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Design and Performance Evaluation of a Prototype MRF-based

Haptic Interface for Medical Applications

Nima Najmaei, Ali Asadian, Mehrdad R. Kermani, Rajni V. Patel

Abstract—This paper describes the construction and stability and
transparency evaluation of a prototype two degrees-of-freedom
(DoF) haptic interface, which takes advantage of Magneto-
Rheological Fluid (MRF) based clutches for actuation. These
small-scale clutches were designed in our lab, and their evaluation
were reported previously [1][2]. MRF-based actuators exhibit
superior characteristics, which can significantly contribute to
transparency and stability of haptic devices. Based on these
actuators, a distributed antagonistic configuration is used to
develop the 2-DoF haptic interface. This device is incorporated in
a master-slave teleoperation setup intended for medical percuta-
neous interventions and soft-tissue palpation. Preliminary studies
on the stability and transparency of the haptic interface in this
setup using phantom and ex vivo samples show the great potential
of MRF-based actuators for integration in haptic devices that
require reliable, safe, accurate, highly transparent, and stable
force reflection.

I. INTRODUCTION

With the rapid growth in applications of minimally invasive

medical interventions in recent years, the integration of haptics

in such applications has been identified as a high-priority ob-

jective in major medical robotics roadmaps [3][4]. Motivated

by in-depth research, it is not difficult to imagine the benefits

of providing a clinician who is using robotics-based systems

with the feel of being directly in contact with tissue and organs.

Such sensation can improve the intuitiveness, safety, and

efficiency of minimally invasive interventions [5]. However,

the introduction of haptics in medical applications raises a

number of safety concerns [6][7]. The issue of stability of

haptics-enabled telerobotic systems [8] is a major obstacle in

introducing haptics into medical environments [4]. As a result,

the application of haptics in medicine is almost nonexistent

and is highly limited to research. Thus, much research has

focused on developing reliable control techniques for haptic

applications. To this end, the use of passivity-based and small-

gain approaches has been reported [9][10]. However, the

conservative nature of such methods results in degraded quality

of force reflection, which decreases the efficiency of these

devices. Another body of work has focused on addressing this
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issue through redesigning the actuation mechanisms in haptic

interfaces. The actuators and mechanisms used in designing

a haptic interface play an important role on the quality of

force feedback, as well as the stability of the system. In

order to have transparency, it is of utmost importance that

while a haptic device is capable of recreating the forces that

occur during contact with stiff objects, it exhibits low friction,

damping, and inertia to sustain transparency during motion

in free space. Poor dynamics and control of manipulation

(e.g., backlash, unmodeled nonlinear dynamics, etc.) can affect

the sense of touch, in particular when rigid instruments or

actuators are used [11]. The use of electrical motors in haptic

devices, especially for medical applications, has proved to

be challenging for several reasons. The poor dynamics of

electrical motors, imposed by the need for gear reduction,

can significantly reduce the transparency of the system by

increasing the damping, inertia, and friction of the haptic

device [12]. This is highly undesirable in medical applications

that require high-fidelity and accurate force reflection. More-

over, their active nature (which may be exhibited in the form

of oscillations and jerks) can result in degradation of stability,

which is unacceptable in medical applications [8][13].

In recent years, actuators based on Magneto-Rheological flu-

ids have been proposed as an alternative for use in haptic

devices [11]. MRFs exhibit a very unique characteristic: the

viscosity and shear stress of these fluids can be intelligently

changed using an applied magnetic field. The electromechan-

ical characteristics of MRF-based actuators make them a

great candidate for use in haptic devices. MRFs are capable

of producing high shear stress, which enables the design

of actuators that are capable of generating high force and

torque, without the need for gear reduction [12][14]. Moreover,

MRF-based devices can be made substantially compact and

lightweight, and they exhibit low inertia- and mass-torque

ratios [12]. All the aforementioned factors play an important

role in the transparency of a haptic interface. Furthermore,

devices such as MRF-based clutches, are capable of creat-

ing a controllable damping and matching large impedance

contacts [15] which contributes to stability of the system as

is known from passivity and small-gain theorems [10]. This

claim was experimentally validated in our previous work [16].

