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Haptic Interface With Force and Torque
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Abstract—Robot-assisted endovascular catheterization
is generally performed remotely; interventionists perceive
the operation status and control surgical instruments
through haptic interfaces. Our main objective is to create
a haptic interface that retains interventionists’ prior clinical
operating experience, including motion perception, force
feedback, torque feedback, tactile sensation, and operating
mode. The haptic interface can capture the interventionists’
operation of both catheters and guidewires and generate
force and torque to assist the interventionists in performing
surgeries on the master side. The tactile sensation and
traditional operating mode are retained by adopting real
commercial catheters/guidewires as the operating handles
and designing a cooperative operation paradigm. A novel
sensor-based force generation solution and a torque gen-
eration method with a pantograph mechanism were pro-
posed to improve the force and torque feedback accuracy.
Laboratory and animal experiments illustrated the good
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feasibility of the proposed haptic interface. The proposed
haptic interface has a good performance and can enable
interventionists to utilize their prior accumulated clinical
operating experience. This research could provide a refer-
ence for the design of haptic interfaces, and the developed
haptic interface has the potential for use in robot-assisted
endovascular catheterization.

Index Terms—Animal experiment, endovascular cathe-
terization, force feedback, haptic interface, tactile sensa-
tion, torque feedback.

I. INTRODUCTION

ENDOVASCULAR catheterization has become increas-
ingly necessary recently and has been widely used due to

the reduced risk of injury and increased safety for patients [1].
However, interventionists are apt to suffer from strain injuries
with repetitive procedures and long operations. In addition, they
are at risk from radiation because endovascular catheterization is
performed under X-rays guidance [2]. Therefore, robot-assisted
endovascular catheterization is potentially useful and has re-
ceived increasing attention [2]. During robot-assisted endovas-
cular catheterization, interventionists and patients are separated:
the interventionist operates the master interface on the master
side (in another place outside the operating room) while the
slave manipulator duplicates the interventionist’s operations to
perform surgery on the patient on the slave side (in the operating
room) [3]. The master interface and slave manipulator are two vi-
tal components for robot-assisted endovascular catheterization,
and much research has been devoted to them for decades.

Catheters and guidewires are both needed in endovascu-
lar catheterization (see Fig. 1), especially for some complex
surgeries since catheters can provide support and assistance
to guidewires, while guidewires will be used as guidance and
positioning instruments [4]. Catheters and guidewires move
forward or backward and rotate in blood vessels, and inter-
ventionists will sense force and torque caused by the linear
movement and rotation of catheters and guidewires. So, in
robot-assisted endovascular catheterization, the master interface
needs to capture the linear movement and rotation of both
catheters and guidewires, and generate force and torque feed-
back (discussed in Section II) [3]. In [5], a master interface
was developed to control the robotic arm of the CorPath GRX
robotic system. Wang et al. [6] proposed a master interface to
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Fig. 1. Endovascular catheterization performed by interventionists
with one hand operating catheters and the other hand operating
guidewires.

capture operations and dominate four manipulators. These two
master interfaces all consist of several buttons and joysticks,
which will fail to utilize the existing operating experience of
interventionists since this operating mode completely differs
from the traditional operation in endovascular catheterization
and the buttons or joysticks cannot provide tactile sensation (of
real catheters and guidewires) to interventionalists. Similarly,
Hooshiar et al. [7] developed a wearable device to capture rota-
tions for robot-assisted interventional surgery but still failed to
utilize the existing operating experience. Tavallaei et al. [8] tried
to use a special handle and knob as the interactive components.
The performance was tested ex vivo and in vivo for catheter navi-
gation and ablation delivery. This type of master interface would
bring a better operating experience than buttons or joysticks but
have a great difference from the traditional operation and lose
the tactile sensation. In [9], an actual catheter was integrated
into the master interface and used as the operating handle. This
catheter-based operating handle has the performance charac-
teristics known to interventionalists and can retain the tactile
sensation. Sankaran et al. [10] also developed a master interface
by using the actual catheter. However, the tactile sensation
was kept in [9] and [10] when using the real catheter, but the
force sensation was still lost due to the lack of force or torque
feedback.

To retain the force sensation, many researchers used commer-
cial haptic devices as the master interface. For example, in [11]
and [12], a commercial haptic device (Omega 3, 3D Systems,
Inc., USA) was employed to capture interventionalists’ opera-
tions and produce force feedback. Although it is able to provide
high-precision force feedback, the two following shortcomings
will limit its further applications. 1) This commercial haptic
device is a universal interface whose operating mode signif-
icantly differs from the traditional operation in endovascular
catheterization. 2) Most of the common commercial haptic
devices, such as those used in [4], [11], [12] can only provide
force feedback rather than both force and torque feedback.
Meanwhile, some researchers abandoned commercial devices
and tried to develop master interfaces with force feedback by
themselves. In [13], a master interface was designed to manipu-
late the insertion and rotation of the catheter and the guidewire.
It uses two dc motors to produce reflection force and make
compensation for the dynamic inertial load. A master interface
composed of a handle, a parallel mechanism, and two motors,
was proposed in [14]. The handle mounted on the parallel
mechanism transmitted the force generated by the motors to

the operator. Moreover, Cha et al. [15] also designed a master
interface with 7 degrees of freedom by combining a double
four-bar structure and a five-bar structure. Feng et al. [16] de-
veloped a console to control the slave manipulator. The console
consists of several buttons and a handle. These buttons allow the
slave manipulator to rotate the guidewire in the radial direction,
and the handle captures linear displacement and produces force
feedback. In [17], a magnetic powder brake was integrated into
the master interface and used to generate force for operators.
Operators can grasp a sleeve and move or rotate it. However,
these master interfaces only restore part of the force sensation
due to the lack of torque feedback and completely lose the tactile
sensation because the operating handle differs from the real
catheters and guidewires. In our previous research [18], [19],
to achieve both tactile and force sensation for interventional-
ists, we investigated an MR fluids-based haptic interface using
real catheters. This haptic interface has the ability to capture
interventionalists’ operations but only generates force feedback,
which has a coupling relationship with torque feedback. More-
over, most of the existing master interfaces, for example, in
[20], [21], [22], [23], and our previous research [24], are only
developed for the catheter or guidewire operations and seem to
be able to be used for both catheter and guidewire operations
when two of them are employed simultaneously. In traditional
surgical procedures, guidewires pass through and are located in
catheters. Simultaneously using two such master interfaces will
also result in a different operating mode from the traditional
one.

In order to meet the requirements of various operations in
endovascular catheterization, a master interface is required to
capture both the catheter and guidewire operations. Also, tactile
sensation, force sensation (including force and torque feedback),
and traditional operating mode, need to be retained to improve
the operation safety and utilize the prior accumulated clinical
operating experience of interventionists. The existing research,
unfortunately, did not address all these limitations above, and
only several of these limitations were overcome.

In this research, to overcome all the limitations mentioned
above, we propose a novel haptic interface, which can cap-
ture the linear displacement and rotation of both catheters and
guidewires, produce force and torque feedback, and retain the
tactile sensation and traditional operating mode. The main con-
tributions of this research can be summarized as follows.

1) We propose integrating the catheter and guidewire oper-
ations and force and torque feedback into a haptic inter-
face, which can collect interventionists’ operating data on
the master side and reflect operating information in the
blood vessels more comprehensively (i.e., all the force
sensation). More comprehensive operating information
can exchange between the master side and slave side,
and thus, the operability and safety will potentially be
increased.

