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Abstract
In this paper, a novel robot-assisted catheter operating system (RCOS) has been proposed as a method to reduce physical stress
and X-ray exposure time to physicians during endovascular procedures. The unique design of this system allows the physician to
apply conventional bedside catheterization skills (advance, retreat and rotate) to an input catheter, which is placed at the master
side to control another patient catheter placed at the slave side. For this purpose, a magnetorheological (MR) fluids-based master
haptic interface has been developed to measure the axial and radial motions of an input catheter, as well as to provide the haptic
feedback to the physician during the operation. In order to achieve a quick response of the haptic force in the master haptic
interface, a hall sensor-based closed-loop control strategy is employed. In slave side, a catheter manipulator is presented to deliver
the patient catheter, according to position commands received from the master haptic interface. The contact forces between the
patient catheter and blood vessel system can be measured by designed force sensor unit of catheter manipulator. Four levels of
haptic force are provided to make the operator aware of the resistance encountered by the patient catheter during the insertion
procedure. The catheter manipulator was evaluated for precision positioning. The time lag from the sensed motion to replicated
motion is tested. To verify the efficacy of the proposed haptic feedback method, the evaluation experiments in vitro are carried
out. The results demonstrate that the proposed system has the ability to enable decreasing the contact forces between the catheter
and vasculature.
Keywords Robot-assisted catheter operating system (RCOS) . Magnetorheological (MR) fluids . Haptic interface . Catheter
manipulator . Haptic feedback
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Short recovery time, a small incision to the health issue, good
surgical outcomes and little post-operative pain have facilitated
the adoption of endovascular surgical techniques to diagnose and
treat some cardiovascular and cerebrovascular diseases. Despite
advantages over open surgery, conventional endovascular surgery has limitations. The long fluoroscopy times and X-ray radiation exposure to both patients and physicians are important
factors to consider. On the other hand, the safely, accurately
and rapidly manual navigation of catheter is still a challenging
task in traditional bedside vascular intervention therapy (RafiiTari et al. 2014). Moreover, due to the high flexibility and nonsmooth behavior of the catheter, accurate positioning of the catheter is difficult to realize (Maor et al. 2017).
In recent two decades, the development of robotic catheter
operating system was motivated by the desire to reduce fluoroscopy time, radiation dosage to surgeon and patient in
addition to a reduction of surgeon fatigue, and improvement
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of position accuracy of the catheter. Unlike the conventional
bedside technique, the robotic catheter operating system allows the physician to offer an axial and radial motion on
master robot placed in a remote location through the control
console to guide the slave robot to push, pull and rotate the
catheter (Lendvay et al. 2013). Some commercial robotic catheter operating systems, all employed the master-slave control
architecture, have demonstrated safety and efficacy in vascular and endovascular surgery, such as CorPath 200 (Weisz et
al. 2013) and CorPath GRX (Madder et al. 2016) vascular
robotic systems (Corindus Vascular Robotics). Clinical studies implied that compared to conventional endovascular surgery, the robotic endovascular technology is effective in reducing procedure time, improving stability and precision, a
shorter learning curve and decreasing the dosage of radiation
exposure for both the patient and physician (Stephanie et al.
2013). Robotic catheter operating systems have also been developed by several research groups. A compact telerobotic
catheter navigation system was provided with the accuracy
of 0.1 mm and 7 deg. over 100 mm axial motion and
360 deg. radial motion (Srimathveeravalli et al. 2010). A 4degree-of-freedom master-slave catheter and guidewire driving system was developed (Cha et al. 2017). The system can
enable the catheter and guidewire to be controlled independently in coaxial direction. In our previous studies, some novel remote-controlled vascular interventional robots were developed (Guo et al. 2016; Zhao et al. 2018; Bao et al. 2018a;
b), which could operate the catheter in 2 DOFs and measure
the proximal forces during the catheter insertion. Also, the
VR-based haptic catheterization training system was developed for new surgeons (Wang et al. 2016, 2017).
Currently, physicians overwhelmingly rely on 2-D visual
feedback, as one of their dominant information sources, during robotic endovascular surgery. The lack of the sensation of
touch or haptic feedback from catheter-tissues contact to the
physicians is also a drawback in current robotic catheter operating systems (Maor et al. 2017). The physician can hardly
evaluate the amount of force applied to the tissues that may
increase the incidence of excessive forces and may rupture an
aneurysm or the blood vessel, leading to fatalities. To this end,
recreating effective haptic sensation in master side becomes
urgently (Okamura et al. 2011). In the recent years, several
research groups have proposed robotic catheter operating systems with incorporated haptic feedback, such as (Cha et al.
2017; Zhao et al. 2018). However, the master devices in these
systems are all joysticks or commercial haptic devices.
Therefore, the damping, inertia, and friction of electrical motors based haptic devices will significantly reduce the transparency of the system (Shafer and Kermani 2011). What’s
more, the medical professionals strongly rely on the sense of
touch and their intuitive skills during endovascular surgery.
However, the employment of these joysticks and haptic devices are potentially changing the natural gestures and
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behavior of experienced operators. So it is necessary to increase the natural haptic feedback in the master side by the
catheter-based haptic interface.
Our group has addressed those needs by developing an MR
fluids-based master haptic interface for providing haptic feedback to the operators via the input catheter manipulation (Yin
et al. 2016a; Yin et al. 2016b; Song et al. 2018). The small
value of passive resistance force (about 0.5 N) can be provided
by the haptic interface. The effectiveness of the interface was
evaluated by the VR simulator in the previous study.
In this paper, the bigger passive resistance force can be
generated by the novel designed MR fluids-based master haptic interface. Moreover, in order to evaluate its efficiency in
the robotic endovascular procedure. The catheter manipulator
integrated with a miniaturized proximal force sensing unit was
presented as a slave robot to manipulate the patient catheter
and simultaneously measure the contact force between the
catheter and the vasculature. To remotely navigate the catheter, the operator pushes/pulls or rotates the input catheter
through the master haptic interface, the sensed motion is transferred, via a control unit, to a catheter manipulator, which
replicates the motion to navigate the patient catheter. The haptic feedback can be provided to the operator during the operation. To achieve a quick response to haptic feedback, a novel
hall sensor-based closed-loop control scheme was proposed
for haptic force generation in the master haptic interface. The
force control results (using embedded hall sensors) were also
compared to those obtained using direct force measurements
(using external force sensor). The results showed an accurate
and competitive control performance. In addition, the results
of experiments performed to evaluate the accuracy of replicated motion and the time lag in replicated motion are presented.
To verify the effectiveness of the proposed haptic feedback
strategy in the robotic endovascular procedure, the experiments in vitro was carried out.
The remainder of this paper is organized as follows. In
Section II, the design details of the master haptic interface,
the catheter manipulator and the control unit is described. In
section III, a closed-loop haptic force control strategy is implemented. In section IV, the force feedback control strategy is
evaluated in experiment I; the experiment II is to evaluate the
precision positioning of catheter manipulator and the latency
in replicated motion; Experiment III is used to verify the effectiveness of the proposed haptic feedback scheme in vitro.
Finally, discussion and conclusion are presented in Sections V
and VI, respectively.