These characteristics have motivated the design of several

haptic devices based on Magneto-Rheological and Electro-

Rheological Fluids (ERF), which include, but are not limited

to, (i) joysticks [17][18], (ii) force displays [13][19][20], and

(iii) hand masters [21][22][23][24]. Table I summarizes the

size and torque capacity of some of the actuators used in

these devices. Due to the poor torque-to-volume ratio of

their actuation system, none of these studies were capable of

achieving the size and strength offered by commercial haptic

Page 1 of 19 IEEE Transactions on Mechatronics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

devices. As a result, in our previous work [1], a new design,

namely Armature-Based MRF clutch, was proposed which

has superior torque-to-volume ratio in comparison with the

conventional designs (Table I). Four prototype clutches were

constructed based on this design and were evaluated in [2]. The

results show the great potential of these actuators to be used in

haptic devices with improved stability and transparency. This

paper reports on the design and development of a prototype

two-DoF haptic interface based on the developed MRF-based

clutches. This device is used to evaluate the stability and trans-

parency of such clutches in bilateral teleoperation systems,

and compare that to those of commercial hepatic interfaces.

The results demonstrate the great benefits that a MRF-based

actuation system brings to a teleoperation system and show

the significant potential of MRF-based haptic devices for use

in medical applications that require reliable, accurate, and

stable force reflection. This is the main contribution of this

paper. To this end, in Section II, a distributed antagonistic

configuration is introduced which enables the construction of a

2-DoF haptic interface based on the constructed actuators [2].

Section III provides a brief discussion on the stability and

transparency of a haptic interface as the performance measure

of such devices. The specifications of the developed system are

compared with three well-known off-the-shelf haptic interfaces

and the contribution of this work to the state of the art is

discussed in Section IV. This device is then incorporated in a

master-slave teleoperation setup that is used for percutaneous

and soft-tissue applications in Section V. The virtual wall

benchmark is used in Section VI-A to assess the stability of

teleoperation using the MRF-based haptic device, which shows

great improvement over the PHANTOM Omni and Quanser

Haptic Wand. Next, several experiments are performed using

phantom and ex vivo samples to further study the stability and

transparency of the system in Sections VI-A and VI-B.

II. DESIGN AND CONTROL OF THE TWO-DOF HAPTIC

INTERFACE

This section describes the mechanism used to design a

two-DoF MRF-based haptic interface. First, a review on

MRF-based clutches [1] is given. Next, the distributed

antagonistic actuation mechanism that is required to construct

a multi-DoF haptic interface based on these actuators is

discussed.

TABLE I
COMPARISON OF MRF-BASED ACTUATORS USED IN HAPTIC INTERFACES

(∅ DENOTES THE DIAMETER SIZE)

Research Type Dimensions Torque

Najmaei et al. [2] Armature ∅3.6×6cm 1.3Nm
Melli-Huber et al. [17] Disk ∅4.3×2cm 0.7Nm
Furusho et al [19] Disk ∅20cm 2.0Nm
Yamaguchi et al. [20] Disk ∅17cm 10Nm
Blake et al [24] Disk ∅2.5×1.4cm 0.2Nm
Liu et al. [25] Disk ∅15cm 0.9Nm
Nguyen et al. [26] Disk ∅10cm 10Nm
Ahmadkanlou et al. [14] Drum ∅8×10cm 1.5Nm

Output

Shaft

Outer

Casing

Belt

Pulley

Slip Ring

Fig. 1. The MRF-based clutch used for actuation of the haptic interface.

MRF-Based Actuators: Fig. 1 shows one of the constructed

clutches. The structure of these clutches is as follows: The

MRF fills the gap between a cylindrical outer casing and

an armature, made of ferromagnetic materials. The armature

is equipped with magnetic coils (similar to a DC Motor),

which can create an axial magnetic field inside the MRF gap.