2) The proposed haptic interface simulates intervention-
ists’ operation paradigm and uses actual catheters and
guidewires as the operating handles. This highly simu-
lated design retains the tactile sensation and traditional
operating mode. It will enable interventionists to utilize
their prior accumulated clinical operation experience.
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Fig. 2. Block diagram of robot-assisted endovascular catheterization
systems.

3) A novel sensor-based force generation solution and a
torque generation method with a pantograph mecha-
nism are proposed to achieve force and torque feedback
with the required accuracy for catheterization. These two
methods allow interventionists to experience the surgical
conditions more realistically, thereby potentially improv-
ing the safety and efficiency of operations.

The rest of this article is organized as follows. Clinical require-
ments are described in Section II. Section III presents the design
details. Modelling and analysis are described in Section IV.
Performance evaluation experiments are conducted in Section V,
and animal experiments are detailed in Section VI. Finally,
Section VII conclude this article.

II. CLINICAL REQUIREMENTS

As shown in Fig. 1, interventionists operate the catheter with
one hand and manipulate the guidewire with the other hand.
Catheters and guidewires are manipulated by pull and push
with the operating force and by rotation with the operating
torque. To utilize the interventionists’ prior accumulated clinical
operation experience, the haptic interface should be configured
in an operating mode consistent with traditional procedures (see
Fig. 1). The operating mode requirement includes the following
specific aspects.:

1) operation types (performing simultaneous operations of
both catheters and guidewires with linear and rotational
motions);

2) the arrangement of operating handles (concentric layout);
3) the available operating space (with a catheter length of

up to 900 mm and an operating space set at 300 mm to
minimize frequent retractions);

4) the tactile sensation of the operating handles (consistent
with the perception of actual catheter and guidewire).

In this research, for ease of distinction, the tactile sensation
is defined as the sense of touch to the object’s surface, such as
the perception of texture, shape, size, and flexibility of objects.

In the teleoperated robot-assisted endovascular catheteriza-
tion system, as shown in Fig. 2, the haptic interface captures
interventionists’ operations, i.e., linear motion and rotational
motion of catheters and guidewires (sc, sg , θc, and θg) on the
master side and send this operating data to the control unit. The
signals sent from the control unit flow into the slave manipulator

(on the slave side) that performs the motions of catheters and
guidewires. Meanwhile, the slave manipulator measures the
operating forces and torques of catheters and guidewires (Fc,Fg,
Tc, and Tg) and the haptic interface generates forces and torques
on the master side according to the measured values. Conse-
quently, the haptic interface is required to fulfil these sensing
and feedback capabilities. [25], [26] indicate that human’s force
resolution is 0.06 N, and the just noticeable difference (JND) for
torque is 12.7% at the reference of 60 mN•m. The bandwidth for
controlling forces has been estimated to be approximately 2 Hz
for forearms, while the bandwidth for force control of fingers is
determined to be less than 6 Hz [25]. The operating force and
torque during endovascular catheterization procedures generally
will not exceed 3.2 N and 10 mN•m [27], [28]. [33] point out
that, in a master-slave system, a low bandwidth (5–10 Hz) could
be used from the hand controller to the slave, and a higher
bandwidth (20–320 Hz) could be used from the slave to the hand
controller. In addition, we have carried out laboratory, animal
and in-human experiments [4], [19], [29], and based on the data
and discussions with interventionists, acceptable sensing and
feedback requirements for the haptic interface are determined
to the following:

1) be able to measure the linear and rotational motions
with errors less than 0.5 mm and 1°, respectively, with
a bandwidth of 320 Hz;

2) produce force feedback in a range of 3.4 N with a resolu-
tion of 0.06 N and a bandwidth of 5 Hz;

3) generate torque feedback in a range of 12 mN•m with a
resolution of 0.07 mN•m and a bandwidth of 5 Hz.

III. DESIGN

A. Design Overview

The overview of the proposed haptic interface is shown in
Fig. 3. The haptic interface consists of a linear platform, a
catheter operation module, and a guidewire operation module.
The linear platform equipped with motors drives the catheter
operation module and guidewire operation module in the linear
direction. An actual commercial catheter used as the master
catheter is connected to the catheter operation module, and
an actual commercial guidewire used as the master guidewire
is mounted on the guidewire operation module. Operators can
manipulate the master catheter and master guidewire with both
hands at the same time. The linear platform measures the linear
motions of the master catheter and guidewire, and generates
force feedback; the catheter operation module and guidewire
operation module capture the rotations of the master catheter
and guidewire, and generate torque feedback.

In traditional surgical procedures (see Fig. 1), guidewires need
to pass through and be located in catheters. Therefore inter-
ventionists operate catheters near the puncture site of arteries
while manipulating guidewires close to the end of catheters. In
Fig. 3, with the proposed haptic interface, interventionists ma-
nipulate the master catheter near the catheter operation module
and operate the master guidewire at the end of the catheter;
meanwhile, the operating forces and torques of the catheter and
guidewire are generated and fed back to interventionists’ hands.
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Fig. 3. Design details of the proposed haptic interface. (a) Overview. (b) Linear platform. (c) Exploded view of the magnetic brake. (d) Catheter
operation module. (e) Kinematic diagram of the catheter operation module. (f) Exploded view of the catheter operation slider.

This operating mode is the same as that in traditional surgical
procedures. This design paradigm, adopting real commercial
catheters and guidewires and using the traditional operating
mode, retains the tactile sensation and enables interventionists
to utilize their prior accumulated clinical operation experience.
Since the slave manipulator set in the operating room is remotely
controlled by the haptic interface located in another place outside
the operating room, it is unnecessary to implement a sterilization
design for the haptic interface.

B. Motion Acquisition

As shown in Fig. 3(b), the catheter operation slider/guidewire
operation slider, on which the catheter operation mod-
ule/guidewire operation module is mounted, moves forward
or backward when interventionists pull or push the master
catheter/guidewire. A timing belt (HTBN1290S2M-40, MIS-
UMI, JP) meshing with a timing pulley (MTPBV32S2M040-
A-P4, BEIDI, CN) is connected to the catheter operation
slider/guidewire operation slider. The timing pulley links with
a motor through a coupling (SCPS16-4-4, MISUMI, JP). An
encoder (201937, Maxon, CHE) mounted on the motor captures
the motion of the motor, and thus the linear motion of the catheter
operation module/guidewire operation module can also be ob-
tained. Since the master catheter/guidewire has the same linear
motion as the catheter operation module/guidewire operation
module, the interventionists’ linear operation on the master side
will be measured and sent to the control unit. Fig. 3(d) and
(e) show the structure and kinematic diagram of the catheter
operation module. The master catheter is connected to the shaft
of gear D with a connector. An encoder (PF37, BOSHEN, CN)
mounted on the pedestal is connected to the shaft of gear D
and measures the rotation of the shaft, and thus, the rotation
of the master catheter will be obtained. The guidewire operation
module has the same working principle as the catheter operation
module.