2 System descriptions
The RCOS is designed as master-slave control architecture.
The master haptic interface (to be placed at a master side) measures the axial and radial motions of an input catheter which is
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operated by the physician. Meanwhile, the haptic feedback can
be provided to the physician during the input catheter manipulation. The catheter manipulator (to be placed at the slave side)
replicates the physician’s operation motions which measured
by the sensor part of the master haptic interface. A novel force
sensor attached to the proximal end of the catheter in catheter
manipulator is used to measure the contact forces between the
catheter and the blood vessel wall. Figure 1 is a conceptual
diagram of the RCOS; the master haptic interface, catheter
manipulator, and control unit are explained in this section.

2.1 Master haptic interface
The uniqueness of the proposed master haptic interface is that
the physician can apply conventional bedside catheterization
skills (advance, retreat or rotate) on the input catheter and
perceive the haptic feedback along the input catheter during
the manipulation. The structure of the master haptic interface
is shown in Fig. 2. It consists of an input catheter motion
sensing part (measuring the axial and radial motions of an
input catheter), and an MR fluids-based haptic interface (generating the haptic force).
2.1.1 Motion sensor design
The prototype of the axial motion sensor is shown in Fig. 3.
The laser-based navigation sensor measures the axial motion

Fig. 1 Schematic diagram of the RCOS

Fig. 2 The master haptic interface

of the input catheter (Song et al. 2017). The VCSEL (verticalcavity surface-emitting laser) emits the laser light to the surface of the catheter, and then the optical sensor will receive the
image of the detection surface. Hence, when the input catheter
is pulled or pushed, the changes of two adjacent detection
surface images can be detected. This non-contact detection
technique is not only provided the high accuracy (1 mm in
axial motion over 100 mm) but also increased the authenticity
of the operation.
The radial motion of the input catheter is detected by the
hollow encoder (UN-2000, MUTOH, Japan). The input catheter goes through the clamp, which is mounted on the hollow
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Fig. 5 Schematic diagram of the MR fluids container
Fig. 3 Working principle of the axial motion sensor

