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Design and analysis of a new tactile device featuring
Magneto-Rheological fluid in control force of robotic surgery

Le Tran Huy Thang, Do Xuan Phu*

ABSTRACT
In this paper, a new artificial skin tissue device which can emulate the stiffness of several organs of
human is proposed and analyzed utilizing magneto-rheological (MR) fluid (MR skin). The proposed
skin could be applied for the robot-assisted surgerymanipulated by haptic devices as a controllable
tactile sensor. The method in this paper is design of multi- embedded valve networks inside the
structure of themaster actuator. These valves use the flowmode and shearmodeofMR for pressure
control. Deformation equation of the MR skin is derived and the external force contacting the MR
skin is also analyzed. After formulation, the proposed tactile display is optimized by using the finite
elementmethod software (ANSYS ADPL). It is shown via the optimization that the results can satisfy
the initial requirements of the design. From the simulation results, the adjacent coils with similar
setup show outstanding results compared with adjacent coils with discordant setup. This directly
indicates that the proposed MR skin structure is feasible in the manufacturing and is applicable to
haptic devices, especially those used for robotic surgery.
Key words: Magneto-rheological fluid, MR skin, MR actuator, Optimization, Pressure control,
Tactile device, Deformation change

INTRODUCTION
Recently, many research studies have been carried out
on mmicking human skin via electronics, as shown
in Figure 1. Nonetheless, according to Wang et al.,
simulating the human skin using tactile display with
the ability to distinguish among a wide range of force
values and with a rapid response is still challeng-
ing1. Moreover, the device’s ability to mimic the sur-
face of an object, including the deformation, texture,
shape, roughness and temperature, also warrant fur-
ther research. By simulating the surface of the hu-
man organs, the device transmits small-scale infor-
mation of the deformation of the skin to the opera-
tor’s hand2. This application could be applied in min-
imally invasive surgery in order to provide a realistic
environment for teletaction and high surgical preci-
sion. Such devices could be developed using differ-
ent approaches, including electromagnetic technolo-
gies, shape memory alloys, electrorheological fluids,
magnetorheological (MR) fluids and pneumatic sys-
tems3. Among these compliant tactile displays, MR
fluid possesses outstanding properties since it has low
cost, low power consumption, and a simple config-
uration – without any moving components4. MR
fluid is a kind of smart fluid which contains ferro-
magnetic particles - mostly micrometer scale – and
oil carrier5. In ambient conditions, MR fluid behaves

like Newtonian fluid. When the free-flowing liquid is
placed under a magnetic field, MR fluid immediately
changes its density and transforms into a semi-solid
state with a different mode of operations, including
valve mode, squeeze mode and shear mode. These
properties allow the user to control the behavior of the
MR fluid bymanipulating themagnetic field 6. There-
fore, MR fluid is applied in many different research
fields and has contributed to creating cutting-edge
technology devices, such as MR brake, MR damper
and MR valve7,8.
In this paper,MR skin consists of amulti-valve system
which deploys the behavior of MR fluid; the progress
of optimal valve design is proposed. The objective of
this study is to create a new tactile display device with
the ability to mimic the surface of different human
organs. In order to achieve that, the MR skin sur-
face would have to mimic the deformation of the or-
gan based on palpation force and surface deformation
aspects. This device is designed to provide the user’s
handwith realistic sensation through appropriate pal-
pation force and surface deformation. MR skin has
promising potential to be applied in robotic master–
slave systems, such as the daVinciT M Surgical System.
Due to the development of the surgical robotic sys-
tem, the need for a tactile display device for better tac-
tile sensations and spatially distributed information is
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recognized. The structures of the next sections are or-
ganized as follows: Section 2 gives an overview of the
MR skin configuration and the valve network design,
Section 3 analyzes the desired parameters in order to
emulate the real organs and also the displacement cal-
culation, and Section 4 provides the optimization pa-
rameters and the results configuration.