C. Force Generation

Since dc servo motors can provide active control and simulate
active force/motion output at a high update rate [30], in this

design, a motor solution was proposed to generate the force
feedback. In Fig. 3(b), with the coupling, timing pulley, timing
belt, and slider rail, the resistance produced by the motor can
be transmitted to the catheter operation slider/guidewire opera-
tion slider. The master catheter/guidewire is set in the catheter
operation module/guidewire operation module installed on the
catheter operation slider/guidewire operation slider. So opera-
tors will experience force feedback in the y-direction when they
grasp and manipulate the master catheter/guidewire. Frictions
exist inevitably in these components (e.g., bearing, timing pulley,
and slider rail), and thus the motor need to compensate for
the external frictions. Considering the required compensation
and the volume, weight, control accuracy, and capacity of the
motor, we selected two motors (283831, Maxon, CHE) with
gearboxes (416391, Maxon, CHE). Two motor drivers (ESCON
50/5, Maxon, CHE) were employed to drive them.

Owing to the operation characteristics of endovascular
catheterization, this dc servo motor solution will have two
disadvantages when used to produce force feedback applied to
the master catheter/guidewire.

1) The master catheter/guidewire may move autonomously
when not pushed or pulled by interventionists. Due to the
catheters/guidewire bending in the blood vessels, the measured
force value may not be zero when interventionists stop ma-
nipulating catheters/guidewires. The measured force will then
be transmitted to drive the dc servo motors that propel the
master catheter/guidewire through timing belts. The master
catheter/guidewire might move autonomously when not em-
ployed by interventionists. These automatic movements are not
friendly to interventionists and would be recognized as inter-
ventionists’ operations and replicated by the slave manipulator,
resulting in unsafe operations. 2) A lack of force closed-loop
brings about limited force generation accuracy. DC servo motors
mainly achieve closed-loop control through position closed-loop
and velocity closed-loop. This indirect closed-loop control re-
sults in low accuracy of force generation. To address these two
challenges discussed above, we propose a novel sensor-based
solution that uses a force sensor to identify interventionists’
intentions, measure the generated force, and use the measured
force as the feedback variable. This solution is integrated with
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the traditional force feedback using motors and is implemented
by creating the catheter operation slider/guidewire operation
slider.

Fig. 3(f) shows the internal structure of the catheter operation
slider. The support plate set on the slider can move relative
to the base with a slide rail. The support plate supports and
fixes the catheter operation module. A force sensor (LSB200,
FUTEK, US) driven by a sensor signal conditioner (AAA100,
FUTEK, US) connects the support plate and the base. The base is
connected to the timing belt by a timing belt connector. Since the
generated force feedback is transmitted from the timing belt to
the support plate, it can be measured directly by the force sensor
and used for the closed-loop control variable. The operating
force is produced by the interaction between interventionists and
the master catheter/guidewire, and the measured force will be 0
if interventionists do not operate the master catheter/guidewire.
The measured force value can be used to identify the interven-
tionists’ intentions and be adopted as a criterion to drive the
motor. The criterion for motor control is expressed as follows:

umot =

{
0, |Fsens| ≤ Fδ

Γ (umot) , |Fsens| > Fδ
(1)

where umot means the input control signal of the motor, Fsens

is the force measured by the force sensor, Fδ is the equiva-
lent fluctuation value of force during operations, and Γ(umot)
represents the control signal generated based on the operating
force measured on the slave side. Due to the instability of
measurement and the randomness of external interference, the
measured values will also fluctuate around 0 even though the
signals are filtered. Therefore, instead of 0, Fδ is regarded as
the conditional criterion of (1).

D. Torque Generation

As shown in Fig. 3(d) and (e), the catheter operation mod-
ule/guidewire operation module is developed to generate torque
for the master catheter/guidewire. The catheter operation module
consists of a magnetic brake, pantograph mechanism, pedestal,
encoder, connector, and master catheter. The magnetic brake
is developed and used to produce a resistive torque that is
transmitted to the master catheter/guidewire through the pan-
tograph mechanism and connector. As shown in Fig. 3(c), the
magnetic brake comprises a base, bearing, rotary table, external
shell of coils, and magnetic powder. Two bearings set in the
base support the rotary table and enable it to rotate with almost
no friction. The rotary table is located in the internal shell of
coils which has magnetic powders and can generate resistive
torque based on control signals. The resistive torque can be
easily controlled by the current since it has an approximately
proportional relationship with the current [31]. A gear train
consisting of four gears (gears A–D) works as the pantograph
mechanism that changes the output torque and rotation of the
magnetic brake.

When magnetic brakes are used to provide resistive torques,
they are commonly connected with the output mechanism or
transmission mechanism directly. For example, Wang et al. [17]
use a magnetic brake to generate force feedback through a

cable-driven mechanism. However, when the method is used
to create forces/torques with small values, the frictions caused
by the external environment affect or even submerge the output
forces/torques because of the existence of slide rails or bearings
in both the forces/torques generation and transmission mech-
anisms, and because of the demand to move significantly and
frequently. Hence, the method presented in [17] will apply to the
situation with relatively great forces/torques but has limitations
in the force/torque feedback with small values. The method
may not be suitable for generating force/torque feedback for
endovascular catheterization since the operating torques are not
that great (commonly less than 10 mN•m [27]). Besides, the
torque generation accuracy in [17] is also affected by the mag-
netic hysteresis and initial resistive torque of magnetic brakes,
and thus it may not meet the requirements in endovascular
catheterization.

In this research, we employ the pantograph mechanism to
improve the torque generation accuracy and reduce or eliminate
the effect caused by friction. The pantograph mechanism can
scale down the values of the frictions, initial resistive torque, and
generated torque. The reduction of these frictions and torques
will

1) lower the impact of the initial resistive torque of the
magnetic brake;

2) reduce the effect of frictions;
3) enlarge the adjustment range of the input current, thereby

improving the control accuracy of the output torque.

E. Platform Components and Prototype

In this research, real commercial catheters/guidewires are
used as the master catheters/guidewires of the proposed hap-
tic interface. Since various operations are required to be per-
formed with catheters/guidewires of different sizes, the master
catheters/guidewires are designed as replaceable ones to enable
interventionists to utilize their accumulated clinical operation
experience. The master catheters/guidewires can be replaced
with the same types of catheters/guidewires used in the surgeries
to be performed, and the connectors of different sizes will
be replaced accordingly [see Fig. 3(d)]. The position where
interventionists hold the master guidewire is not close to the
guidewire operation slider. When micro guidewires are used
as master guidewires, the force/torque applied to the master
guidewire will differ from the generated one (desired value) due
to the small stiffness of micro guidewires. Steel wires with high
stiffness can be used to replace micro guidewires to eliminate
this difference. Since guidewires are directly operated through
torque devices (shown in Fig. 4) and the operating methods
of torque devices grasping micro guidewires and steel wires
are similar, this alternative solution would be acceptable for
interventionists.

Fig. 5 shows the prototype of the proposed haptic interface.
Most parts, including the linear platform, catheter/guidewire
operation slider, and catheter/guidewire operation module,
were fabricated from aluminum alloy, and the prototype was
assembled and debugged in the laboratory. The proposed haptic
interface has dimensions of 607 mm × 174 mm × 85 mm.
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Fig. 4. Two types of torque devices grasping guidewires and the
method that operators manipulating guidewires.

Fig. 5. Prototype of the proposed haptic interface.