shaft of the encoder. A cylinder chuck is coaxial with the
hollow shaft and placed over the clamp. The spring is located
between the chuck and the encoder in the axial direction. The
generated grip force of designed clamp is big enough to prevent the sliding of input catheter. The rotational signal of input
catheter will be directly measured by the encoder when the
input catheter is clamped. The operators can apply pull motion
to the chuck, and pressure the spring to release the input catheter. The schematic diagram of the radial motion sensor is
shown in Fig. 4.
2.1.2 MR fluid-based haptic interface
The MR fluids are the suspensions of micrometer-sized ferromagnetic particles in a carrier fluid. When the MR fluids are
exposed to an applied magnetic field, the particles form chainlike structures aligned to the direction of the applied magnetic
field. This aligned parallel structure can act to resist shearing

Fig. 4 Working principle of the radial motion sensor

or flow of the fluid (Carlson et al. 1996). The magnitude of the
resistive force is related to the strength of the magnetic field.
In the absence of the magnetic field, MR fluids play like
Newtonian fluids. These features have motived the design of
haptic interfaces and rehabilitation devices based on MR
fluids in medical applications. An encountered-type of the
haptic interface using MR fluid has been designed and evaluated for surgical simulation (Blake and Gurocak 2009).
MRFs-based actuators were used to develop the 2 DOF haptic
interface for medical applications. The interface showed great
potential for stability and transparency on master-slave
teleoperation (Najmaei et al. 2016).
In our design, there are two main parts, MR fluids container and magnetic field generator, consist of the haptic interface. The MR fluids container is located in the center space of
two magnetic poles, which is made of low permeability materials and can never be magnetized. Figure 5 shows the schematic diagram of the MR fluids container. The input catheter
(plays like a piston rod) goes through the MR fluids container, which is overwhelmed by the fluids. In order to obtain the
magnetic flux density in real time, two hall sensors (TLE
4990, Infineon Technologies, Germany) are embedded at
the center positions of container’s inner walls respectively,
which the magnetic lines are evenly distributed and across
sensors vertically. To prevent MR fluids leakage with the
input catheter, the special seal method is utilized. Two permanent magnets are fixed inside each container seal, which
placed both above and below the input catheter. The sponge
makes up the gap between the two permanent magnets. The
commercial MR fluids (MRF-122EG, Lord Crop, USA) are
used in this design. Two couples of core and coil are equipped
separately on the left and right side of the MR fluids container. The detailed design of magnetic field generator was presented in our previous works (Yin et al. 2016a; Song et al.
2018). By energizing the magnetic field generator, the shear
stress of MR fluids can be controlled by an applied magnetic
field, which leads to changing of the resistance force of input
catheter manipulation.
The MR fluids exhibit a linear magnetic behavior and the
hysteresis can be neglected that due to the soft irons used in
the fluid suspensions (Najmaei et al. 2014). The relationship
between the input current and generated the magnetic field in a
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Fig. 6 Relationship between the
input current and generated
magnetic flux density

The catheter manipulator is designed to actuate the patient
catheter in traditional ways (push, pull, and rotate) similar to
the manual bedside manipulation. The structure of catheter
manipulator is shown in Fig. 7. The rotation part is motived
by a stepper motor via the belt. A chuck is actuated by the gear
motor to clamp and release the catheter, and the working

principle of the chuck is shown in Fig. 8. The catheter insertion part is actuated by the platform of linear stage, and the
contact forces between the catheter and the vasculature can be
measured by the force sensing unit, the structure is shown in
Fig. 9. The two parts of the grasper are attracted by the embedded small permanent magnets, and are used to clamp the
catheter. The four rods are across the grasper, which can move
freely with the catheter forward and backward. The one end of
iron core of push-pull solenoid electromagnet hooks with one
part of the grasper. When enough power is applied to solenoid
electromagnet, the two parts of grasper will be separated, and
then released the catheter. The photoelectric sensor is utilized
to detect whether the iron core is pulled back to separate the
two parts of grasper. To prevent slipping of the catheter, the
generated clamp forces of grasper and chuck are all about
4.5 N, which meets the value of applied force by physicians
during conventional endovascular procedures

Fig. 7 The 2-DOF catheter manipulator

Fig. 8 Working principle of the chuck

certain range is shown in Fig. 6. The applied current is increased from 0 A to 5 A in 0.1 A steps. Enough time is
provided to establish the steady-state magnetic field in each
step of current. As obvious, the one-to-one relationship between the applied current and generated magnetic flux density
in steady state can be expressed as follows:
B ¼ ð−7:80Þ*I2 þ 86:11* I þ 6:26 0A ≤ I ≤ 5A

