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ABSTRACT

Recently, smart fluids have drawn significant attention and growing a great interest in a broad range of
engineering applications such as automotive and medical areas. In this article, two smart fluids called
electro-rheological (ER) fluid and magneto-rheological (MR) fluid are reviewed in terms of medical appli-
cations. Especially, this article describes the attributes and inherent properties of individual medical and
rehabilitation devices. The devices surveyed in this article include multi-degree-of-freedom haptic mas-
ters for robot surgery, thin membrane touch panels for braille readers, sponge-like tactile sensors to feel
human tissues such as liver, rehabilitation systems such as prosthetic leg, and haptic interfaces for dental
implant surgery. The operating principle, inherent characteristics and practical feasibility of each medical
device or system are fully discussed in details.
© 2017 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

electro-rheological (ER) fluids, magneto-rheological (MR) fluids,
shape memory alloys (SMAs), piezoelectric transducers, magneto-

In the last two decades, several class of smart materials has
drawn significant attention in a broad range of engineering appli-
cations because of their unique and useful actuator properties.
Potential smart materials with actuator properties include
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restrictive materials, and electro active polymers (EAPs). Among
many smart materials, ER and MR fluids have been actively inves-
tigated in the medical field since both fluids have inherent features
in the sense of safety (or stability) and controllability of rheological
properties which are essential requirement of many medical
devices. ER fluids are a class of colloidal dispersions that exhibit
a large reversible change in their rheological behavior when sub-
jected to external electric fields. These changes in rheological
behavior are manifested by a dramatic increase in flow resistance,
which depends upon the flow regime and the composition of ER
fluids. The flow resistance can be considered as an actuating force
to control dynamic motions such as vibration and position. In order
to achieve flow resistance, ER fluids are frequently modeled by a
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simple Bingham plastic model, in which the field-dependent yield
stress is expressed as a controllable resistance. Among the many
inherent characteristics of ER fluids, the most salient property is
the fast response of the actuating force (or torque) caused by an
external electric field. This important property has triggered
numerous application research works on ER fluids, including auto-
motive shock absorbers, brakes, clutches, smart structures and sev-
eral different medical devices or mechanisms. It is well known
that, when subjected to an external magnetic field, MR fluids have
exactly the same characteristics as ER fluids. The rheological prop-
erties of MR fluids, such as complex moduli, can be tuned or con-
trolled by changing the intensity of the magnetic field associated
with the appropriate control schemes. Thanks to the robustness
and higher material performance of MR fluids over ER fluids in a
practical environment, numerous studies on the applications of
MR fluids are being actively undertaken in many industrial fields,
such as automotive, aerospace and medical fields. MR fluids have
a much higher field-dependent yield stress than ER fluids, and
hence they sufficiently meet the force or torque requirements of
various medical application systems or devices in a wide tempera-
ture range.

This review article presents a broad perspective of the research
efforts during the last decade in relation to medical applications
based on both ER fluids and MR fluids. The operating principle of
each medical device or system is fully described followed by cur-
rent level of technical capabilities and limitations. The medical
devices surveyed in this article include a multi-degree-of-
freedom haptic master for surgical robot associated with mini-
mally invasive surgery, thin membrane touch panels for braille
readers, sponge-like tactile sensors to feel human tissues such as
liver, rehabilitation systems such as prosthetic leg and ankle, and
haptic interfaces for dental implant surgery. For more information,
the haptic system can provide the stimulus information such as
tactile sensation and kinesthetic force to a user. It is generally
known that the haptic system generating kinesthetic force consists
of the haptic master and rehabilitation system. Also, touch panel
and tactile sensor are composed of the haptic device related to tac-
tile sensation. Although this article focuses on an extensive review
of medical applications using smart fluids, other contents are also
presented including a brief overview of new application
opportunities.

2. Medical devices using ER fluids

The first application of ER fluids to medical fields was a tactile
array to provide a programmable device detectable by human
touch as a finger (Taylor et al,, 1998). In this work, two different
tactile arrays were fabricated; without fabric and with fabric, and
it was shown that the vertical force profile of the fabric case is
much higher compared with the without fabric case by applying
the voltage to ER fluid domain. After introducing ER fluid based
tactile array in 1998, there was no research work on the medical
applications using ER fluids for a decade. In 2007, Han et al.
(2007) proposed a new haptic master which could be applicable
to the robot-assisted medical surgery in minimally invasive sur-
gery (MIS) areas. They proposed a spherical joint by adopting both
ER clutch and ER brake and achieved successful force and torque
control responses by implementing a sliding mode controller. For
more information, ER haptic master has two problems. One is that
the torque actuating mechanism for multi-DOF is very complex.
Another problem is the nonlinearity of ER fluid characteristics such
as hysteresis curve of the field-dependent yield stress. Since the
sliding mode controller (SMC) is known to robust to uncertainties
and disturbances, SMC is one of ideal controllers for haptic
application.