The outer casing and armature are decoupled through the

use of ball bearings and both can rotate freely. The caps of

the outer casing are sealed to contain the MRF inside the

gap. A clutch is responsible of controlling the amount of

torque transferred from the input (outer casing) to the output

(armature), similar to an automobile’s clutch. To this end, a

driving motor applies a constant input velocity to the outer

casing of the clutch (input). By controlling the magnetic

field, the viscosity and shear stress of MRF inside the gap

are changed, and subsequently the share of the input torque

that is transferred to the output shaft can be controlled. Hall

sensors are embedded in the system to measure the magnetic

field strength. Belt pulleys are mounted on the outer casing

cap to apply the input torque to the clutch. The output torque

is delivered to the output link using cables and capstan

pulleys. For more information please refer to [1][2]. The

length and diameter of each clutch are 60mm and 36mm,

respectively; weight is 598gr, the output inertia is 427 gr.cm2,

and each has the capability of generating 1.5Nm of torque.

The bandwidth of these actuators is 30Hz.

Bidirectional Actuation: Note that, an MRF-clutch on its

own is only capable of generating a passive/resistive torque.

Hence, as mentioned, the combination of a clutch and an

active motor should be used to create active torque and

motion (which is called semi-active actuation). However in

this formation, the clutch is only capable of providing motion

in the same direction as the motor. The trivial solution to this

issue is to control the direction of the motion by changing

the direction of the motor. However, this method adds to the

size, weight, and mechanical complexity of the device (each

clutch needs one driving motor). To avoid this problem and to

achieve bidirectional actuation, an antagonistic configuration

is used. In this configuration, clutches work in pairs to provide

motions in both directions. A single driver motor applies the

input torque to all clutches in the same direction. However,

the cable attaching the capstan pulleys is installed in an ∞

shape (see cable connections in Fig. 3). In this way, the output

torques of the clutches are applied in opposite directions,

which enables bidirectional actuation of the link through a

push-pull cable mechanism. Hence, by switching between the

two clutches, the direction of operation can be changed, while
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TABLE III
COMPARISON TO OFF-THE-SHELF HAPTIC INTERFACES

Prototype PHANTOM PHANTOM Quanser

Parameter Device Omni Desktop Wand

DoF (w/ Feedback) 2 3 3 5
Length [mm] 200 184 203 450
Width [mm] 170 143 168 335
Height [mm] 100 70 120 350
Weight [kg] 3.5 1.8 3.1 20.0
Off-state Force [N] 0.2 0.06 0.26 -
Cont. Force [N] 8.0 0.9 1.8 3.0
Max. Force [N] 14.0 3.3 7.9 9.0
Max. Joint T [Nm] 1.5 - - 0.96
Stiffness [kN/m] 18 2.3 2.35 6

system. Nevertheless, the developed device, as constructed,

demonstrates the great potential of MRF-based actuation (in

terms of size, weight, and torque capacity) for use in haptic

interfaces.

V. EXPERIMENTAL SETUPS

Fig. 4 shows the developed 2-DoF prototype haptic device.

In this section, the experimental setups used for validating

the performance of the developed MRF-based haptic interface

are introduced. The haptic interface operates as follows; each

joint of the haptic handle is connected through cables to an

antagonistic pair of clutches. A switching algorithm activates

the desired clutches based on the direction of the feedback

force. Four PID controllers (implemented in software) are used

to control the output torque of the clutches at 1 KHz. The gains

of this controller were empirically obtained and set to 2.35,

0.4, 0.03 for the proportional, integral, and derivative gains,

respectively. As mentioned in before, the ANN model is em-

ployed to provide the feedback signal of the PID controllers,

based on the readings of the embedded Hall sensors. The coils

of clutches are connected to individual current drivers (Maxon

EPOS 50/5 controller operating in current mode), which

controls the current of the coil at 1 KHz. The PID controller

provides the set-point for the current drivers. The joints angles

of the haptic handle are measured using two optical encoders

(with 1024 counts per revolution). A data acquisition card

(Sensoray 626) is employed to provide the current drivers with

the reference current (from PID controller), as well as, to read

the output of the Hall sensors and encoders. The driving motor

(Maxon EC-60) is also controlled using a Maxon EPOS 50/5

controller, operating in constant velocity mode. It what follows

the configurations used to evaluate the performance of the

haptic device are reviewed.

A. Configuration A: Virtual Wall Experiments

To evaluate the stability of the system, a virtual wall ex-

periment was implemented. A virtual wall consisting of a

linear spring with stiffness K
W

and a damping B
W

, was

implemented on a computer (different from the one used for

controlling the haptic interface). The wall is in the form of

a plane at x = 0 in the Cartesian space. The two computers

communicate through a UDP connection (Configuration A ).