IV. MODELING AND ANALYSIS

A. Linear Motion and Force

The linear motion of the master catheter/guidewire is mea-
sured by an encoder mounted on the motor. As shown in
Fig. 3(b), the catheter operation module/guidewire opera-
tion module connected to the motor through the timing belt
and timing pulley, has the same displacement as the master
catheter/guidewire, and thus, the relation can be written as
follows:

smc = θt rt (2)

where smc means the displacement of the master
catheter/guidewire, θt is the rotation angle of the timing
pulley, and rt represents the radius of the timing pulley. Since
the timing pulley is connected to a gearbox mounted on the
motor through a coupling, the rotation angle of the timing
pulley is expressed as follows:

θt =
θm
it

(3)

where θm is the rotation angle of the motor and it means the
reduction ratio of the gearbox. The relationship between the
displacement of the master catheter/guidewire and the reading
of the encoder can be obtained by substituting (3) into (2)

smc =
θmrt
it

. (4)

During the operation, the displacement of the master
catheter/guidewire differs from the expected one applied
by interventionalists due to the deformation of the master
catheter/guidewire. As shown in Fig. 6(a), axial compression
(δ1) and vertical deflection (dv) are produced when the axial
force (Fha) and vertical force (Fhv) are applied by interven-
tionalists’ hands. Since the master catheter/guidewire is oper-
ated at low speed, we ignore the acceleration of the master

Fig. 6. Diagram of force analysis for (a) linear motion acquisition and
(b) torque generation.

catheter/guidewire. The mechanical force relation can be ex-
pressed as follows:[

Fha

Fhv

]
=

[
Fmc

Fmc tanα

]
(5)

where Fmc is the force generated by the haptic interface and
applied to the master catheter/guidewire and α means the an-
gle between Fha and the resultant force. Based on the elastic
deformation properties of rods, there are

δ1 =
Fhadh
EmcSmc

(6)

dv =
Fhvd

3
h

3EmcImc
(7)

where dh means the distance from interventionalists’ hands to
the end of the master catheter/guidewire, Emc is Young’s mod-
ulus of the master catheter/guidewire, Smc is the cross-sectional
area of the master catheter/guidewire, and Imc means the
moment of inertia of the master catheter/guidewire. According
to the geometric relationship, the change caused by the vertical
deflection to the axial displacement (δ2) can be obtained by

δ2 = dh −
√

d2
h − d2

v. (8)

The overall changes in the axial displacement (δa) is

δa = δ1 + δ2. (9)

The expected displacement applied by interventionalists (sei)
can be expressed as follows:

sei = smc − δa. (10)

Substituting (4)–(9) into (10) results in

sei =
θmrt
it

− Fmcdh
EmcSmc

− dh

(
1 − 1

EmcImc

√
9E2

mcI
2
mc − F 2

mc tanα
2d4

h

)
.

(11)

Since the force is generated by the motor and then transmitted
to the master catheter/guidewire through the timing belt and
slider, etc., frictions exist inevitably in these components and
the relation can be written as follows:

Fmc = Fg − Fb − Ft − Fs (12)
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Where Fg is the force produced by the motor, Fb indicates the
friction in bearings, Ft is the friction in the timing belt, and Fs

represents the friction in the slider rail. Fg is generated when
the motor produces torque and transmits it through the timing
pulley, and the relationship can be written as follows:

Fg =
Tm

Rt
(13)

where Tm means the torque produced by the motor and Rt is
the equivalent radius of the timing pulley. We obtain Tm by a
proportional-integral-derivative control as follows:

Tm = RtK1 (Fdes − Fmeas − Ff ) +RtK2

∫
(Fdes − Fmeas

− Ff )dt+RtK3d (Fdes − Fmeas − Ff ) /dt+RtFdes

(14)

where Ki, i = 1, 2, 3, represents the feedback gain, Fdes is the
desired force, Fmeas means the force measured by the sensor
in the catheter/guidewire operation module, and Ff indicates
the cumulative frictions encountered during force transmission,
which can be expressed as Ff = Fb + Ft + Fs. These frictions
can be ascertained through experimental means, as detailed in
Section V-B.

B. Rotational Motion and Torque

Fig. 3(e) shows the schematic diagram of rotational motion ac-
quisition and torque generation. The rotary encoder is connected
to the shaft of gear D jointed to the master catheter/guidewire
by coupling and connector, and they have the same rotational
motion. Thus, the rotation angle of the master catheter/guidewire
(θmc) can be obtained by

θmc = θen (15)

where θen is the rotation angle of the encoder. Gear B meshing
with gear A is installed on the same shaft as gear C that meshes
with gear D. According to the meshing transmission character-
istics, the rotation and torque relationships between gears are
written as follows:[

Tmc

θmc

]
=

[
iABiCDTmb

θmb/ (iABiCD)

]
(16)

where Tmc represents the toque applied to the master
catheter/guidewire, iAB means the reduction rate of gears A and
B, iCD represents the reduction rate of gears C and D, Tmb is
the output torque of the magnetic brake, θmc means the rotation
angle of the master catheter/guidewire, and θmb is the rotation
angle of the magnetic brake.

Fig. 6(b) illustrates the operational principle of the magnetic
brake. Magnetic particles form chains under the influence of
an applied magnetic field, which can be analogized as chains
possessing north (N) and south (S) poles at the extremities and
no polarity in the central region. This chain can be considered as
a pair of magnetic poles, and the electromagnetic force between
these poles is given by the following:

Felec =
q2

mag

4π × 10−6μmagδ2
gap

(17)

where qmag is the charge of the two magnetic poles which have
equal charges qA = qB , μmag means the magneto-conductivity
of magnetic particles, and δgap represents the distance between
the two magnetic poles. The shear force of magnetic particles can
be interpreted as the friction occurring between the particles. The
magnetization of magnetic particles intensifies as the magnetic
field increases, leading to a larger electromagnetic force between
the magnetic poles. According to Coulomb’s friction law, the
shear force of an individual magnetic particle chain is as follows:

Ffric = fmag Felec (18)

where fmag means the friction coefficient between magnetic
particles. Assuming the number of magnetic particles per unit
area is ξmag, the shear force generated by the magnetic powder
per unit area is

τmag = ξmag Ffric. (19)

Substituting (17) and (18) into (19) results in

τmag =
fmagξmagq

2
mag

4π × 10−6μmagδ2
gap

. (20)

Assuming the magnetic field intensity is Bmag, which serves
as the effective external force inducing the formation of polarity
in the magnetic particle, the magnetic field intensity per unit
area can be equated to the total magnetic pole intensity formed
by the magnetic particles in the unit area. Thus, we have

ξmag qmag = αBmag (21)

where α is the conversion coefficient of the magnetic field. The
torque generated by magnetic particles per unit area is

d Tmag = τmag rds (22)

where Tmag is the torque generated by the magnetic particle, r is
the distance between the magnetic particle chain and the center
of rotation, and s is the area occupied by the magnetic particle.
Substituting (20) and (21) into (22), we arrive at

Tmag =

∫∫
α2fmagr

2B2
mag

4π × 10−6μmagδ2
gapξmag

drdθ. (23)

Applying this equation to a cylindrical cavity with radius R
and N rotary tables, the output torque of the magnetic brake is

Tmb =
Nα2fmagR

3

6 × 10−6μmagδ2
gapξmag

B2
mag. (24)

According to (24), the output torque is directly proportional to
the square of the magnetic field. Since the magnetic field can be
controlled via the current, it is possible to achieve precise control
over the output torque of the magnetic brake by adjusting the
current.

When the magnetic brake starts to work, the initial resistive
torque of the magnetic brake is inevitably affected by the initial
viscous resistance of the magnetic powder, bearing frictions, and
assembly errors. Based on (16), the effect of the initial resistive
torque of the magnetic brake on torque feedback (Teirt) is

Teirt = iAB iCDTirt (25)

This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination. 