Han and Choi extended their work to the force control in a vir-
tual slave environment for MIS applications (Han and Choi, 2008).
The haptic master proposed in this work is featured by a spherical
joint consisting of bi-directional ER clutch and AC driving motors.
Therefore, one can readily obtain positive or negative torque from
the ER clutch by applying an electric field selectively to each part of
the outer electrodes. It is noted that the gap between the inner and
outer electrodes is fully filled with ER fluid. In fact, the proposed
haptic system can generate two different modes: active and
semi-active. In the active mode, the ER clutch can reflect active
and small forces produced by contact with the heart or lung, while
the outer stationary electrode functions as a brake to increase sta-
bility. In the semi-active mode, the eight segmented outer elec-
trodes become one brake system to reflect passive and large
forces produced by contact with muscle or bone, while the rota-
tional electrode of the ER clutch is fixed to be a brake. Lee et al.
(2014) developed a 3 degree-of-freedom (DOF) ER haptic master
and formulated a robot-assisted MIS by integrating a slave robot
and surgical tissues. After designing a user interface that is capable
of providing force feedback in all the degrees of freedom available
during robot minimally invasive surgery, the dynamic model of the
haptic master was analyzed and the model parameters were iden-
tified to evaluate control performance of the haptic master on skin-
and cancer-like tissues. The haptic architecture for robot minimally
invasive surgery has been established and experimentally imple-
mented so that the reflection force for the object of the slave robot
and the desired position for the master operator could transferred
to each other and this has been evaluated by the repulsive force
tracking control performances in time domain. Oh et al. (201343,
b), Han et al. (2016) extended 3-DOF to 4-DOF and performed
repulsive force control in a virtual environment. Fig. 1 shows the
4-DOF ER haptic master for the robot-assisted medical surgery
which consists of an ER spherical joint for 3-DOF rotational
motions and an ER piston device for 1-DOF translational motion.
In this work, in order to validate the proposed ER haptic master
for robot surgery, an experiment was undertaken in the virtual
space using deformable object representing human organs. It has
been shown that high tracking control performances between
desired and actual forces or torques can be achieved by utilizing
the proposed 4-DOF haptic master which is controlled by a sliding
mode controller (SMC).

On the other hand, a portable active knee rehabilitation orthotic
device (AKROD) using ER brake was proposed by Nikitczuk et al.
(2010). The AKROD was composed of straps and rigid components
for attachment to the leg, with a central hinge mechanism where a
gear system was connected as shown in Fig. 2. The key features of
the AKROD include: a compact, lightweight design with highly tun-
able resistive torque capabilities, sensors (encoder and torque), and
real-time capabilities for closed-loop computer control for gait
retraining. The controllable variable resistance could be achieved
through an ER brake connected to the output of the gear system.
In this work, two different AKROD controllers were developed that
could adapt to the changing environmental parameters such as
temperature variation providing consistently accurate and robust
control by taking into account the nonlinear behavior of ER fluids.
The two AKROD control schemes were an adaptive nonlinear pro-
portional integral (PI) constant torque control and an adaptive slid-
ing mode proportional integral derivative (PID) constant velocity
control. These were developed specifically for the purpose of use
in rehabilitation, more specifically for isotonic and isokinetic exer-
cises. It has been demonstrated via experimental tests that the pro-
posed device can be effectively applied to wearable rehabilitation
mechanisms for human health. One more interesting medical
application using ER fluid was proposed in Bansevicius and
Virbalis (2007). They proposed a 2-dimensional braille readers
using ER fluid based valve matrix mechanism as shown in Fig. 3.
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Fig. 1. An ER haptic master for robot-assisted surgery (Oh et al., 2013b); (a) configuration, (b) photograph.
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Fig. 2. Active knee rehabilitation orthotic device using ERF brake (Nikitczuk et al.,
2010).
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The valve matrix realization was achieved by standard laminated
electronics plate. The upper and lower copper surfaces can serve
as electrodes. An investigation on the valve matrix with valve holes
in standard laminate electronics plate has been performed and
shown that when a whole matrix is made in the coppered plate,
upper and lower copper surfaces serve as electrodes of electric field
in the holes. To control the voltage of every hole discretely, individ-
ual electrodes on the plates were made in a form of strips, with an
angle of 90 between them on both sides of the plate. This design
has ensured that the voltage is in only one hole when the voltage
between one strip on the upper side and one strip on the lower side
is applied. It has been shown that the response time of the valves is
around 1-5 ms and the safety of the operator is guaranteed by lim-
iting the maximum current of 1 mA. These results are self-
explanatory justifying that the proposed ER valve mechanism can
be effectively used as a controllable braille device in which the
operator has no contact with the high voltage to be applied to ER
fluid domain.