ð1Þ

2.2 Catheter manipulator
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Fig. 9 The internal structure of
the catheter insertion part

(Srimathveeravalli et al. 2010). The pull force of push-pull
solenoid electromagnet is more than 10 N (voltage at DC
12 V). Two stepping motors (ASM46AA, Oriental Motor,
Japan) with built-in rotor-position sensors are the source of
actuation in radial and axial directions, respectively. The
high-performance micro-stepping driver system (EN50178,
Oriental Motor, Japan) provides no missteps, even when the
load changes suddenly.
The force sensing mechanism is based on the use of four
high linearity and small size force sensors (FS1500NS,
Honeywell, USA) seated within the sensing unit casing. The
sensing part of the force sensor is quite close to the grasper but
without contact. Although the sensing unit reads the force
from the proximal end of the catheter rather than from the
distal catheter tip, it can provide an indication of the contact
force between the catheter and vasculature.

2.3 Control unit
The RCOS is implemented as a master-slave system. The
master haptic interface employs an Arduino micro-controller,
which is used to get the position information of motion sensor
part and to generate the control commands to a current driver
for magnetic field generator. The catheter manipulator is controlled by another Arduino micro-controller which combines
with the high-performance micro-stepping driver for precise
control of motors of catheter manipulator. The motion data of
master haptic interface is transmitted to a computer console
via RS-232 serial communication, and then the motion command is sent to the motor controllers of the catheter manipulator through controller area network (CAN) communication.
The measured contact force signal is transmitted to the computer console by the CAN; then the corresponding control
signal is sent to the master haptic interface and different levels
of haptic force will be generated.

3 Force control in master haptic interface
In master haptic interface, the input current and output resistance force are nonlinearly related to hysteresis. What is more,
the resistance force is a kind of passive force, which can hardly be measured in real time during the input catheter manipulation. Meanwhile, the MR fluids play a non-Newtonian behavior under the magnetic field; hence the speeds of input
catheter insertion and retraction have an impact on measured
resistance forces.

3.1 Haptic force generation
When the operator advances or retreats the input catheter
through haptic interface under the external magnetic field,
the chain-like structure of MR fluid particles will be distorted.
The passive drag force (kinesthetic haptic sensation) can be
perceived by the operator during the manipulation. This operation manner matches with the traditional catheter interventional practice that the physician actively manipulates a catheter, and then the varied passivity force sensation will be continuously provided to his/her fingertips. In many cases, this
effect of MR fluids-based devices is described by Bingham
plastic model (Bossis et al. 2002). In our applications, we
utilized Bingham plastic model to describe MR fluids fielddependent behavior. Figure 10 shows the force condition of
catheter manipulation when the magnetic field is applied. The
total resistance force can be written as
Fr ¼ Fτ þ Fu

ð2Þ

where Fτ is the controllable force, Fu is the uncontrollable
force. The controllable force is related to the flux density of
applied magnetic field, and it can be given by
F τ ¼ π∙d∙L∙τ yd ðBÞ

ð3Þ
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Fig. 10 The resistance force analysis of catheter insertion

where τyd(B)is the MR fluid yield stress, d is the diameter of
the catheter, and L is the length of the input catheter in the MR
fluids. The uncontrollable force can be presented with the
following equation
Fu ¼ F f þ Fη

ð4Þ

where Ff is the mechanical friction force (mainly from seals),
Fη is the viscous force, and it can be defined as
F η ¼ π∙d∙L∙η∙

duðrÞ
dr

ð5Þ

where η is the plastic viscosity, u(r)is the flow velocity. In
haptic applications, it is desirable to have low uncontrollable
force. Hence, the viscous forces need to be minimized. To
achieve this, the big gap size between the catheter and container wall is required.
The experiment was carried out to find the effect of the
different speeds of input catheter manipulation on resistance
force generation, and its setup is shown in Fig. 11. The force
transducer (load cell, TU-UJ, TEAC, Japan) is connected to
the one end of input catheter by a clamp. The platform is
navigated by the linear actuator which is driven by stepping
motor. According to the speeds of the input catheter, two

Fig. 11 The experimental setup for resistance force measurement

different modes are presented. The low-speed range is from
0 mm/s to 20 mm/s, and the high-speed range is from 20 mm/s
to 200 mm/s. The velocity of catheter manipulation meets the
clinic commands, and the motion profile is 30 mm. During the
different speed situations, the increased intervals are 2 mm/s
step and 20 mm/s step, respectively. During the experiment,
the generated magnetic flux density is increased from 0 mT to
240 mT in 20 mT steps.
From Fig.12, the considerable range of generated passive
resistance force is from 28 mN to 1206 mN. The difference of
resistance forces between minimum velocity (2 mm/s) and
maximum velocity (200 mm/s) in the same magnetic field
intensity is from 5 mN (0 mT) to 41 mN (240 mT). One can
note that the measured forces under certain magnetic field are
different by different catheter manipulation speeds, and such
differences are associated with the strength of the applied
magnetic field. Based on these limitations, it can hardly realize
the one-to-one relationship between the perceived haptic
forces and input currents of the magnetic field generator.