The location of the haptic handle end effector is sent to the

slave computer. The virtual wall applies force when the end

effector passes the virtual wall (i.e., x < 0). The reflected

force information is sent to the master side and the haptic

handle applies force to the operator’s hand. To compare

the performance of the prototype device with a Geomatic

PHANTOM Omni and a Quanser Haptic Wand, these devices

were used in place of the MRF-based interface in the same

configuration.

B. Configuration B: Needle Insertion Experiments

The performance of the haptic interface is also evaluated

in a needle insertion and steering application from medical

robotics. The large variations in forces experienced when

a needle punctures into tissue provides us with the proper

challenge for testing the designed system. Fig. 5 presents the

block diagram of the master-slave haptic teleoperation system

used for medical needle insertion (Configuration B ).

In our experimental setup, a state-of-the-art robotic system

designed in our group at CSTAR for percutaneous needle

insertion [45] was used as the slave robot. This 5-DoF ma-

nipulator can perform orientation, insertion, and rotation of

the needle and linear motion of the stylet to drop radioactive

seeds in the prostate during the brachytherapy procedure. To

test the haptic device, only the 1-DoF-insertion force was

fedback to the user. A 6-DoF ATI Nano43 force/torque sensor

was mounted at the base of the needle holder combined

with the force estimation technique developed in [46] was

used to provide force reflection. PID controllers have been

implemented to control the position of the needle at 1 KHz.

The needle used in this setup is an 18GA (Cook Medical), with

a conical tip. The master and slave sides communicate with

each other through internet using UDP protocol. Figs. 6(a)

show the needle insertion robot and the needle insertion

mechanism in Configuration B.

C. Configuration C: Tissue Palpation Experiments

The performance of the haptic interface is also evaluated

using a tissue palpation application (Fig. 6(b)). The large

forces experienced during palpation (e.g., for tumor detection),

will provide us with the proper challenge for evaluating the

designed system. This configuration is basically the same

Future Works: Integration of the Setups

Motor Sensors

EPOS

(T-Mode)

USB Connection

Current

Torque

Estimation

and Control

Magnetic

Field

Current

Encoders

Hall

Sensors

ATI

Nano43

Mapping of

Forces at

Needle Tip

Force Information

(UDP Connection)

Robot

Motion

Control

Position Information

(UDP Connection)

DAQ

Card
PCI

Interface

EPOS x 4

(i-Mode)

DAQ

Card

Fig. 5. Configuration B : Block diagram of the master-slave haptic teleoper-
ation.
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Needle

ATI

Sensor

Phantom

Palpator

Phantom
ATI

Sensor

(a) (b)

Fig. 6. (a) Configuration B : Needle insertion setup, (b) Configuration C :
Tissue palpation setup.

as Configuration B ; however, the needle is replaced with a

palpator tool, which was made by rapid prototyping.

D. Configurations B∗ and C∗: Force Feedback Transparency

To evaluate the accuracy of the device in providing accurate

force feedback, Configurations B∗ and C∗ were considered.

These are similar to Configurations B and C. However, a

customized third link was constructed for the handle, which

allowed the end effector to be attached to an ATI Nano43

sensor. This force sensor was mounted on a linear stage, as

shown in Fig. 7. The linear stage was used to move the handle.

The sensor measures the feedback force and provides a means

for evaluating the accuracy of force feedback.

E. Configurations: Summary

A summary of the configurations used in the experiments of

this paper is given in Table IV. Note that, for the purpose

of comparison, the PHANTOM Omni or Quanser Haptic

Wand can be replaced with the MRF device in any of these

configuration.

VI. RESULTS

A. Evaluation of Force Feedback Stability

In this section, the stability of the developed MRF-based

haptic interface is compared with that of a PHANTOM Omni

Haptic

Handle

Joint 2

Joint 1

Linear Stage

Force

Sensor

Fig. 7. Configuration B∗ and C∗: Use of a linear stage and a sensor for
validating haptic feedback transparency using a large variety of samples.