3. Medical devices using MR fluids

The tactile display utilizing MR fluid was introduced in Liu et al.
(2005). In his work, a single cell of MR fluid based tactile display

Capacity with ERF

()

(b)

Fig. 3. Two-dimensional braille readers based on ERF (Bansevicius and Virbalis, 2007); (a) membrane configuration, (b) matrix of electric field valves.
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was made as a prototype and its surface force responses were
experimentally investigated with respect to the intensity of the
magnetic field and probe flexibility. It has been shown that MR
fluid is suitable for use as an actuator in a tactile display and the
displayed surface information is stable and repeatable.
Chouvardas et al. (2008) overviewed various types of tactile dis-
plays including MR fluid in terms of the physiological and techno-
logical principles. It was reviewed that MR fluid could be one
potential candidates for the medical tactile display providing
smooth motion with skin-like sensitivity. On the other hand,
Yang et al. (2010) introduced a miniature tunable stiffness display
using MR fluids which can be applicable to medical haptic system.
Fig. 4 shows an overall structure and working principle of the pro-
posed tactile display in this work. When pressed, the elastic spring
elongates and MR fluids flow through a gap between the solenoid
and the hollow steel shaft. The overflowing fluids make the poly-
dimethylsiloxane (PDMS) membrane swollen at the bottom. After
releasing the display, the deformed elastic spring reshapes back
to the original configuration and the solenoid also returns to its
original position. In order to maximize the resistive force in a small
device, the proposed stiffness display was designed such that it has
multiple operating modes of MR fluids. The multiple modes
include the flow mode (MR fluids flow due to a pressure gradient
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Ferromagnetic

/ Material

/ Magnetic
Stationary =

Path
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Fig. 5. A configuration of the tactile device for testing of palpation force of human
body parts (Han et al., 2014).
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Fig. 4. Tunable stiffness display using MR fluids for medical haptic device (Yang et al., 2010); (a) before pressing, (b) after pressing.

between the two stationary plates), the shear mode (MR fluids flow
between two plates that are moving relative to one another), and
the squeeze mode (MR fluids flow between the two plates that
are moving in a direction that is perpendicular to their planes).
Therefore, the total resistive force can be determined by summing
all the stresses developed all of operating modes of MR fluids
which could maximize the resistive force in the miniature tactile
device. In tactile device researches, virtual surface characteristics
was also experimentally investigated by Lee and Jang (2011). They
made an MR haptic display as a box type and measured the normal
force response using a single magnet and double magnets. It has
been shown that the normal force can be affected by several factors
such as magnetic flux density and size of the magnet.

Han et al. (2014) proposed an MR tactile display which is appli-
cable for master-slave system in robot-assisted MIS. Fig. 5 shows
the configuration of the proposed tactile display in this work.
The proposed device is a typical array type with four pins, but
the pin array supports an artificial organ. It is made from a rubber
diaphragm whose inside is fully filled with MR fluid. The rheolog-
ical properties of the MR fluid can be changed by applying input
current to the two solenoid coils whose turn directions are oppo-
site from each other to generate identical magnetic flux lines. In
this structure, the tactile sensations of various biological organs
could be realized by adjusting the applied current to each solenoid.
The proposed tactile display has been proved by psychophysical
tests which were carried out for five test subjects and 20 volun-
teers, university students aged between 20 and 30 years old. All
volunteers were asked to wear a latex glove, touch the surface of
the proposed MR tactile display and answer a questionnaire of five
questions. Their mean rating value was 3.36 on a five-point scale.
This means that one can successfully recognize the tactility to con-
vey through the proposed tactile display. More recently, Kim et al.
(2016a) made a new type tactile device using an MR sponge which
is directly applicable to the robot-assisted medical surgery. Fig. 6
(a) shows a sample of MR sponge cell made of collagen film, open
celled polyurethane form and MR fluid. In order to undertake tac-
tile experiments, a 3-axis robot is designed and manufactured as
shown in Fig. 6(b). The robot uses four stepper motors. Two of
the motors act in the z-axis direction, one motor is involved in
the x-axis direction, and the other motor is related to the y-axis
direction. The end effector has a 6-axis torque/force sensor and a
plastic stick that is shaped like a human fingertip. The specimens
and the MR sponge cell are respectively placed on the left and right
sides at the bottom of the 3-axis robot. Two electromagnets are
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Fig. 6. A new tactile device using MR sponge cell (Kim et al., 2016a), (a) sample of MR sponge cell, (b) testing of the reaction force and relaxation time.