3.2 Haptic force control
During the conventional endovascular procedure, it is difficult
to distinguish all kinds of interaction force about catheter and
vasculature but experienced physicians are able to guide the
catheter through the vessel without causing perforation by
adjusting the catheter motion according to the tactile sensation
by their hands. Therefore, for robotic endovascular surgery, it
is necessary to generate the haptic feedback to the physician
by the master robot. The contact force between the catheter
and vasculature can be reflected in master robot in real-time.
However, the extent of this contact force is in a low level, and
the continue changes of the force can hardly be distinguished
by the operator during the teleoperation.
In this design, the different degrees of haptic force are
generated in master haptic interface to reflect the interaction
situation about the catheter and vasculature. Tan and Durlach
indicated that a JND (just noticeable difference) was about
200 mN for pinching motions from finger and thumb by constant resistance forces (Pang et al. 1991). Considering the
range of generated passive resistance force (from 28 mN to
1206 mN) and the differences produced by manipulation
speeds of the input catheter (from 5 mN to 41 mN), we choose
four degrees of the strength of magnetic field (60 mT, 120 mT,
180 mT and 240 mT) to generate four levels resistance force
(about 300 mN, 600 mN, 900 mN and 1200 mN), the difference of adjacent levels is more than 200 mN, which can noticed by operators.
For the MR fluids-based haptic interface, the input and
output are nonlinearly related with hysteresis, mainly by magnetic field generator. To overcome this difficulty and achieve a
quick response of the designed master haptic interface, a force
feedback control scheme is employed, as shown in Fig. 13. In
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Fig. 12 Measured force-velocity
behaviors

this figure, a simple PID controller uses the error between the
measured value of the magnetic flux density and its desired
value as the input signal. This error provides a reference signal
for the current driver that drives the magnetic field generator.
The intensity of the magnetic field is measured using embedded hall sensors inside the MR fluids container.

4 Performance evaluation
In this section, three experiments have been done to evaluate
the performance of designed RCOS. Experiment I is used to
demonstrate the proposed closed-loop force feedback control
strategy. Experiment II is utilized to evaluate the precision
positioning of catheter manipulator and the time lag from the
sensed motion to replicated motion. Experiment III is used to
verify the effectiveness of the proposed haptic feedback in
vitro.

4.1 Force control experiment
Experimental Method: The goal of this experiment is to
evaluate the proposed closed-loop force control strategy.
Two control schemes are provided. In the first control
scheme, the proposed hall sensor-based closed-loop
Fig. 13 Block diagram of force
feedback control strategy

control method is used for force control, and the magnetic
flux density is the feedback signal. In the second scheme,
the actual force measurement (by the load cell) is used as
the required feedback signal, shown in Fig. 14. Both the
schemes utilize a PID controller in its control loop. The
error signal in the second scheme is computed as the
difference between the actual force measurements and
the desired force values. For the evaluation, one end of
input catheter is connected to the load cell, which navigated by the stepping motor in the horizontal direction
(see Fig. 11). Two desired resistance force signals were
considered. The set speed is 20 mm/s, and the desired
resistance forces which based on the magnetic field at
60 mT and 240 mT, are 294 mN and 1170 mN, respectively (as shown in Fig. 12).

2) Experimental Results: The results of forces, currents, and magnetic flux intensities of both schemes
were shown in Fig. 15, respectively. Those results
clearly validated the efficiency of our proposed strategy for reflecting desired resistance force using hall
sensors, where no external force measurements were
used in the control loop. The results match those were
obtained using actual force measurement. The setup
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Fig. 14 Block diagram of force feedback control strategy

time and elimination time of different resistance forces
in two schemes were listed in Table 1. The response
times of generated resistance forces were less than
220 ms. However, there was a slight difference between the results of the two schemes, it can be clearly
seen that the fast establishment and elimination of
magnetic field are achieved in proposed strategy.
What is more, this strategy required no additional
force sensor, just non-contact measurement.
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and the actual length of the catheter was measured. To test
the rotation motion, a hollow encoder was connected to
the rotating shaft of catheter manipulator to measure the
angle of catheter twisting. The catheter was moved for
360 deg. at speeds of 15 deg./s, 45 deg./s and 90 deg./s in
ten times. The experiment was repeated in both clockwise
and counterclockwise directions.
2) Experimental Results: It was found that for cumulative trials the mean slip or error in insertion was
0.6 mm (precision, ±1.1 mm) for 100 mm length of
advancing, the results can be seen in Fig. 16. The
results of the accuracy of radial position were shown
in Fig. 17. The maximum value of tracking error in
radial motion was less than 1.9 deg. which can meet
the requirement of the robotic endovascular procedure.
4.2.2 Evaluation of lag in motion transmission