TABLE IV
SUMMARY OF CONFIGURATIONS USED IN THE EXPERIMENTS

Config. Structure Validation Goal
Conf. A MRF Device + Virtual Wall Stability
Conf. B MRF Device + Needle Insertion Setup Stability
Conf. B∗ Conf. B + Linear Stage + ATI Nano 43 Transparency
Conf. C MRF Device + Palpation Setup Stability
Conf. C∗ Conf. C + Linear Stage+ ATI Nano 43 Transparency

device and a Quanser Haptic Wand through several tests. To

this end, first, the virtual wall benchmark is implemented, as

described in Configuration A, and all devices are tested in

different scenarios. Next, phantom and ex vivo samples are

used in Configurations B and C to compare the developed

system’s stability in real-world applications.

1) Virtual Wall Experiments: As mentioned, a virtual wall

was implemented in Configuration A. Two sets of experiments

were conducted; (1) For different values of virtual damping

B
W

, the maximum achievable virtual stiffness K
W

by the

MRF-based device, the PHANTOM Omni, and the Quanser

Haptic Wand was obtained and compared, i.e., by studying the

Z-Width, as described in [1]. (2) Robustness of the stability of

these devices to the variation of sampling time were evaluated

and compared.

a) Study of Z-Width: In these experiments, Configuration A

was used to study the Z-Width of the system. To this end, for

different values of virtual damping the maximum achievable

virtual stiffness, for a stable operation of MRF-based haptic

device, PHANTOM Omni, and Haptic Wand, was obtained.

All the experiments in this section were performed at 1 KHz.

Fig. 8(a) shows the results. As can be seen, the MRF-based

haptic interface exhibits the largest Z-Width in comparison

with the other two haptic devices. These results once more

support the conclusion drawn in [1] and show the significant

contribution of these type of actuators in improving the

stability of a teleoperation system. Fig. 9 presents the results

of some of these experiments. In these tests, a virtual damping

of B
W

= 6 N.s

m
was considered. Note that the virtual slave

comes into contact for positions less than or equal zero.

Figs. 9(a-c) present the stable interaction of the Omni, Haptic

Wand, and MRF-based devices with a wall with stiffness

of K
W

=500, 2000, and 10000 N

m
, respectively. However,

Figs. 9(d-f) show the result of haptic rendering of a virtual
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Fig. 8. Maximum virtual stiffness that the MRF-based device, PHANTOM
Omni, and Haptic Wand can render while remaining stable for (a) variable
virtual damping, and (b) variable sampling time (Configuration A ).
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Fig. 9. Results of interaction with the virtual wall (Configuration A ) at 1 KHz

with damping B
W

= 6
Ns
m and different stiffness for PHANTOM Omni,

Haptic Wand, and the prototype system. (a-c) Stable interaction and (d-f)
unstable interaction.
wall with stiffness just above the achievable stiffness. As

seen, the MRF-based device remains stable for a very large

range of virtual stiffness, which shows its high Z-Width.

b) Effect of Sampling Time on Stability: Next, the robustness

of the system to changes in the sampling time, Ts, of the

virtual wall is examined and compared with that for the Omni

and the Haptic Wand. For this purpose, a constant virtual

damping (B
W

= 4N.s

m
) was considered. The sampling time

of the virtual wall was varied and once more the maximum

achievable virtual stiffness was obtained. Note that the haptic

interface still provides feedback at 1 KHz. Fig. 8(b) shows

the results. Once more, these experiments proved that the

MRF-based haptic device has larger stability margin and is

more robust to the delay caused by the sampling time variation.

2) Phantom and Ex Vivo Needle Insertion and Palpation:

In this section, phantom and ex vivo samples are used in

needle insertion and tissue palpation experiments to evaluate

the stability of the system in real-world applications.

REMARK 2. Phantom samples are used in these experiments

to test the device for a wider range of stiffnesses. The elastic

moduli of soft mammalian tissues range from near 100 Pa for

the softest organs such as the brain, to tens of thousands of Pa

in muscle tissues, and on the order of MPa in cartilage [47].