used to apply various magnetic fields to the MR sponge cell. In this
work, three specimens of pork were used to evaluate the tactile
force by controlling the magnetic field; pork, pork rind and pork
heart. It has been shown that three specimens have different stress
relaxation time and reaction force or torque in each direction. For
example, the relaxation time for the x-axis force is 0.32 s for the
pork, 0.52 s for the pork rind, and 0.74 s for the pork heart. The
relaxation time for the z-axis force is 0.36 s for the pork, 0.48 s
for the pork rind, and 0.69 s for the pork heart. The maximum reac-
tion force in the x-direction for the pork, pork rind and pork heart
is 0.8 N, 1.0 N and 1.3 N, respectively.

It is known that MR fluid is one of potential candidates for var-
ious rehabilitation devices or systems since it has several inherent
characteristics such as easy controllability of both stiffness and
damping properties by the intensity of the magnetic field. There-
fore, numerous engineering applications have been proposed by
many scholars. Especially, damping force performance of MR dam-
per which can control the damping force according to magnetic
field has been intensively worked in Bica (2002, 2004, 2006a,b,
2009), Bica and Choi (2008), Bica et al. (2013, 2015a,b). The basic
principle of the prosed medical applications are same that used
for MR dampers. Kim and Oh (2001) introduced an above knee
prosthesis using a rotary MR damper and tested its effectiveness
by adopting leg simulator. It has been shown that the desired knee
joint angle can be accurately achieved by controlling the damping
force of MR damper. A user-adaptive prosthetic knee utilizing MR
brake was proposed and investigated in terms of walking cycles in
Herr and Wilkenfeld (2003). The walking cycles consists of stance
flexion, stance extension, pre-swing, swing flexion and swing
extension. It has been tested that the proposed MR knee prosthesis
automatically modulates knee damping values to match the ampu-
tee’s gait requirements, accounting for variations in forward speed,
gait style and body size. In addition, they have proved that the
results achieved in this work can sufficiently support the hypothe-
sis that a user-adaptive control scheme and local mechanical sens-
ing are all that is required for amputees to walk with an increased
level of biological realism compared to mechanically passive pros-
thetic systems. Dong et al. (2006) proposed a variable resistance
exercise device using MR dampers. They made two prototypes of
MR dampers for the variable resistance knee brace and versatile
rehabilitation device. It has been demonstrated from both simula-
tion and experiment that the supervisory control for MR dampers
can provide excellent force tracking performance in the presence
of parameter uncertainty of the field-dependent nonlinear prop-
erty of the damper. A leg exoskeleton device using MR damper
was proposed and its effectiveness was evaluated in Chen and

Electromagnet —

Magnetic Line

Specimens

(b)

Liao (2006, 2010). The proposed leg exoskeleton includes braces,
MR brake and sensors. The upper brace connected to the waist is
bound to the upper leg and the lower brace connected to the foot
is bound to the lower leg. The sensors are used to detect the user’s
walking condition and estimate the needed assistive torque. Two
force sensors are mounted on the front and rear sole of the foot
to measure the reaction force from the floor. In this work, simula-
tions of walking, sitting down and standing up with the leg
exoskeleton were carried out to identify the required torques for
normal standing. They concluded from the preliminary result that
the proposed leg exoskeleton can provide sufficient assistive tor-
que required for normal walking process. A geometrical optimiza-
tion for MR rotary brake which can be used as a controllable
component for the prosthetic knee was undertaken in
Gudmundsson et al. (2010). This work shoed that optimization
techniques can aid the design of MR brake as small as possible
while maintaining high torque generation. It has been shown that
due to the trade-off between many objectives and the multi-
objective approach the maximizing the field-induced braking tor-
que may have a strong negative effect on the off-state rotary stiff-
ness. Therefore, they have concluded that a design decision to
select the highest tolerable off-state rotary stiffness and to use
the valuable simulation data to determine principal design param-
eters should be carefully considered. Recently, Park et al. devel-
oped a prosthetic leg for above-knee amputees using MR damper
and commutated motor to achieve both the semi-active and active
functions (Park et al., 2016). Fig. 7 shows the schematic configura-
tion and photograph of the proposed leg to be fitted above-knee
amputees. The proposed device includes the wearable connector,
encoder, flat motor, planetary gear head, gyro sensor, hinge and
MR damper. It has shown from experimental tests that the actual
knee joint angle fairly follows well the desired angle at low walk-
ing velocity. However, as the walking velocity increases the track-
ing accuracy has been degraded due to the slow time response of
the MR damper. Consequently, they concluded that a couple of fur-
ther researches should be undertaken to enhance control perfor-
mance and realize in practical environment. Firstly, a proper
algorithm of gait cycle which can provide better accuracy than
the polynomial prediction function (PPF) for the prediction of the
desired values needs to be developed because the proposed predic-
tion method which predicts the knee joint angle from the hip joint
angle using the statistical method may be inappropriate when the
above-knee amputee encounters disturbance or obstacle. Secondly,
the optimal design of MR damper to improve the response time
during the turn-off the period should be undertaken to achieve
better accuracy in wide range of walking velocities.
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Fig. 7. A prosthetic leg for above-knee amputees using MR damper (Park et al., 2016).
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Fig. 8. An ankle-foot orthosis using MR brake (Furusho et al., 2007).