Authorized licensed use limited to: Shenzhen Technology University. Downloaded on July 12,2023 at 13:37:41 UTC from IEEE Xplore.  Restrictions apply. 



8 IEEE/ASME TRANSACTIONS ON MECHATRONICS

where Tirt is the initial resistive torque of the magnetic brake.
Also, frictions from external components (except the magnetic
brake) affect force feedback and they can be expressed as
follows:

Tef = iAB iCDTff + iCDTfs + Tfmc (26)

whereTef indicates the effect of the frictions on torque feedback,
Tff is the friction torque existing in the components between the
first-stage gears and magnetic brake, Tfs is the friction torque
existing in the components between the second-stage gears and
first-stage gears, and Tfmc means the friction torque exist-
ing in the components between the master catheter/guidewire
and second-stage gears. In this research, iAB and iCD are
set to less than 1, so the effect of the initial resistive torque
and all the other frictions on torque feedback will be scaled
down. Considering the initial resistive torque and all the fric-
tions, the actual torque applied to the master catheter/guidewire
(Tamc) is

Tamc = Tmc − Teirt − Tef . (27)

Substituting (16) and (25)—(26) into (27) results in

Tamc = iAB iCDTmb − iABiCDTirt

− iABiCDTff − iCDTfs − Tfmc. (28)

Due to the torsional deformation of the master catheter/
guidewire under torques, the rotation angles measured by the
encoder differ from the expected rotation angles. To obtain
the torsional deformation, we ignore the acceleration of the
master catheter/guidewire that has low rotational speed during
operations, and thus the relation can be written as follows:

θei = θen +
Tamcdh
GmcItmc

(29)

where θei is the expected rotation angles applied by inter-
ventionalists, Gmc indicates the shear modulus of the master
catheter/guidewire, and Itmc means the torsion constant of the
master catheter/guidewire.

V. PERFORMANCE EVALUATION

A. Motion Acquisition

1) Experimental Set-Up: To test whether the proposed haptic
interface can acquire the operating data accurately, experiments
were carried out to evaluate the linear and rotational motion
data collection performance. In the linear motion acquisition
experiments, a linear stage with dc motors was used to generate
linear motion [see Fig. 7(a)]. A connector was used to connect the
slider and the catheter operation module. The catheter operation
module was advanced 5 mm and stopped to measure the position
data. Then the catheter operation module was retracted to the
original position and repeated this movement ten times. The
advance distances for each experiment were set as 5, 10, 15,
20, 30, 50, 70, and 100 mm, and the measurement data was
recorded accordingly. The experimental set-up for rotational
motion acquisition is shown in Fig. 7(b). The output shaft of
the catheter operation module was connected to a dc motor
through a coupling, and thus catheter operation module can
be driven to target positions with the dc motor. The rotation

Fig. 7. Experimental set-up for evaluating (a) linear and (b) rotational
motion acquisition.

Fig. 8. Statistical data of (a) linear and (b) rotational motion
acquisition.

angle of the output shaft was measured by the catheter operation
module, and this rotation was repeated ten times. The desired
positions were 45° with 45°-increments over a 360° range.
Similar experiments were carried out to test the performance
of the guidewire operation module.

2) Results and Discussion: Based on the experimental re-
sults, we found that the catheter operation module has the same
performance as the guidewire operation module. This is mainly
because the catheter operation module and guidewire opera-
tion module have the same structures and design parameters.
To avoid repetition, we only selected the data of the catheter
operation module for display (see Fig. 8). In the box plots, the
whiskers indicate the maximum and minimum values; the two
horizontal lines of the box represent standard deviations; the
black triangles display the mean values. The linear accuracy
and precision of the catheter operation module are 0.05 and
0.11 mm, respectively, and the rotational accuracy and precision
of the catheter operation module are 0.15° and 0.64°, respec-
tively. The performance evaluation of the catheter/guidewire
operation modules demonstrated the ability of the proposed
haptic interface to sense the interventionists’ operation with the
intended specifications, i.e., linear and rotational accuracy better
than 0.5mm and 1°, respectively. In this research, we employed
commercial encoders to directly measure the linear and rota-
tional motions (see Section III-B). We obtained the operating
frequencies of the encoders for linear and rotational motion
measurements are 320 and 100 kHz, respectively. According to
these results, the proposed haptic interface satisfies sensing and
feedback requirement (1) proposed in Section II). The proposed
haptic interface with the reported specifications can retain and
utilize the dexterous skills possessed by the interventionists, and
thus, the safety and efficiency of operation will be assured.

B. Force and Torque Generation

1) Experimental Set-Up: To evaluate the accuracy of the
force and torque generation, we investigated the performance
by measuring the output forces and torques and comparing them
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Fig. 9. Experimental set-up for force and torque generation
experiments.

with the desired ones. A force sensor (Gamma, ATI Industrial
Automation, Inc., USA) mounted on a pedestal was used to
capture the generated forces and torques. As shown in Fig. 9, a
clamping sleeve linked with the force sensor grasps a steel rod set
in the connector of the catheter operation module. The expected
forces and torques are shown in Fig. 10 with solid blue lines.
To test the hysteretic characteristics of the torque generation,
experiments were carried out by applying various input currents
to the catheter operation module. The initial input current was set
to 0.15 A and then changed with a 0.15 A-increment over a range
of 1.35 A. Readings of the generated torques were recorded at
each current increment. Also, generated torques were measured
when the input current was set to 1.35 A and then adjusted with
a 0.15 A-decrement over a range of 1.35 A. The performance
of the guidewire operation module was tested through the same
procedures. In addition, to investigate all the frictions during
force and torque generation [i.e., discussed in (12) and (28)],
experiments were carried out to measure the resistive force and
resistive torque without generating force and torque feedback.
In the resistive force measurements, to eliminate the interference
of the motor, the coupling connecting the timing pulley to the
motor was removed. Operations were performed with a linear
speed of 0 mm/s with 1.5 mm/s-increments over a 12 mm/s
range and a rotational speed of 0°/s with 40°/s-increments over
a 360°/s range, respectively, [4], [27]. Also, at the same operating
speed, the operations were performed with forward and reverse
motions, and every operation was repeated nine times.

2) Results and Discussion: Similar to the discussion in
Section V-A2, we only showed the experimental results of
the catheter operation module rather than both the catheter
operation module and guidewire operation module since they
have similar performance. Experimental results of the catheter
operation module are shown in Fig. 10. In the force generation
experiments, the maximum error is 0.17 N, and the maximum
relative error is 10.54%. The force generation error changes with
the operation. Some tiny changes in the generated force would
be lost when the expected force changes rapidly. Great errors
generally occur in this case. For example, at approximately
3.4 s [see Fig. 10(a)], the force changes fast and the maximum
error reaches 0.16 N. In gentle operations with a small force
change rate, the error will be less than this value. Fig. 10(b)
shows the results of the torque generation experiments. The
maximum error is 1.17 mN•m and the maximum relative error
is 12.36%. Great errors also occur when the expected torque
changes rapidly. At about 8.6 s, the torque varies fast, and the
maximum error reaches 0.88 mN•m.