4.2 Evaluation of the RCOS
4.2.1 Evaluation of catheter manipulator
Experimental Method: The catheter manipulator was
evaluated for axial and radial positioning accuracy, independent of the master robot. To evaluate the accuracy of
linear motion, a 5 Fr catheter was advanced to the
100 mm position with speeds of 2 mm/s, 10 mm/s and
20 mm/s, respectively. Each speed was repeated 10 times
Fig. 15 Results for the two kinds
of feedback (using load cell as
actual force measurement and
using hall sensors as magnetic
field measurement) in closed-loop
force control strategy. The applied
magnetic field at 60 mT and 240
mT, respectively; a output forces,
b input current, c magnetic field
measured by hall sensors

Experimental Method: The experiments were performed
to evaluate the lag times of radial and axial motion transmission between the master haptic interface and catheter
manipulator. To quantify the response time of the masterslave system, the input catheter has been actuated by the
stepping motor with different sinusoidal commands, the
motions were measured by the sensor part of the master
haptic interface, and then transmitted to guide the catheter
manipulator. Ten times about insertion and rotation
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Table 1

Setup and elimination time of different resistance forces

Actual Output (60 mT)
Estimated Output (60 mT)
Actual Output (240 mT)
Estimated Output (240 mT)

Setup Time
(ms)

Elimination Time
(ms)

113
119
167
216

114
121
169
214

motion lag evaluation was performed, respectively. The
laser sensor (LK 5000, Laser displacement sensor,
KEYENCE Corp, Japan) and hollow encoder were utilized to measure the longitudinal position and rotation
angular of catheter manipulator.
2) Experimental Results: The examples of measured
trajectories of master haptic interface and output trajectories of catheter manipulator, both in axial and
radial direction, have been shown in Fig. 18. From
Fig. 19, we can find that the lag time in the radial
direction tended to be higher than the lag time in the
axial direction, the maximum response time in both
directions is less than 160 ms.

4.3 In vitro evaluation
Experimental Method: In this work, the given task was
that operators navigate the input catheter via the master
haptic interface to guide a patient catheter through the
femoral artery to the common carotid in EVE phantom
as Fig. 20, and the experimental setup was shown in
Fig. 21. Ten subjects participated in the experiment, and
each one performed the same task ten times in each experimental condition which based on the haptic feedback

Fig. 16 Evaluation of insertion motion for positioning accuracy

or not. In remote side, a silicone-based EVE phantom was
used to simulate the blood vessel system of the human. In
order to simulate 2D fluoroscopy guidance during the
experimental process, an around-view camera was
mounted right above the EVE phantom to get the visual
feedback. The images obtained from the camera were
processed using brightness, contrast, and color adjustments, so as to enhance the location image of the catheter.
In the local side, the catheter image information was
projected on computer console screen for subjects to
teleoperate. The force signal of proximal force sensor
was also reflected on the screen as a value in local side.
The no haptic feedback experiment was performed before
the haptic feedback experiment. The hand-eye coordination is
needed when the operators manipulate the input catheter in the
master side. The subjects underwent a short training to familiarize themselves with the use of the system before commencing the experiments. For the haptic feedback experiment, four
degrees of haptic force was provided to operators, different
degrees related to different ranges of measured contact forces
by designed force sensor of catheter manipulator. These
ranges were defined by the measured contact forces in no
haptic feedback experiment. From Table 2, the max contact
force was 1098 mN among 100 trials during the no haptic
feedback experiment. Based on this result, four kinds of haptic
force would be provided to operators during the haptic feedback experiment. The design was as follows, when the contact
forces are at the ranges of 400 mN to 600 mN, 600 mN to 800
mN, 800 mN to 1000 mN, and beyond 1000 mN, that the
corresponded applied magnetic fields of master haptic interface are at 60 mT, 120 mT, 180 mT and 240 mT (which the
generated resistance forces are around 300 mN, 600 mN, 900
mN and 1200 mN). In addition, when the contact force is
below 400 mN, no magnetic field is applied. The operators