According to the measurements in [48][49], a 4% gelatin

phantom has similar stiffness to that of lung tissue in Guinea

pig or a breast tumor in human. Based on the findings

of [47][50], agar samples with concentration rates of 3%,

6%, and 10% have stiffness close to beef liver, muscle, and

cartilage, respectively.

a) Needle Insertion: Configuration B was used in this section.

A phantom made of agar with a concentration of 10% was

used in these experiments. The user guided the needle inside

the phantom using the haptic handle. Figs. 10(a-c) present

the result of such interaction using the three considered

haptic interfaces. During operation, the PHANTOM Omni

became unstable and exhibited strong oscillations as can

be seen in the plot. The Haptic Wand performed relatively

better, however the ripples in the created force are highly

undesirable for medical applications. As seen, the MRF-based

haptic interface provided the most stable and desirable haptic

feedback to the user. The user was able to make a very

smooth insertion and retraction of the needle. In another set

of experiments, the same test was performed on an ex vivo

kidney sample (beef). This organ consists one of the stiffest

tissues in the body due to its thick renal cortex. Figs. 10(d-f)

show the results. Once more both the Omni and the Haptic

Wand exhibit strong ripples and oscillations. On the other

hand, the MRF-based haptic interface provided very stable

interaction.

b) Tissue Palpation: In order to further study the performance

of the developed haptic interface in medical applications,

Configuration C was used and several experiments on tissue
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Fig. 10. Results of needle insertion and retraction (Configuration B ) on (a-c)
an agar sample (10% concentration) and (d-f) an ex vivo beef kidney.
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palpation were performed. This section shows the results of the

palpation of a phantom made out of agar (10%) and of an ex

vivo kidney (beef). The user tried to make several contacts with

the samples using the haptic device. The results are shown in

Fig. 11. Once more, the significant improvement in stability of

teleoperation through the use of MRF-based system is visible.

The other devices become unstable as the contact is made,

which is exhibited as uncontrolled motions of the handle. In

case of MRF-based system, the interaction remains very stable.

Note that the effectiveness of the MRF-based haptic interface

in distinguishing between high stiffness tissues (tumor) and

lower ones is showed in next section.

B. Evaluation of Force Feedback Transparency

The stability of the system was studied in the previous section

and was compared with that of two other off-the-shelf haptic

interfaces. In this section, the accuracy of force feedback

provided by the MRF-based haptic interface is analyzed by

taking advantage of Configurations B∗ and C∗. These tests

were designed for (1) validating the accuracy and transparency

of the feedback and (2) studying the ability of the haptic device

to provide a differentiable feel to the user of different tissues

with diverse stiffnesses.

REMARK 3. As discussed in Section III, the transparency

of a haptic device depends on dynamical characteristics and

control, as well as on the Z-Width of the system. In the

previous section, the improvement in Z-Width over other
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(c) (f)

Fig. 11. Results of tissue palpation (Configuration C ) on (a-c) an agar sample
(10% concentration) and (d-f) an ex vivo beef kidney.

haptic devices was shown. Most commercial devices exhibit

good transparency inside their region of stability. However,

transparency will need to be sacrificed when the system tends

to become unstable. Since this section only considers operation

in stable mode, force feedback accuracy of the constructed

device was studied on its own and no comparisons were made.

Further statistical analysis and comparison between MRF-

based haptic devices and conventional systems has been left

for future work.

REMARK 4. In this section, the term ”slave force/stiffness” is

used to show the force/stiffness measured by the force sensor

mounted at the based of the needle or palpator. In other words,

this is the interaction force or the sensed stiffness during

needle insertion or palpation, respectively. The term ”desired

torques” refers to the torques that are required to create the

slave force or the sensed stiffness, based on the dynamics

of the system. The term ”estimated torque” or ”estimated

force/stiffness” corresponds to the estimated output torque of

the clutch and the output forces of the haptic handle which

are obtained by the ANN model, discussed in [2]. The term

”feedback force/stiffness” refers to the force/stiffness felt by

the force sensor attached to the haptic handle (i.e., the actual

force as opposed to the estimated one).

REMARK 5. Transparency in a teleoperation system has two

aspects; (i) how accurately the master creates the forces sensed

on the slave side, and (ii) how accurately the slave follows the

position of the master. Since the concentration of this work

is on designing a suitable master device, the first aspect of

transparency has only been considered in this section. Indeed,

the second aspect is heavily dependent on the controller used

for position tracking on the slave side.

