect while navigating a catheter through the
designed master haptic interface. The schematic of resistance
force resolution experiment is shown in Fig. 12. The applied
magnetic field will be increased or decreased in fixed steps of
10 mT. The reference force is about 0.4 N and the corresponding applied magnetic field is 110 mT. Ten subjects, according to
endovascular experience and haptic knowledge, were separated
into two groups: experienced (n = 4, with rich endovascular experiences and haptic device operation skills) and inexperienced
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Fig. 14.
Fig. 13. Results of the force in different experiments by ten operators, and the
reference force were selected at the 110 mT magnetic flux density.

(n = 6, no endovascular experiences, and haptic knowledge).
All subjects were right-handed. The operators were instructed
to concentrate on the force perception in their figures. Each
operator was asked to perform the task ten times at each fixed
step. They were allowed to vary the test force as often as they
like, while they could always insert the catheter and check if
the resistance force feels constant or not. The applied test force
is bigger or smaller than the reference force, which was chosen randomly in sequential trails. The difference between the
reference magnetic field and test magnetic field at the start of
each trial was randomly distributed between 10 and 110 mT.
Before commencing the operation, all operators underwent a
short training session in order to familiarize themselves with
the use of the designed haptic interface.
2) Experimental Results: The results of the force in different
experiments are shown in Fig. 13. When the applied magnetic
field is smaller than the reference magnetic field, all operators
can notice the changes of resistance force at 30 mT (resistance
force is about 0.16 N). In the case of the magnetic field at 80 mT
(resistance force is about 0.3 N), in more than 90% of trails
the operators can feel the change between the test force and
the reference force. As can be seen, when the magnetic field is
150 mT, the discrimination rate is 93%.
C. Evaluation of the Haptic Force Feedback Strategy in EVE
1) Experimental Method: The experimental setup, shown in
Fig. 14, consists of two parts. In the remote site, a silicone-based
EVE (EndoVascular Evaluator) model is used for this paper. The
catheter manipulator actuates the patient catheter into the EVE
model. In order to simulate 2-D fluoroscopy guidance during
the experimental process, a round view camera is mounted right
above the EVE model to get the visual feedback. The images obtained from the camera are processed using brightness, contrast,
and color adjustments, so as to enhance the location image of
catheter tip. In the local site, the image information is projected
on the computer console screen, and the haptic force feedback is
provided to interventionalist for operating the catheter through
the haptic interface.

7

Experimental setup of the RAECS for endovascular procedure.

In order to simulate the real operation environment, the endovascular surgery training simulation EVE was utilized to
provide a realistic immersive virtual reality environment. In
addition, a kind of water–glycerin mixture fluid (50.6% by volume) was used to create a real blood. This fluid has a dynamic
viscosity of 6.9 cP and the density of 1.02 g/cm3 [30]. The
flow rate can be changed by the pulsed flow pump (Iwaki Bellows Pump, Japan). Moreover, a digital manometer is utilized
to measure the blood pressure in real time. The 5 F (diameter 2
mm) catheter integrated with the optic fiber pressure sensor is
navigated by the catheter manipulator.
For evaluating our prototype system and control strategy, we
conducted the experiment: the operators navigated the operation
catheter through the master haptic interface to guide a patient
catheter from the femoral artery to the common carotid in the
EVE model. The same ten participants of Experiment B took
part in this experiment. Therefore, it needs hand–eye coordination when the operators manipulate the input catheter in the
master site. Experimental conditions have been divided into the
following two groups.
1) No haptic guidance (NHG): only the VF information is
provided to the volunteer operator.
2) HG: both the HG and VF are provided to operators.
Depending on the previous force in different experiment,
three degrees of haptic force were provided to operators, different degrees corresponded to different ranges of collision force.
When the collision force is below 0.08 N, the navigation of
catheter is in the absence of a magnetic field; when the value of
collision force is at the range of 0.08–0.1 N or 0.1–0.12 N, it
means the two degrees of “pseudocollision” will occur and the
applied magnetic fields are 80 mT and 110 mT, respectively. If
the value of collision forces exceeds 0.12 N, it is recognized as a
“real collision” and the applied magnetic field is 150 mT. Each
operator is asked to perform the task ten times in each condition. Each trial is considered an independent test. The subjects
underwent a short training to familiarize themselves with the
use of the system before commencing the experiments.
2) Data Acquisition and Metrics: For the master and slave
sides, the time, forces, and positions were recorded at 1 kHz.
The recorded data serve to evaluate the task performance. The
task performance is evaluated as follows.
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TABLE I
MEANS OF THE MAXIMUM CONTACT FORCE VALUES AND THE MEANS OF THE
CONTACT FORCE VALUES FOR EXPERT AND NOVICE OPERATORS
BY HG OR NHG