Fig. 17 Evaluation of rotation motion for positioning accuracy
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Fig. 18 Sinusoidal input
trajectories measured by the
master haptic interface and along
with their associated output
trajectories of the catheter
manipulator, a is in axial direction
(amplitude = 20 mm, frequency =
4 r/s), b is in radial direction
(amplitude = 90 deg.,
frequency = 0.125 r/s)

were reminded that the final caution is when the magnetic
field is 240 mT. The task performance was evaluated by measuring the task completion time and the measured contact
forces.
2) Experimental Results: Fig. 22 illustrates the mean
values of task-completion times for each operator under the haptic feedback or not. 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 the

haptic feedback. The mean value of completion time
was decreased 20.1% for operators when they have
been applied the haptic feedback.
The haptic feedback resulted in significant reductions in
mean and maximum contact forces during the procedure.
Table 2 shows the means of the maximum contact force values
and the means of the contact force values, (overall runs) in the
axial direction. The lower contact forces were exerted by operators under haptic feedback than no haptic feedback. The
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Table 2 The mean of the maximum contact force values and the mean
of the contact force values applied by operators with haptic feedback or
not

Max contact force (mN)
Means of max contact force (mN)
Means of the contact force (mN)

Fig. 19 Measured motion lag in the axial and radial direction

Fig. 20 The arterial system of EVE phantom was divided into 3 parts
labeled different colors, the thoracic aorta and descending aorta is in blue,
the aortic arch is in red, and the right common carotid artery is in green

means of the maximum contact force and the means of the
contact force were reduced 144mN and 118mN, respectively.
Figure 23 illustrates the differences between the haptic
feedback and no haptic feedback in manipulating the catheter
in EVE phantom as an example of the contact forces measured
Fig. 21 The experimental setup
for in vitro evaluation

No haptic
feedback

Haptic
feedback

1098
1024
823

954
886
695

over time. The three colours depict the three distinct procedural phases, thoracic aorta and descending aorta, aortic arch, and
right common carotid artery, whereas the lighter and darker
colours demonstrate the operation were under no haptic feedback and haptic feedback respectively. In the case of haptic
feedback, both the task performance time and the mean value
of contact force were reduced than no haptic feedback. The
contact forces particularly over the aortic arch and right common carotid artery were significantly reduced. Figure 24 depicts the relationships between contact forces curves and applied magnetic field curves in a certain range (from 28.5 s to
30.5 s) of Fig. 23. From this figure, when the contact force
reaches to 600 mN, the second level of haptic force will be
generated by increasing magnetic field to 120 mT. It was seen
that the applied magnetic field was quickly established when
the contact force exceeds the setting values. Also when the
contact force reduced to 600 mN, the magnetic field was decreased immediately, and the passive haptic resistance was
changed quickly.

5 Discussion
In this paper, we present an RCOS that allows physicians to
use their conventional bedside catheterization skills to

Biomed Microdevices (2018) 20:50
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Fig. 22 Mean values of taskcompletion times by different
operators in haptic feedback or
not

remotely manipulate the catheter in 2-DOF, and it may have
the potential to reduce the exposure time of the patients and
physicians to X-ray radiation, also may reduce the workload of the surgeons. The distinctive feature of the master
haptic interface is that the MR fluids-based device was utilized, and this design allowed the input catheter as an operating tool not only can transmit the operating commands
but also can reflect the haptic feedback to the operator.
Compared with other proposed remote catheter navigation
systems (Srimathveeravalli et al. 2010; Guo et al. 2016;
Zhao et al. 2018; Bao et al. 2018a), the commercially
Fig. 23 Examples of measured
contact force of subject 1 under
haptic feedback (dark colour) and
no haptic feedback (light colour).
The three procedural phased are
depicted in different colours

available joysticks or haptic interface device like Omega
were as the master devices, which removed the catheter
from the physicians’ hands, thus their conventional bedside
technique skills cannot be used during the robotic
endovascular procedures. Therefore, some groups (Thakur
et al. 2009; Rafii-Tari et al. 2013) had addressed this by
developed catheter-based master devices, but those were
lack haptic feedback.
In order to provide the haptic feedback to surgeons, a novel
miniaturized proximal sensing mechanism is proposed as a
part of catheter manipulator to measure the contact forces
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Fig. 24 Examples of the
measured contact force signals vs.
applied magnetic field signals