The hysteretic characteristic of the catheter operation module
is shown in Fig. 11. The measured torques form two curves with

different trends when the gradually increasing and decreasing
currents are applied. It is mainly because of the hysteretic of
the magnetic brake when various currents are used as the input.
The maximum deviation between the torques with the increasing
and decreasing currents is 0.85 mN•m. To reduce the influence
of hysteresis on the torque feedback accuracy, we established
a fitted curve based on these measured torques (dotted line
in Fig. 11). The maximum deviation between the torque with
the increasing current and the fitted torque is 0.54 mN•m; the
maximum deviation between the torque with the decreasing
current and the fitted torque is 0.53 mN•m. The relative errors for
these two cases are 5.96% and 7.53%, respectively. The influence
of hysteresis on torque feedback accuracy can be significantly
reduced by using the fitted curve.

Fig. 12(a) and (b) show frictions during force and torque
transmissions at various operating speeds. The average resistive
forces for forward and reverse motions are 0.44 and 0.43 N,
respectively; the average resistive torques for forward and re-
verse motions are 0.34 and 0.33 mN•m, respectively. Changes
in motion speed seem to have little effect on friction. We think
this is mainly because steel balls are placed between components
that need to move relative to each other, e.g., slider and slider
rail, and bearing, and almost all the frictions are rolling frictions.
These measured values can be used for compensation during
force and torque generation.

Fig. 12(c) displays the friction torque without the pantograph
mechanism during torque transmission (i.e., initial resistive
torque of the magnetic brake, Tirt). The average values for
forward and backward rotations are 1.97 and 1.92 mN•m, respec-
tively, which are significantly larger than those when using the
pantograph mechanism (i.e., 0.34 and 0.33 mN•m in Fig. 12(a)
and (b)). This initial resistive torque cannot be eliminated, and
its magnitude directly determines the accuracy of the torque
feedback. When the pantograph mechanism is not employed, the
minimum generated torque of the magnetic brake is 1.92 mN•m,
since the initial resistive torque determines its minimum value.
Even if a smaller torque can be generated using current control
(T (i), positively correlated with the current i), the final output
of the magnetic brake is the sum of the initial resistive torque
and the current-generated torque (Tirt + nT (i)min, where n is
the multiple controlled by the current and is a non-negative
integer, and T (i)min means the minimum torque generated by
the minimum input current). When employing the pantograph
mechanism, Tirt= 0.32 mN•m, T (i)min= 0.03 mN•m, resulting
in an output torque of 0.32 + 0.03n; conversely, without utiliz-
ing the pantograph mechanism, Tirt= 1.92 mN•m, T (i)min=
0.25 mN•m, yielding an output torque of 1.92 + 0.25n. Con-
sidering that n is a non-negative integer, the proposed method
will achieve a high accuracy due to the significant reduction of
Tirt and T (i)min. Correspondingly, as illustrated in Fig. 11, it
can be observed that when the input current is 0, the torque is
0.34 mN•m, which essentially represents Tirt after the imple-
mentation of the pantograph mechanism.

In addition, we obtained the output resolution of the hap-
tic interface as 0.026 N for force generation and 0.03 mN•m
for torque generation. We achieved this force resolution by
compensating the friction force [see Fig. 12(a)] and
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Fig. 10. Experimental results of the (a) force and (b) torque generation accuracy.

Fig. 11. Hysteretic characteristics of the catheter operation module.

implementing closed-loop control (14). Regarding torque reso-
lution, we considered T (i)min as the resolution which is slightly
different from the traditional one. Due to the initial resistance
torque of catheters and guidewires in the blood vessels (caused
by factors such as blood viscosity, frictional resistance, etc.),
the actual torque during surgeries does not start from zero but is
added on top of the initial resistance torque. The output torque
of the proposed haptic interface is Tirt + nT (i)min, where Tirt

and T (i)min have been significantly reduced by our proposed
method. Although Tirt cannot be completely eliminated, it
can be considered that it has been decreased below the initial
resistance torque in the blood vessels. Besides, in [34], force
resolution is defined as the smallest incremental force that can
be generated in addition to the minimum force. Therefore, we
consider it acceptable to use T (i)min as the torque resolution.

We also determined the response bandwidth of the proposed
haptic interface, as illustrated in Fig. 13. Both force and torque
responses exhibit a decrease in gain as the input frequency
increases. The gain of force is –2.85 dB at an input fre-
quency of 8.5 Hz and declines to –4.15 Hz when the input
frequency increases to 9 Hz. Similarly, at an input frequency of
5.5 Hz, the gain of torque is –2.97 dB, which drops to –4.44 Hz
when the input frequency rises to 6 Hz. Consequently, the
bandwidths for force and torque are 8.5 and 5.5 Hz, respectively.

As shown in Fig. 11, the output torque reaches 13.11 mN•m
when the input current is 1.35 A, and also, we obtained the
maximum output force of the haptic interface is 4.1 N. Based on
the analysis above, the proposed haptic interface satisfies sensing
and feedback requirements (2) and (3) listed in Section II, and
additionally, the proposed haptic interface would be helpful
in retaining and utilizing interventionists’ operating perception
experience by providing reliable force and torque feedback.

C. Workspace

1) Experimental Set-Up: In order to evaluate the attainable
motions of the proposed haptic interface to satisfy the clinical

requirements for endovascular catheterization, the operating
space for interventionists was investigated. Since intervention-
ists hold the master catheter next to the catheter operation
module to perform operations, we took the point on the master
catheter at 8 mm away from the catheter operation module as
the target point and calculated the movement space it can reach.
Similarly, interventionists operate the torque device mounted
on the end of the master guidewire, so the axis midpoint of the
torque device was regarded as the target point. The distance of
the torque device from the end of the master catheter was set
as 18 mm according to the general operating habits of inter-
ventionists. The maximum bending angle of the mater catheter
and guidewire was set as ± 60°. The workspace of these two
target points was simulated through MATLAB based on the
dimensional parameters of the haptic interface.

2) Results and Discussion: Fig. 14 shows the workspace of
the proposed haptic interface. Colorful dots show the catheter
operation workspace and gray points represent the guidewire
operation workspace. The guidewire operation workspace is a
cylinder with dimensions of Φ 62.3 mm × 350 mm, and the
catheter operation workspace is an incomplete cylinder with di-
mensions ofΦ 27.7 mm× 350 mm. In the workspace simulation,
the maximum bending angle of the mater catheter and guidewire
was set as ±60°. The actual bending angle depends on the types
of commercial catheters and guidewires. Since the proposed
haptic interface uses commercial catheters and guidewires as the
master catheters and guidewires and adopts the same operation
paradigm as the actual surgical operation, the operating range in
the x- and z-directions will meet the clinical requirements.

In the y-direction, the attainable operating distance is 350 mm,
which is shorter than the actual operation requirement. To reduce
the haptic interface dimension and decrease the influence on
the accuracy of force/torque transmission caused by the long
master guidewire, the operating range in the y-direction was
designed with a smaller value. When the catheter/guidewire
operation modules move to the extreme position [i.e., the
catheter/guidewire operation modules are located at the right end
of the slide rail in Fig. 3(a)], they need to be withdrawn to the
initial position [i.e., the catheter/guidewire operation modules
are placed to the left end of the slide rail in Fig. 3(a)]. The number
of retracements depends on the type of catheters/guidewires
operated by the slave manipulator (see Fig. 1). For example,
the catheter operation module needs to be withdrawn one time
when a catheter (451-550V0, Cordis, US) with a length of
650 mm is used for endovascular catheterization on the slave
side. The maximum retracement number would be three since
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Fig. 12. Frictions during force and torque transmissions at various operating speeds: (a) resistive force; resistive torque (b) with and (c) without
the pantograph mechanism.