1) Needle Insertion: To evaluate the performance of the haptic

interface in providing accurate force feedback, first the needle

insertion application was considered, and a few experiments

were performed. The results are given in this section. These

experiments were carried out on a variety of phantom and

ex vivo samples using Configuration B∗. The torque control

is performed at the clutch level, and consequently the joint

torque and end effector force are controlled. As mentioned, in

these experiments, the linear stage was used to command the

needle insertion robot and guide the needle inside the sample.

The results are shown in Fig. 12. The measured force from the

slave side, the feedback force measured by the force sensor,

and the estimated output force estimated by the ANN model is

shown in this figure. As can be seen, the haptic interface can

provide a fairly accurate force feedback on the master side.

Three different concentrations of agar were used in the first

three samples (Fig. 12 (a), (b), and (c) which have 3%, 6%,

and 10% concentration rate respectively). As can be seen, the

device provides accurate feedback to the user, which enables

him/her to differentiate between the stiffnesses of the tissues.

A gelatin sample (4%; less stiff than the agar samples used

previously) was also used for comparison (Fig. 12(d)). Next

two combinations of gelatin and agar were used to simulate

puncturing through different layers of tissue. The first one

was a gelatin sample, which contained two spherical tumors

made out of agar (6%). The second sample consisted of layers
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(e) Gelatin with Agar Tumors (f) Layered Sample

Fig. 12. Desired, estimated, and actual force feedback at the end effector
during insertion and retraction of a needle (Configuration B∗) inside phantoms.

of gelatin (4%) and agar (3% and 6%). The needle was

inserted into the gelatin and was guided through these layers.

Figs. 12(e,f) show the results. The ripples in the fedback force

are caused during puncturing through these layers and as can

be seen, the haptic device was able to recreate all these small

deviations. The slow response of the torque feedback during

sudden changes is mainly due to the tension propagation in

the cables used for transmitting the torque from the clutches

to the joint. Nevertheless, these results show the potential of

the MRF-based haptic interface in providing accurate force

feedback.

Next, ex vivo animal samples were used to test the accuracy

of the device during needle insertion into animal tissue. For

this purpose, several animal organs were used. Fig. 13 shows

the results. Every tissue exhibits a different pattern of forces

based on its stiffness, stickiness, and layers. In all cases, the

MRF haptic device provided fairly accurate feedback, which

enabled the differentiation between tissue properties.

2) Tissue Palpation: By taking advantage of Configuration

C∗ for tissue palpation, further experiments were performed to

assess the accuracy and capabilities of the device. In the results

of this section, to evaluate the transparency of the system, the

stiffness (impedance or ratio of force to displacement) of the

sample was compared to the reflected stiffness of the haptic

handle. First, palpation of phantom samples was performed.

Three phantoms with different stiffnesses (i.e., gelatin sample

(4%), Agar samples (6% and 10%)) were used. Figs. 14(a-
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(e) Swine Lung (f) Swine Stomach

Fig. 13. Desired, estimated, and actual feedback at the end effector during
insertion and retraction of a needle (Configuration B∗) inside ex vivo samples.

c) show the results. It is evident that the haptic interface

was capable of distinguishing between various stiffness values

(environments).

Tumor detection is one of the main applications of palpation in

medical interventions. For open procedures, the clinician can

palpate using their hands but for robotics-assisted minimally

invasive procedures, a haptic interface is needed [51]. To

evaluate the performance of the haptic device in providing ac-

curate and reliable force feedback for tumor detection during a

minimally invasive intervention, a silicon model that contained

two embedded silicon tumors (stiffer than the surrounding

material) were used. These tumor-like samples were located at

different depths - at 1 cm and 2 cm. Three separate contacts

were made with the sample, (i) several palpations of the

surrounding silicon (no tumor) between 0s-12s; (ii) multiple

contacts of the tissue which included the deep tumor 20s-30s;

and (iii) final palpation of the tumor located at the depth of

1 cm in the period of 35s-50s. Fig 14 shows the results of

the palpation. As can be seen, the MRF-based haptic device

is capable of recreating the stiffness in all three cases, which

enables the detection of the two tumors.