between the catheter and vasculature during endovascular
procedures. The measured force data represents two main
components: collision force and friction force. Collision
force is developed at the catheter tip due to the contact
with the obstacle (blood vessel wall or a plaque) which
transmitted via the catheter to the proximal force sensor.
The friction force is developed between the catheter surface and inner blood vessel wall. Although some research
groups used special active catheters which were equipped
with sensors at the tip of those catheters to measure the
collision forces (Tohyama et al. 1999; Polygerinos et al.
2013). However, this kind of measuring method is still in
the research stage due to miniaturization problems which
the sensors and wires are inside the catheter.
The simplicity of an experiment was performed to evaluate
the accuracy of the catheter manipulator. The average accuracy of catheter manipulator was better than 1 mm and 2 deg. in
the axial and radial direction, respectively (Fig.16 and Fig.17).
For teleoperated systems, the response time between sensed
and replicated motion is an important issue. The lag with the
designed system was less than 160 ms. This could be attributed to two reasons: one is attributed to the inherent communication lag between the master haptic interface and catheter
manipulator. Another is that the grasper and the chuck of
catheter manipulator need enough motion time to clamp and
release the catheter, also the increasing the number of directional changes may result in increasing the motion lag. From
Fig.19, the mean value of motion lag in the axial direction was
about 102 ms. In comparison, in the radial direction lag times
as much as 158 ms were measured. That may be because, in
the axial direction, the changes in the position are easily perceived, while changes in the radial orientation of the catheter
manipulator are actuated by belt-drive transmission system

which the slips may cause the latency. Although these issues
always existed, the caused errors can be partly offset in practice by the operators, who will use fluoroscopic imaging as
position feedback of the patient catheter.
In designing the closed-loop control strategy for the
haptic forces generation, the output resistance forces were
regulated using the magnetic field measurements that acquired by embedded hall sensors. By this method, the
effect of hysteresis phenomenon can be eliminated, and
the maximum setup and elimination time of output resistance force were below 220 ms. However, the perceived
resistance force of catheter insertion impacts by the manipulation speed of input catheter, as shown in Fig.12.
The biggest difference is 41 mN when the applied magnetic field is at 240 mT and the two insertion speeds are
2 mm/s and 200 mm/s. This kind of influence can hardly
be removed, hence in our haptic feedback design, four
different magnetic fields, the interval is 60 mT, were applied to generate the resistance forces to represent interaction situations between the catheter and the vasculature
which the differences of adjacent force thresholds can be
recognized.
Based on designed haptic feedback, from the Table 2, the
mean of the maximum contact force was decreased after provided haptic feedback to operators. The experimental results
indicate that haptic feedback has the ability to assist operators
in decision-making to change the manipulation gestures to
decrease the resistance force when it exceeds the thresholds.
In vitro evaluation, we did not set the Bstop threshold^, which
can be used to control the automatic stop of the catheter manipulator. However for the safety of surgery, when the measured contact force exceeds the threshold safety value, all
catheter movements of catheter manipulator should be
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stopped immediately. Moreover, the catheter manipulator
must be separated with the patient catheter freely, and the
physicians could use their conventional skills to go on the
surgery. For the further real application, the Bstop threshold^
should be taken into consideration, and also the structure of
the catheter manipulator should be further optimized.
The designed haptic feedback scheme had substantially
shortened the procedure time, (in Fig. 22) and decreased the
resistance forces (Table 2) compared to no haptic feedback
during the operation. This means that the operation skills
were potentially improved, such benefit of haptic feedback
in task implementation was reported in many other studies
(Pacchierotti et al. 2014; Boessenkool et al. 2013;
O’Malley et al. 2006). Also, the reduction in procedure time
could potentially translate into reduced human cognitive
workload during the operation. The reduced magnitude
and time impact of the contact forces may indicate that
the safety of the surgery will be increased. From Fig. 23,
the significant improvements in the decreasing the contact
forces with the haptic feedback by subject 1 was found.
Nonetheless, due to the time consumption of setup and
elimination of required magnetic field, the inevitable slight
time lag was within 300 ms, which as the maximum tolerable lag time was to ensure safe remote surgical manipulation in the clinical setting (Fabrizio et al. 2000).

6 Conclusion
This paper presents an RCOS to provide physicians with the
ability to use their conventional bedside catheterization skills
in the robotic endovascular procedure. This study demonstrated the accurate positioning of the patient catheter with acceptable lag. In addition, a novel hall sensor-based closed-loop
control scheme was proposed for haptic force control. Four
levels of haptic force have been utilized to assist operators in
decision-making and improving catheter interventional skills
during teleoperated catheterization practice. Experimental results also illustrated that haptic feedback was a benefit for
providing natural haptic sensation and reducing the human
cognitive workload as well as keep the safety of surgery.
According to the performance evaluation metrics, we also
found that the challenge of improving system transparency
in teleoperated robot-assisted catheter intervention surgery
can be addressed by adopting haptic feedback control.
Future work will focus on further improvements on the
control strategy and compensation method to eliminate the
influence of input catheter manipulation speeds on generated
resistance force.
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