CONFIGURATION AND ANALYSIS
MR skin configuration

MRkin design
To provide the best experience, the width and length
of the device are chosen to fit the dimensions of the
human hand. When touching the device, the vibra-
tion stimulus would be recorded and classified, based
on different characteristics such as strength and loca-
tion. This design has a total of 25 cells and can be di-
vided into 2 types. The configuration is shown in Fig-
ure 2, in which type 1 refers to cells containing only
MR Fluid and type 2 refers to valve cells. These cells
are arranged alternately, and eachMR fluid cell is sur-
rounded by 2 or 4 valve cells.
The MR fluid cell is able to exert forces normal to
the MR skin surface against the applied forces. The
strength of the palpation force can be controlled by
the intensity of the magnetic flux. This feature is ma-
nipulated by the electromagnet which is placed under
the MR skin surface. The coils setup can be adjusted
to create clock-wise or counter clock-wise magnetic
field lines.
At the initial state, the MR skin has a flat surface, as
shown in Figure 3. The fluid pressure inside the de-
vice can be calculated as the sumof the initial pressure
po the laminar pressure, and the turbulent pressure
of the MR flow. The initial pressure is chosen so that
it would be close to the ambient pressure. The tur-
bulent pressure only appears when the Reynold num-
ber of the MR fluid is larger than 2300. According to
studies by Goncalves et al., if the MR fluid velocity is
smaller than 40m/s, then itsmaximumReynold num-
ber is just over 12009. This value is significant lower
than the critical Reynold number. The fluid velocity
in the tactile display is undoubtedly smaller than 40
m/s. Thus, there would be no turbulent pressure in
the MR skin and the formula of the pressure inside
the device can be written as (Equation (1)):

p = p0 + plaminar (1)

As shown in Figure 3, below the MR skin’s surface is
a suspension system. This system connects with the
frameunderneath to stabilize the structure. The cylin-
der frame could be used as an electromagnet to ma-
nipulate the palpation force. The blue parts inFigure 3

are made frommagnetic material. There is a displace-
ment sensor installed under each valve cell. The dis-
placement sensor could also function as a force sen-
sor. These sensors would provide accurate informa-
tion about the position, strength of the applied force,
and how long the force would last. The control system
would be based on these signals to adjust the valve.

Valve design
As mentioned above, the MR skin consists of valve
cells and MR fluid cell. The valve system includes 12
identical valve cells and 13 MR fluid cells. The gap of
the valve is small enough so that the MR fluid would
work properlywhen themagnetic field is applied. This
gap also removes the block phenomenon of the valve.
The coil is placed inside the valve system in order to
increase the magnetic field strength. The dimensions
of the valve are shown in Table 1.
When the valve is open, the MR skin surface will de-
form with a low palpation force. The valve gap is 0.5
mm, which is sufficient for theMR fluid to operate ef-
fectively and prevents the sudden deformation of MR
skin. Theoretically, with a high enough current inten-
sity, the valve would completely block the movement
of the fluid among the MR cells. The valve’s cross-
section has an isosceles trapezoidal shape, as shown
inFigure 4. The inner length of the isosceles is 24 mm
and the outer length of the isoceles is 30mm, as shown
inTable 1. Due to the simple structure, its execution
requires fewer accessories and no moving parts. Be-
sides, this configuration allows the valve toworkmore
efficiently when the magnetic field is applied.

Working principle
TheMR skin is a tactile display which mimics the hu-
man organ surface to support the operator of the hap-
tic device. InFigure 5, when the operator’s fingertip
contacts with the MR skin, the MR skin will have a
slight vibration and displacement. This vibration is
recorded by a force sensor under the valve cell. This
sensor also works as a displacement sensor and col-
lects the information of the MR skin surface deflec-
tion. The signal is converted from analog to digital
and fed into the controller. This controller would ma-
nipulate the current power. The current intensity will
directly control themagnetic field. Thismagnetic field
would act like an actuating signal for the valve net-
work. The displacement sensors are placed under the
MR valve measuring the real time deflection of the
MR skin surface and feedback to the controller. This
feedback loop would provide the controller with the
information of the position, velocity and the palpa-
tion force generated by the MR skin. Hence, the MR
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Figure 1: Recent applications of electronic skin technology.

Table 1: Valve dimensions

Parameter Parameter unit Value (mm)

Gap thickness 0.5

Valve depth 30

Valve inner length 24

Valve length 30

Valve height 30

Coil height 6

Coil length L3 24

skin surface could maintain the deformation accu-
rately and provide the user with a more realistic sen-
sation.