On the other hand, Furusho et al. (2007) developed a control-
lable ankle-foot orthosis using MR brake as shown in Fig. 8. They
made two different prototypes using shear mode MR brakes which
can produce maximum torque of ankle joint; 0.71 Nm and
11.8 Nm, respectively. They tested the ankle angle without and
with control action in the walking state. It has been shown that
by controlling the ankle torque using MR brake the subject can
maintain the dorsal flexion and prevent the drop foot in swing
phase. In addition, they have demonstrated that the higher bend-
ing moment and shorter walking cycle are achieved by activating
MR brake which in turn can prevent drop foot in swing phase
and slap foot at heel strike. They improved the model developed
in Furusho et al. (2007) by making as a compact size while
maintaining the maximum torque of 10 Nm (Kikuchi et al.,
2010a,b). In this work, they used an accelerometer and a rotary

potentiometer to determine the state of the gait. To test the
feasibility of the newly developed an intelligent controllable
ankle-foot orthosis (i-AFO), they conducted gait experiments on a
patient with post-Guillan-Barre syndrome. The experiments
showed that the i-AFO correctly controlled the angular velocity
of the ankle joint by means of the velocity controller. The i-AFO
worked as a velocity controller in the loading response and an
angle limiter in the swing phase. They concluded that these
functions can improve the abnormal gait of the subject.

It is known that various types of haptic systems (or haptic mas-
ter system) have been developed for the application of the medical
fields such as the robot-assisted minimally invasive surgery
(RMIS). The haptic systems used for the medical sector can be clas-
sified into two different modes; active mode and semi-active
mode. In general, the active mode is realized using servo motors
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or hydraulic actuators and hence controlled (desired) repulsive
force or torque can be easily sensed by the operator. However,
the stability of the haptic system executed by the active mode
may be failed due to abnormal feedback control signals. Therefore,
recently semi-active types of haptic systems are widely introduced
and developed. Among the semi-active types, most attractive and
practically feasible one is to use MR fluid. In 2004, a new dissipa-
tive haptic system actuated by MR brakes was introduced and pre-
liminary round of testing with human operators was used to
evaluate each control technique showing good torque tracking
responses (Reed and Book, 2004). Based on this outstanding con-
trol performance, many researches related to MR brake were
developed for the haptic application (Liu et al., 2006; Avraam
et al., 2010). Among them, Senkal et al. proposed the compact size
of MR brake featuring a high torque generation (Senkal and
Gurocak, 2010). In this research, a serpentine magnetic flux path
which enabled the design of a brake that is 33% smaller in diameter
than the commercial brake yet produces 2.7 times more torque
was made and tested. In addition, O-Rings were used to seal the
fluid which could result in increased off-state friction. Senkal
etal. (2011) proposed MR haptic system as a surgical aid for dental
implant surgery to get several benefits such as decreased depen-
dence on the surgeon’s skill, accurate implant positioning and
increased overall safety of the operation procedure. Fig. 9 shows
the dental surgery and the haptic device made in this work. The
designed haptic device prototype consists of four components:
MR-brakes; position sensors; a 6-DOF force sensor; and a hand
piece for drilling. Pen-based haptic devices (PHANToM) were taken
as an example in the design of this first prototype. Hence, three
joints were actuated with MR brakes for creating haptic feedback
and the remaining three joints were left unactuated at the wrist
to provide motion in 6 DOF. The end effector of the haptic interface
used a spherical joint at the wrist and a small drill bit at the end of
the hand piece. The x-y-z coordinate of the drill bit could be con-
strained using the haptic feedback created by the MR brakes. An
alignment plate with a sleeve was attached onto the drill bit to
provide angular guidance during user experiments. It has been
shown that during the haptic drilling experiments, deflection
causes the positioning errors, despite the rigid construction of
the haptic arm. This is a challenging issue, since the arm needs
to be lightweight and the application requires very strict position-
ing accuracy. In addition, the anisotropic behavior of the system, as
indicated by different error levels in the x, y, and z directions, con-
tributing to the positioning errors was observed. It has been men-
tioned in this work that the current system cannot achieve the
level of accuracy of robotic systems in the x direction yet, but it
is promising as a first prototype.