Fig. 13. Response bandwidth of the proposed haptic interface.

Fig. 14. Workspace of the proposed haptic interface.

the length of some special catheters/guidewires in endovascular
catheterization can reach 1250 m, e.g., angiographic catheters
(HNBR5.0-35-125-P-NS-DAV, COOK, US). Besides, the num-
ber of retracements of this proposed haptic interface is far less
than that of almost all the commercial haptic devices or the
existing research in [11], [12], [13], [14], [16], which have
smaller workspaces than this proposed haptic interface. This
design of the proposed haptic interface allows interventionists to
operate with fewer retractions, offers an operating space similar
to that in real procedures, and keeps a good balance between the
device size and force/torque feedback accuracy. Therefore, the
proposed haptic interface meets operating mode requirement (3)
presented in Section II.

D. Operability

1) Experimental Set-Up: In the operability experiments, we
investigated the operability of the proposed haptic interface by
observing the operation performed by operators in the case of
operating force and torque generation. The experimental data

obtained by our previous robots (presented in [4], [29]) as well
as ATI force sensors in a human body model, were used to
simulate the actual operating forces and torques. In the presence
of the generated forces and torques, five interventionists with
1–8 years of clinical experience manipulated the master catheter
and guidewire by push, pull, and rotation. The operating data
was recorded by the proposed haptic interface. After the oper-
ation, interventionists were required to fill out questionnaires
composed of the following eight questions:

A-It is suitable for endovascular catheterization;
B-It provides the same operating experience as the actual oper-

ation;
C-It has the potential to increase the quality of robot-assisted

endovascular catheterization;
D-It is easy to control and the control unit is friendly;
E-It provides both force and torque feedback that can be clearly

perceived;
F-It is easy to perform desired operations and the sense of touch

to the operating handle is the same as the actual catheters and
guidewires;

G-It did not cause any discomfort during the operation;
H-It deserves to be recommended to other users.

Ten points mean strong agreement, while zero point indicates
strong disagreement.

2) Results and Discussion: Fig. 15 shows the displacement,
force, rotation, and torque of the catheter and guidewire. The
output forces are in the 0–3 N range and the output torques are
in the 0–10 mN•m range. The collected motion is 0–350 mm and
the captured rotation is in the range of –80°–240°. The operator
can use the proposed haptic interface to manipulate freely within
its operating range. Due to the limitation of the workspace caused
by the design parameters, the maximum operating displacement
is 350 mm. However, there are no restrictions on the rotation
operation and the operator can rotate the master catheter and
guidewire at any angle.

The results of the questionnaires are shown in Fig. 16. The
scores potentially indicate that operators may highly appreciate
the operability of the proposed haptic interface. Especially, high
scores on questions A, B, D, and F might prove that the proposed
haptic interface meets operating mode requirements (1), (2), and
(4) presented in Section II well from the perspective of users.
Based on these observations, we think this proposed haptic inter-
face would potentially be used in endovascular catheterization.
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Fig. 15. Experimental results for the operability test. (a) Displacement and force of the catheter. (b) Rotation and torque of the catheter.
(c) Displacement and force of the guidewire. (d) Rotation and torque of the guidewire.

Fig. 16. Questionnaire scores for evaluating the operability.

Fig. 17. (a) Animal experiment set-up, including two haptic interfaces,
a slave manipulator, and a pig lying on the operating table. (b)–(c) Target
points for animal experiments.

To further verify the feasibility, animal experiments were carried
out in Section VI.

VI. ANIMAL EXPERIMENTS

A. Experimental Set-up

To test the possibility of clinical application of the proposed
device and quantitatively evaluate its operating performance,
comparative animal experiments were carried out. The experi-
mental set-up is shown in Fig. 17(a). The slave manipulator pro-
posed in our previous research [29] was set beside the operating
table where a pig lay. The slave manipulator consists of a catheter
manipulator and a guidewire manipulator and they are utilized to
operate the commercial catheter and guidewire, respectively, on
the slave side. Thus, as shown in Figs. 2 and 17(a), the catheter
operation module of the proposed haptic interface (see Fig. 3)
was used to control the catheter manipulator and the guidewire
operation module was utilized to dominate the guidewire ma-
nipulator. To conduct comparative experiments, two commercial
haptic devices (Geomagic TouchTMX, 3D Systems, Inc., USA)
composed a haptic interface and worked as a “control group”
since they can be regarded as a representative of current studies.
The two commercial haptic devices dominated the catheter
manipulator and guidewire manipulator, respectively [mapping
relationship was shown in Fig. 17(a)]. These two types of haptic
interfaces were located outside the operating room.

In these experiments, three tasks (tasks A, B, and C) were
set and selected for tasks A, B, and C, respectively. In each
task, the catheter needed to be propelled from the femoral artery
to the target point. Fig. 17(b) and (c) shows the positions of
the three targets. Targets A and B are in the left vertebral
artery and right vertebral artery near the neck, respectively;
target C is located in the left carotid artery in the brain. To
quantitatively assess the characteristics of the proposed haptic
interface, two metrics were selected to evaluate the performance
of the haptic interface and the workload of interventionists. 1)
Completion time: It is the total time used by the interventionist
to propel the catheter and guidewire to the target point. Lower
completion time is an indicator of better performance of the
proposed haptic interface. 2) NASA-TLX: It is a task load
index developed by NASA-Ames Research Center for workload
assessment [32]. It consists of six dimensions of workload and
the users complete the questionnaire with various scores ranging
from 0 to 100. A higher NASA-TLX score represents a heavier
workload.

Five interventionists, all males aged 27 to 56 years (average
41.2, SD 11.7), were involved in the animal experiments. They
have 2 to 32 years of clinical experience (average 16.4, SD
12.6). These participants were told about the characteristics and
operation method of the device before each trial. The procedure
is composed of the following three steps:

1) the participant uses the device (i.e., proposed haptic inter-
face and previous interface) to complete the tasks (tasks
A, B, and C) by propelling the catheter to the target points
(targets A, B, and C);

2) the completion time is recorded and the participant fills
out the NASA-TLX questionnaires;

3) the participant repeats the trial three additional times for
each task. Analysis of variance (ANOVA) was conducted
on all the metrics, and post-hoc pairwise comparisons
would be used for further analysis by using the least
significant difference (LSD) when necessary.

The results were considered significant when the alpha was
below 0.05.

B. Results and Discussion

One trial was not completed since the pig woke up during this
trial. These experiments lasted too long and the anesthetic lost
efficacy before the end of the experiments. If a participant failed
to propel the catheter to the target, he would try to withdraw the
catheter and guidewire a bit and continue the operation until it

This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination. 

Authorized licensed use limited to: Shenzhen Technology University. Downloaded on July 12,2023 at 13:37:41 UTC from IEEE Xplore.  Restrictions apply. 



BAO et al.: HAPTIC INTERFACE WITH FORCE AND TORQUE FEEDBACK FOR ROBOT-ASSISTED ENDOVASCULAR CATHETERIZATION 13

Fig. 18. Operation process of task C. (a) Catheter and guidewire were
advancing from the femoral artery to the aortic arch. (b) Catheter and
guidewire entered the aortic arch. (c) Catheter and guidewire started
looking for the entrance to the left carotid artery. (d) Catheter and
guidewire entered the left carotid artery and tried to move to the target
point.