The performance of the haptic device in simulating stiffness

of ex vivo animal organs was also studied. The results of the

palpation experiments on several tissues are shown in Fig. 15.

The outcomes in this section show the great potential of MRF-

based actuators in haptic applications that require stable, high

fidelity, and accurate force display. The cable-driven design of

the system is one of its drawbacks due to the delay resulting
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(c) Agar 10% (d) Multi-Stiffness Silicon

Fig. 14. Desired, estimated, and actual stiffness at the end effector during
palpation (Configuration C∗) of phantoms samples.

from the transmission of torque to the user’s hand. This issue

will be addressed in the next generation of the system.

VII. CONCLUDING REMARKS

The design and evaluation of a prototype 2-DoF haptic inter-

face based on MRF clutches were reported in this paper. The

device was integrated and evaluated in a master-slave system

for use in medical interventions consisting of needle inser-

tion/steering, as well as, soft-tissue palpation. The stability

and transparency of the system were rigorously tested using a

wide range of phantom and ex vivo samples. In addition, the

stability of the MRF-based haptic device was compared with

that of two well-known off-the-shelf haptic interfaces.

The manufacturing cost of the clutch was one of our main

design criteria. Given the simple mechanical design of the

clutch, we believe that MRF-based clutches can be mass-

produced at a relatively low cost. The clutches presented

in this paper were the first prototypes that were built in-

house at Western University’s machine shop and used an

Electric Discharge Machine (EDM) machining technique. The

fabrication cost of each clutch was about C$2000, of which

the labor cost was a major part (about 70% of the total). This

cost can be reduced to a great extent through mass-production

and using a cheaper means of machining.

The current design still has some shortcomings and drawbacks.

Although the issue of heating did not cause significant prob-

lems at this stage, temperature sensing will be integrated in

the next generation of the clutches to have a more accurate

model of the system. The mass of the clutch should be reduced

by decreasing the thickness of the outer casing through the

use of more appropriate machining techniques. The issue

of thickening is another problem in MRF-based systems. A

new generation of commercial MRF consists of a stabilizer

additive, which prolongs its efficient life. Nevertheless, in

the long term, these systems will require maintenance due to

this issue. Furthermore, the device was designed as a cable-

driven system with the goal of making the haptic handle
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(a) Beef Heart (b) Beef Liver
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(c) Beef Kidney (d) Chicken Breast

� � � � � � � � 	
�

��

���


�������
�
��
��
�
��
��

��
��
��

 

 

� � � � � � � � 	
���

��

�

�

��


�������

�
��
��

��
�
��

�

����������� � �����!������� "!#��$�������

� � � � � � � � 	
�

��

���

���


�������

�
��
��
�
��
��

��
��
��

 

 

� � � � � � � � 	
���

���

�

��

��


�������

�
��
��

��
�
��

�

����������� � �����!������� "!#��$�������

(e) Swine Lung (f) Swine Stomach

Fig. 15. Desired, estimated, and actual stiffness at the end effector during
palpation (Configuration C∗) of ex vivo organs.

simple and have low inertia. However, the delay caused by the

propagation transmission via the cables reduced the bandwidth

of the system. This mechanism will be replaced by a belt and

pulley configuration in the future. In order to extend the haptic

interface to 3-DoF, 2 more clutches are required. Based on our

calculations, by reducing the weight of the next generation of

the clutches, reconfiguring the location of the clutches in the

device, and using a lightweight driving motor, a 3-DoF device

can be made which has dimensions 200× 200× 100 mm and

weighs 4kg. This shows great torque-to-size and weight ratios.

Further investigation regarding stable performance of the

haptic device will be carried out for teleoperation with time

delays. Also, applications that involve larger environment

forces, will be considered for further assessment of the system

performance. In addition, the system will be tested in in vivo

and active environments to study the effect of natural motions

and forces (e.g., respiratory, cardiac, and body motions) on

stability and effectiveness of the system.

While further investigations are required to study the effect of

the device in specific medical applications, the results reported

in this paper show the significant potential of MRF-based

haptic devices for use in applications that require accurate and

reliable performance.
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