Senkal and Gurocak (2011) proposed a new type of the haptic
joystic featured by three air muscles and a spherical MR brake

MR brake

Position sensor

which can apply forces 2-DOF. In this work, the hybrid control
approach blended the forces from the active air muscle actuators
with the forces from the spherical MR brake actuator. The benefit
of the hybrid actuator could be observed in simulating interactions
with elastic virtual objects. It has been demonstrated that using the
MR brake and the air muscles, the stable stiffness that can be sim-
ulated at high speeds dramatically increases. Thus, they have con-
cluded that the proposed haptic joystic can be employed in
applications including computer games, medical training applica-
tions, rehabilitation and in teleoperation of equipment where high
force feedback in a compact work volume may be desirable. They
proposed another configuration of the haptic device using a Hall-
effect sensor and a new compact MR brake (Gonenc and Gurocak,
2012). The Hall-effect sensor was embedded to eliminate the hys-
teresis and reduce off-state torque of MR brake through closed-
loop magnetic induction control. In this work, the desired force
profile was divided into two input signals as smoothened profile
signal and fine detail signal to operate the brake and the motor
in harmony with a simple control scheme. The smoothened profile
signal was then mapped into magnetic induction domain to form
the MR brake command signal. Another contribution of the
research was canceling the hysteretic behavior of the brake
through the use of an embedded Hall-effect sensor, which provided
more accurate and easy control of the device. The torque output
was regulated based on the sensed magnetic induction in the brake
instead of the magnetic field strength. Measured magnetic induc-
tion values provided a good estimate of the individual torque out-
put of the brake. It has been also shown that the hybrid actuator
consisting of motor and MR brake can provide significant improve-
ments in terms of reflecting realistic tissue behavior during a vir-
tual needle insertion, removal and collision with a bone
compared to using a single actuator.

The research trend on the development of the haptic systems
for last two years has been rapidly changed to the implementation
of the surgery operating associated with the RMIS. In general, the
teleoperated robot-assisted haptic catheter minimally invasive
surgery system consists of human operator, haptic master subsys-
tem, communication channel, slave manipulator subsystem, and
the patient environment. Yin et al. (2016) proposed a new teleop-
erated haptic robot-assisted catheter operating system using MR
fluid container. Fig. 10 shows the conceptual idea and fabricated
catheter interfaces developed in this work. The haptic catheter
operation subsystem based on exploiting MR fluids was proposed,
which consists of electromagnetic design, haptic catheter interface
design, and haptic calibration mechanism design. Three spacers
which gave MR fluids annular duct design more freedom according
to the requirements, were designed to adjust the gap between two
coils to further adjust magnetic field intensity through the MR flu-
ids container. The diameter of the copper wire of the coil is 1.6 mm

Handpiece

Force sensor

Fig. 9. A haptic interface with MR brake for dental implant surgery (Senkal et al., 2011).
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and each of coil turns is 1200 T. The bobbin of the coil and the stage
are made of aluminum. Iron core is used to increase the magnetic
field in the center. The yoke used to support the coils is also made
of the steel, and all other components are made of nonmagnetic
material. In this work, the following tests were undertaken; the
distribution of the magnetic field intensity, the friction measure-
ment of the haptic interface, the calibration of the haptic force,
the measurement of the haptic force at different insertion frequen-
cies, and the hysteretic characteristics of MR fluid. These experi-
mental results have demonstrated that the designed teleoperated
robot-assisted catheter haptic minimally invasive surgery master
operating system can provide a haptic sensation to the surgeon
for improving the safety of surgery as well as maneuverability. It
has been also shown that the haptic calibration experiments based
on the designed catheter haptic operation system and hysteretic
characteristics test of MR fluids can be easily done due to the con-
trollability of the field-dependent rheological properties of MR
fluid. In addition, it has been observed that the hysteretic charac-
teristics of MR fluids have no impact on the haptic force. Using
the proposed haptic system, the surgeon can obtain a kinesthetic
sensation based on the slave system measurement by precise con-
trol of the current generated magnetic field intensity. However, in
order to successfully complete the surgery operation the robotic
catheter haptic operation master system should be able to provide
a kinesthetic sensation to the surgeon to ensure the safety of cathe-
ter minimally invasive surgery. They have concluded that the
designed catheter haptic master operation system can be used