Fig. 19. Statistical analysis on the completion time (a) and overall
workload comparison (b). Three horizontal lines of the box represent
the first custom quartile (30th), the sample median, and the third custom
quartile (70th). Errors bars indicate the standard deviation. ∗, ∗∗, and ∗∗∗
represent the significant level of 0.05, 0.01, and 0.001, respectively.

succeeded. Thus, the completion time increased and this case
would not be counted as a failed trial.

Since task C was much more complex, we chose the operation
process of task C as the demonstration. As shown in Fig. 18, with
the cooperation of catheters and guidewires, the catheter and
guidewire started to advance from the femoral artery and then
passed through the aortic arch. After entering the left carotid
artery, they finally reached target C.

Fig. 19(a) shows the effort of the task type and device type
on the completion time for the experiments. The effort of the
task type on the completion time was significant, F(2, 116) =
30.10, p < 0.001. Post-hoc pairwise comparisons showed that
the difference between tasks B and C, and the difference between
tasks A and C, was significant with p < 0.001. In task A, the in-
terventionist completed the task faster when using the proposed
haptic interface (average 42.15 s, SD 9.98 s) and slower when
using the previous haptic interface (average 51.55 s, SD 18.15 s).
Similar situations occurred in tasks B and C. This may be
explained by that the proposed haptic interface retains the tactile
sensation, exploits prior dexterous skills of interventionists, and
also allows interventionists to operate with fewer retractions of
the master catheter/guidewire (fewer retractions were discussed
in Section V-C2). Moreover, the effort of the device type on
the completion time of all tasks was significant, F(1, 117) =
15.14, p<0.001. For tasks B and C, the effort of the device type
on the completion time was all significant (F(1,37) = 10.72,
p<0.01; F(1,37) = 16.42, p<0.001). However, surprisingly, for
task A, there was no significant effort of the device type on

the completion time (F(1, 37) = 1.83, p = 1.18). We think
task A was not that complex and the advantage of the proposed
haptic device had not been revealed. These results demonstrated
that both the device type and task type seemed to affect the
completion time, and the proposed haptic interface appeared to
have better performance than the previous haptic interface.

The overall workload comparison is shown in Fig. 19(b). The
effort of the task type on the overall workload was significant,
F(2, 116) = 23.19, p<0.001. Post-hoc pairwise comparisons
showed that the difference between each task for the over-
all workload was coherent with that for the completion time.
Namely, the difference between tasks B and C, and the difference
between tasks A and C, was significant with p<0.001. Besides,
tasks A and B had a similar overall workload value, while the
overall workload of task A (average 46.42, SD 10.81) was less
than that of task C (average 60.31, SD 11.51). Thus, different
tasks seemed to result in various overall workloads and the
complex task appears to require a heavy workload. The effort
of the device type on the overall workload of all tasks was
significant, F(1, 117) = 83.13, p<0.001. For tasks A, B, and
C, the effort of the device type on the overall workload was all
significant with p<0.001. The overall workload of the proposed
haptic interface was less than that of the previous haptic interface
in all tasks. For example, in task C, the overall workload of
the proposed haptic interface is 49.53±3.95, while the overall
workload of the previous haptic interface is 71.09±4.09. Thus,
the proposed haptic interface appeared to be easier to use.

Fig. 20 shows the statistical analysis on the six dimensions
of the workload. The task type had significant effects on the
five workload dimensions: Mental Demand (F(2, 116) = 16.52,
p<0.001), Physical Demand (F(2, 116) = 24.50, p<0.001),
Temporal Demand (F(2, 116) = 17.59, p<0.001), Performance
(F(2, 116) = 28.71, p<0.001), and Effort (F(2, 116) = 13.19,
p<0.001). In these five dimensions, post-hoc pairwise compar-
isons showed that the difference between tasks B and C, and
the difference between tasks A and C, was significant with
p<0.001. This situation was also seen in the completion time and
the overall workload. We think this is mainly because tasks A
and B have similar catheter/guidewire propelling displacement
and similar operation difficulty. The device type had significant
effects on all the six workload dimensions: Mental Demand (F(1,
117) = 49.10, p<0.001), Physical Demand (F(1, 117) = 10.71,
p<0.05), Temporal Demand (F(1, 117) = 32.62, p<0.001),
Performance (F(1, 117) = 26.89, p<0.001), Effort (F(1, 117) =
37.57, p<0.001), and Frustration (F(1, 117) = 89.36, p<0.001).
In each task, the effect of the device type on all the workload
dimensions was significant with p<0.001, except for a signifi-
cant effect on Physical Demand with p<0.05. In particular, in
the Frustration test, the score for the proposed haptic interface
(average 33.80, SD 6.99) was far less than that for the previous
haptic interface (average 87.23, SD 5.80). The proposed haptic
interface adopting real commercial catheters and guidewires and
retaining the actual operating mode, can enable interventionists
to utilize their accumulated clinical operating experience en-
tirely, resulting in lower scores in the Frustration test.

Based on the experimental results, we found that the pro-
posed haptic interface can control the slave manipulator and
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Fig. 20. Six dimensions of the workload. (a) Mental demand. (b) Physical demand. (c) Temporal demand. (d) Performance. (e) Effort.
(f) Frustration. Three horizontal lines of the box represent the first custom quartile (30th), the sample median, and the third custom quartile (70th).
Errors bars indicate the standard deviation. ∗, ∗∗, and ∗∗∗ represent the significant level of 0.05, 0.01, and 0.001, respectively.

complete various operations successfully, and thus this proposed
device potentially has good feasibility for clinical application.
In addition, all results of the comparison experiments show
that the proposed haptic interface consumes less operation time
and requires a lighter workload (especially for the frustration
test) than the commercial haptic devices, which means that the
proposed haptic interface appears to have good operating per-
formance. The performance associated with the proposed haptic
interface and commercial haptic devices may not characterize
their usability strictly, but they can be regarded as a good first
approximation and base of comparison.

VII. CONCLUSION

In this article, we developed a novel haptic interface that can
retain interventionists’ prior clinical operating experience, in-
cluding motion perception, force feedback, torque feedback, tac-
tile sensation, and operating mode. The performance was eval-
uated through simulations, laboratory experiments, and animal
experiments. Experimental results show that the proposed haptic
interface appears to have good performance and potential further
applications in robot-assisted endovascular catheterization. The
haptic interface satisfies all the design requirements proposed
in Section II, and it would have the following advantages when
integrated into the robot-assisted endovascular catheterization:

1) The system operability and operation safety will be en-
hanced potentially since more comprehensive operating
information is transmitted to the operator by producing
force and torque of both catheters and guidewires.

2) By retaining the tactile sensation and traditional oper-
ating mode, the proposed haptic interface will enable
interventionists to utilize their prior accumulated clinical
operating experience.

3) Since interventionists can manipulate the proposed haptic
interface in the traditional way they are used to, the
operation will be performed with a light workload and
much pleasure.

In addition, this proposed haptic interface has potential ap-
plications in integration with virtual reality training systems to
train inexperienced interventionists. However, some limitations
still exist in this research. The transmission components of the
proposed haptic interface are bare, such as the timing belts, cou-
plings, and gears. These components need to be packaged prop-
erly to make the proposed haptic interface look more friendly. In
animal experiments, the number of tasks, participants, and trials

is not enough to comprehensively evaluate the performance.
More animal experiments and in-human experiments need to
be conducted in future research.
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