TABLE II
MEANS OF THE TIMES WHEN THE CONTACT FORCES BETWEEN THE CATHETER
TIP AND BLOOD VESSEL ARE GREATER THAN OR EQUAL TO
0.08 N, 0.1 N, AND 0.12 N

Fig. 15. Mean values of task-completion times (a) and distances traveled of a
patient catheter (b) by different levels of operators in HG or NHG.

1) Task-completion time, representing the time is required to
complete the endovascular task.
2) Path length, representing the total path length of catheter
navigation. The path length of the catheter is an absolute
value; retreat and insertion movements are all calculated.
3) Contact force, representing the collision force between
the catheter tip and vessel wall.
3) Experimental Results: Fig. 15 illustrates the mean values of task-completion times and distances traveled of a patient
catheter for each operator under two different conditions. From
Fig. 15(a), the experienced operators needed less time in catheter
manipulation than inexperienced in the same condition. For the
two conditions, we found a significant difference in the mean
completion times of two different levels, which indicated that the
value of the completion time was affected by haptic guidance.
The mean values were decreased to 5.6% and 4.0% for inexperienced and experienced operators, respectively, when they have
applied the haptic guidance. Fig. 15(b) shows the mean values
of distances of catheter navigation during the two conditions

by the different levels of operators. The distance of catheter
movement includes the retreat and advance displacement. As
observed, the experienced operators needed less operating distance to complete the task. Moreover, there was a significant
difference in the mean values of distances by HG or NHG. The
mean values were reduced by 7.8% and 6.5% for inexperienced
and experienced operator, respectively, when haptic guidance is
applied.
Table I illustrates the means of the maximum contact force
values and the means of the contact force values in the axial
direction. The lower contact forces were exerted by experienced operators, rather than novices, for the task. It also shows
that the lower contact forces were applied by experienced and
inexperienced operators under HG rather than NHG.
Table II illustrates the mean times when the contact forces are
greater than or equal to 0.08 N, 0.1 N, and 0.12 N. Experienced
operators spend less time on “pseudocollision” and “real collision” than inexperienced in the same condition. It also shows
that both the experienced and inexperienced operators make
fewer collisions under HG and NHG.
Fig. 16 shows examples of the contact force between the
catheter tip and blood vessel for experienced versus novice operators (subject 1 versus subject 7) under the HG or NHG. In
the case of haptic guidance, both the task performance time and
contact force were reduced than those in NHG by inexperience
and experienced operator, respectively. In two conditions, both
the subject 1 and subject 7 generated small contact forces at the
part of the thoracic aorta and descending aorta. While the vessel
tortuosity and angulation cause difficulties in catheter navigation, the large forces occurred at procedural of the aortic arch
and right common carotid artery.
Figs. 17 and 18 illustrate the relationships between contact
forces curves and applied magnetic field curves in procedural
of the aortic arch and right common carotid artery, by subject 1
and subject 7, respectively. It was seen that the applied magnetic
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Fig. 16. Examples of contact force signals for experienced versus inexperienced operators in HG or NHG. The three procedural phased are depicted in
different colors.

Fig. 18. Examples of the contact force versus applied magnetic field for the
experienced operator (subject 7) in haptic guidance. (a) Aortic arch. (b) Right
common carotid artery.

field was quickly established when the contact force exceeded
the setting values (“pseudocollision” and “real collision” happened). Meanwhile, the passive haptic resistance force will be
provided to operators when they navigate the input catheter.
VI. DISCUSSION

Fig. 17. Examples of the contact force versus applied magnetic field for the
inexperienced operator (subject 1) in haptic guidance. (a) Aortic arch. (b) Right
common carotid artery.