Contact Plate __
Elastic Spring — [

Steel Plunger

Solenoid Coil 8 Steel Housing

al 7]

Flow of MR Fluids

(a)

MR fluids container
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Fig. 10. A haptic interface for the robot-assisted catheter operating system using MR fluids (Yin et al., 2016); (a) haptic configuration, (b) fabricated catheter haptic interface.

not only as a console used in teleoperated robot-assisted surgery
scenario but also for non-experienced surgeon training.

Recently, a miniature haptic button was proposed using MR
fluid to convey realistic and vivid haptic sensations to users in
small electronics (Yang et al., 2014; Ryu et al., 2016). The sche-
matic view and operating method of the miniature MR actuator
is shown in Fig. 11. The housing with a yoke contains a solenoid,
a cone-shaped plunger, an elastic spring, and MR fluid. The sole-
noid coil is attached to the bottom of the housing surrounding
the yoke, and the plunger is placed inside the solenoid coil. A hous-
ing spacer and a housing cover are mounted to the top of the hous-
ing, and the contact plate is fixed to the upper end of the plunger.
The elastic spring is placed between the housing cover and the con-
tact plate, and it provides an elastic restoring force to bring the
contact plate to its initial position upon removing the input current
and releasing the actuator. Since the housing with the inclined
yoke, the cone-shaped plunger, and the housing cover is made by
a ferromagnetic material, those parts guide magnetic fields gener-
ated from the solenoid coil, creating a closed magnetic circuit. The
housing contains MR fluid, and the fluid flows through the gaps
between the yoke and the plunger. When a user presses the MR
actuator, MR fluid flows upward from the inclined gap between
the yoke and the plunger. Once an input current is applied to the
solenoid coil, MR fluid builds up particle chains in the inclined
gap, producing resistive forces. The proposed miniature MR actua-
tor was designed to integrate multiple operating modes of MR fluid
for maximizing the resistive force in a given size of the actuator.

Sensing

Pressed Depth = MR

Current Input —9), Actuator
T i Loadcell
Resistive F

esistive Force 4 (CAS CL8:

Fig. 11. A miniature MR actuator for haptic applications (Ryu et al., 2016); (a) actuator configuration, (b) experimental setup for measuring the resistive force.



398 J.-S. Oh, S.-B. Choi/Journal of King Saud University - Science 29 (2017) 390-400

The force contributed by the squeeze mode exponentially
decreases when the gap distance between the plunger and the
housing in the actuator increases. Thus, the cone-shaped plunger
design was employed to compensate dramatic decrease of the
squeeze mode force. Moreover, the cone-shaped design allowed
further reducing the height of the actuator as compared with an
equivalent MR actuator with a cylindrical-shaped plunger design.
It has been shown from experimental results that the pressed
depth is gradually increased according to the gradual increase of
the resistive force and the desired resistive force suddenly drops
around the 0.65 mm pressed depth. This indicates that the pro-
posed impedance sensing mechanism reliably gauges the user’s
pressed depth, and the designed control system works properly
to produce the desired force according to the measured pressed
depth. Therefore, they have made conclusions that the control sys-
tem using the impedance sensing method can reliably provide var-
ious force profiles with respect to the gauged pressed depth and
hence it can be applied to real-world haptic applications such as
medical interfaces, game interfaces, mobile phones, and so on.
Recently, Oh et al. developed 4-DOF haptic master for applica-
tion to the robot-assisted surgery (Oh et al., 2014). Fig. 12 presents
the schematic configuration and photograph of the manufactured
haptic master featuring MR clutches. The proposed MR haptic mas-
ter consists of two distinct actuators: a bi-directional MR clutch
with a planetary gear system and an MR clutch with a bevel gear
system. The resistance to the motion of the operator is transmitted
from these MR actuators via the gimbal mechanism. In the MR
actuator mechanisms, the force reflection is realized by the MR
fluid. In order to realize the force reflection for the pitching and
rolling rotational motions, two bi-directional MR clutches and
the planetary gear system incorporated with the gimbal mecha-
nism is used. The bidirectional MR clutch consists of the two coils,
the two rotors and one outer casing. Two rotors are fixed to their
respective shafts, which are transmitted from a planetary gear sys-
tem as the driving bi-output source. After verifying the effective-
ness of the proposed haptic master showing excellent repulsive
torque tracking responses (Oh et al., 2014), it has been applied to
the simple cutting surgery associated with the visual feedback con-
trol method (Choi et al., 2015). Fig. 13(a) shows a block diagram for
the cutting surgery using the proposed haptic master featuring MR
clutches. When the operator manipulates the master, the motion
commands are transferred to the slave robot via an analog/
digital-digital/ analog data acquisition system installed on
commercial dSpace. The movement of the master is measured by

Handle

Driving Servo

Motor MR Clutch

S-axes
Force/Torque
Sensor
Driving DC

Motor

Bi-Directional

Planetary Gear
System

(a)

encoders and its frictional torques are determined by torque sen-
sors. While performing the surgical tasks according to the motion
commands, the slave robot transmits the force data from the force
sensor which is installed in the middle of the instrument. The force
sensor measures the contact force that the slave robot perceives,
and the MR haptic master allows the operator to feel this measured
force through the degree of solidification of the MR fluid. The visual
image is obtained by a vision sensor and is transmitted to the
microprocessor in real time. According to the testing condition,
the haptic and visual feedback systems can be turned on or off.
The sampling frequency was set to 1 kHz in experimental imple-
mentation. Fig. 13(b) presents two different vision images and con-
trol results for the repulsive force in the x and y direction. Because
the MR bi-directional clutch and MR handle clutch compensate for
the inertial and gravitational forces of the MR haptic master in real
time, the actual repulsive forces reflect the desired repulsive forces
accurately. The average force error does not exceed 0.07 N, and the
standard deviation is 0.062 N. They have concluded that when the
vision devices are attached associated with the digital image pro-
cessing can enhance the practical surgery performance of RMIS
helping the distinguishing the tumor from the organ more clearly.
More recently, Kim et al. (2016b) proposed a mathematical model
for the reaction force occurred during insertion by considering
deformation mode, rupture mode and cutting mode and verified
its effectiveness through a comparative work with the measured
results achieved by controlling the haptic device featuring MR
clutches. In the test, three different types of boar tissues which
are hard, medium and soft tissues were used. The subjects of the
experiment were classified into hard tissue, medium tissue, and
soft tissue, and they are incised by the scalpel of the measurement
device. The hard tissue includes skin and flesh, the medium tissue
is flesh without skin, and the soft tissue is boar liver. The reaction
force information was measured in the vertical direction and hor-
izontal direction. The scalpel blade makes a crack in the tissue in
the vertical direction and propagates the crack. After incision in
the vertical direction, the scalpel moves in the horizontal direction.
It has been demonstrated that the closed-loop PID controller is
more accurate than the open loop controller. However, the system
with the PID feedback controller had a weakness in the external
disturbance that caused system oscillation. Therefore, they have
concluded that a new controller such as sliding mode controller
that has robustness to external disturbance needs to be imple-
mented for the RMIS subjected to parameter variations and
disturbances.

(b)

Fig. 12. A haptic master for robot surgery using bi-directional MR clutches (Oh et al., 2014); (a) configuration of the haptic master, (b) prototype of the haptic master.
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Fig. 13. A robot-assisted surgery diagram using the MR haptic master (Choi et al., 2015); (a) surgery diagram, (b) original and processed images.

4. Conclusion

In this topical review article, several medical devices and sys-
tems utilizing smart ER and MR fluids were introduced and their
technology capabilities and limitations for practical implementa-
tion were discussed. Especially, the operating principle and
mechanical structure of each medical device has been fully
described followed by the detailed discussion of merits and prob-
lems to overcome for practical use. It has shown that at this
moment the most promising medical applications using smart flu-
ids are several types of haptic masters activated by ER/MR brakes
and ER/MR clutches. These haptic masters can provide a smooth
motion for robot surgery with robust stability during surgical oper-
ation due to the continuous controllability of damping property of
smart fluids. It has also surveyed that various rehabilitation sys-
tems can be practically realized soon by utilizing easy controllabil-
ity of force and torque which are required for optimal training
program for the recovery from injury. This review provides very
useful information on the potential research opportunities and
emerging technologies using smart fluids for the innovative medi-
cal devices of the future. It is remarked that continuous advances in
the synthesis of smart fluids are likely to motivate the creativity of
researchers seeking to innovative and advanced medical devices
and systems integrated with appropriate control methodologies.
It is noted that the technology using smart fluid is expected to
change everyday life and boost medical industry.
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