In this paper, a novel RAECS has been presented for robotic
endovascular surgery. The system enables interventionalists to
use their conventional skills to remotely navigate the catheter,
and it may have the potential to reduce the exposure time of
the patient and interventionalists to X-ray radiation [32]. The
interesting feature of the master haptic interface is that the input catheter has been utilized to provide the motion commands
and transfer the haptic force feedback to operators. Compared
with other RAECSs [29], [33], the commercially available joysticks or haptic interface device, such as Omega, was as the
master robot, which removed the catheter from the interventionalists’ hands, and thus, they cannot apply their conventional
bedside catheterization technique skills during the procedure.
Therefore, some researchers [34], [35] had addressed this by
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developed catheter-based master devices, but those lacked haptic
force feedback.
The simplicity of an experiment was performed to evaluate
the accuracy of the master–slave system. The average accuracy
of catheter navigation in the axial and radial directions was
better than 2 mm and 2°, respectively (see Fig. 11). The error
could be attributed to two reasons: First, two graspers of catheter
manipulator need enough motion time to clamp and release the
catheter; also increasing the number of directional changes may
result in decreasing motion accuracy. Second, there is a lag time
between sensed and replicated motion. Although these issues
always existed, the error can be partly offset in practice by
the operators, who will use fluoroscopic imaging as position
feedback of the catheter tip.
Three force level thresholds were selected to represent interaction situations between the catheter tip and blood vessel wall.
These thresholds were used to alert the operators that the “pseudocollision” or “real collision” happened. From Table I, the
means of the maximum contact force was decreased when the
HG was provided to both experienced and inexperienced operators. The experimental results indicate that HG has the ability to
assist operators in decision-making to change the manipulation
gestures to decrease the contact force, although the operators
were reminded that the “real collision” (the magnetic field is 150
mT) was the final caution. Unfortunately, during the experiment,
the maximum contact force was not decreased below 0.12 N
when the haptic force was applied. Hence, for the safety of
surgery, when the measured contact force exceeds the threshold
safety value Fm ax , all catheter movements of the catheter manipulator should be stopped immediately. Moreover, the catheter
manipulator must be separated from the patient catheter freely,
and the interventionalists could use their conventional skills to
go on the surgery. For the further real application, the structure
of the catheter manipulator should be further optimized.
The designed haptic force feedback scheme had substantially
reduced the total path length of the catheter, shortened the procedure time, (see Fig. 15) and decreased the duration times of
“pseudocollision” and “real collision” (see Table II) compared
to NHG during the manipulation by both the inexperienced
and experienced operators. This means that the operation skills
potentially improved; such benefit of haptic force feedback in
task implementation was reported in many other studies [9],
[36], [37]. Moreover, the reduction in path length and procedure
time could potentially translate into reduced human cognitive
workload during the operation. The reduction in times of “pseudocollision” and “real collision” could potentially translate into
reduced vessel wall contact and therefore less risk of penetrating
the vessel.
It is important to note that the input and output of the MR
fluids based device are nonlinearly related to hysteresis [17].
From Figs. 17 and 18, when the “pseudocollision” or “real collision” disappeared, the magnetic field did not decrease sharply.
In addition, if the time interval of collisions is short, the response of the magnetic field will be a little delayed. As shown
in Fig. 17(a), the contact force was beyond 0.12 N, but the
magnetic field density was less than 150 mT. This may have an
influence on the accuracy and rapidity of the passive resistance
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force generation. The hysteresis phenomenon within the haptic
interface is mainly associated with ferromagnetic components
including iron cores and coils. The little or no hysteresis is observed in the B–H curve of MR fluids [19]. Transparency is one
of the key issues in the telerobotics control design. The communication characteristics between the master and slave system
are the crucial factors for the achievable transparency level in
telerobotics control architectures [38]. Slight delay deteriorates
the realistic perception of the remote environment. In the future
study, some control algorithms should be adopted to compensate the hysteretic characteristics of the designed master haptic
interface.
VII. CONCLUSION
In this paper, the RAECS was presented to provide interventionalists with the ability to use their conventional bedside
catheterization skills in the robotic endovascular procedure. The
haptic force feedback strategy was utilized to assist the surgeon
in decision-making and improving catheter interventional skills
during teleoperated catheter interventional practice. Experimental results illustrated that the haptic force feedback was a benefit
for providing natural haptic sensation and reducing the human
cognitive workload as well as maintaining the safety of surgery.
According to the performance evaluation metrics, we also found
that the challenge of improving system transparency in robotic
endovascular surgery can be potentially addressed by adopting
catheter-based haptic force feedback.
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