MR skin deformation analysis

Desired palpation force

To imitate the human organ, numerous factors need
to be considered. Firstly, how the strength and fre-
quency of the applied force affect the deformation
are examined. Secondly, the environmental elements
such as the temperature or texture of the organs are

studied. At the initial stage of creating the MR skin,
only the palpation force and the displacement of the
MR skin will be analyzed. Palpation force is the reac-
tion force between theMR skin and the human organ.
A dynamic force sensor is used to measure this value.
An experiment was carried out on five different exter-
nal human organs2. The results are shown in Table 2
(byHan et al.)2. Thepalpation force oscillates approx-
imately between 0.4 to 1.5 N. Thus, MR skin needs to
be able to exert a force normal to the tactile display
surface with the value ranging from 0 to 2 N.
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Figure 2: MR skin top view.

Figure 3: MRskin configuration
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Figure 4: Design of the valve system in theMR skin.

Figure 5: Control process diagram.

Table 2: Palpation force of 5 body
parts.

Organ Palpation Force (N)

Hand 0.6 – 0.9

Neck 0.6 – 1.2

Abdomen 0.4 – 1.3

Thigh 0.7 – 1.2

Back 1.0 – 1.5

Desired displacement value
To provide the realistic sensation when touching the
MR skin, the displacement of the MR skin’s surface
also needs to be considered. In 2015, an experiment
was carried out by Ogawa et al. on the stomach to
evaluate the stiffness of the organ palpation device 10.
The results are shown in Figure 6. From these dia-
grams, a displacement value of approximately 0.004m
will generate a reaction force value around 1.2 N. As
mentioned above, the proposed device needs to pro-
duce a palpation value equal to 1.5 N. Hence, to sat-
isfy the design requirements, a displacement value of

0.005 m was chosen.

Desired elastic modulus
Since the goal of the MR skin is to mimic the human
organ, the elastic modulus of the MR skin also has
to be considered. The material of the MR skin sur-
face has to possess similar biomechanical properties
as the human skin. The young modulus of the human
skin could be found by using elastography. This is a
medical imaging modal which shows the relationship
between the elastic properties and the stiffness of soft
tissue.

268



Science & Technology Development Journal, 22(2):264-274

Figure 6: Organ displacement when applying force: (a) Position response, (b) Force response 10.

Figure 7: Young’s modulus measured by OCE method under different driving frequencies and skin hydra-
tion conditions. Blue line denotes results from dehydrated skin, brown line denotes those from hydrated skin,
and red line from normal skin 11 .

Xing Liang et al. had performed an experiment us-
ing dynamic optical coherence elastography (OCE)
andmechanical surface wave propagation principle to
measure the biomechanical properties of the human
skin11. The results are shown in Figure 7. The maxi-
mum Young modulus value of the human skin in this
experiment was nearly 450 kPa. However, with the
limitation of the material choice, it is very difficult to
manufacture the MR skin surface which has such a
low Young modulus like the human skin. Therefore, a
material which has the Youngmodulus around 1MPa

could be more suitable.

MR skin surface deformation formula
At the initial state, a high current intensity is used
to activate the magnetic field. The relation between
the magnetic field B and the current intensity Ic is
(Equation (2)):

B = µ0nIc (2)

Where µ0 is vacuum permeability which is equal to
4π.10−7 (H/m) and n is the number of coil turn.
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Figure 8: Flowmode of MR fluid.

The fluid inside and near the region of the valve cells
would be in flow mode, as shown in Figure 8. Chain
structures are formed along the magnetic force line
under the effect of the magnetic field. Thus, the MR
fluid could not flow through the valve until the pres-
sure difference between the outer and inner surface
is larger than the pressure created by the yield stress
of the MR fluid. At the same time, the liquid in the
MR fluid cell not affected by the magnetic field would
behave like Newtonian fluid. In this case, gradually
decreasing the magnetic field strength would result in
change in the yield stress of the MR fluid. Hence, this
would change the speed of the displacement and the
reaction force of the MR skin when the user touches
the surface. The volume flow Q of the liquid through
the valve during the transition ofMRfluid from liquid
to solid is calculated as12 (Equation (3)):

Q =
πd

24m

(
l

∆p

)2

[
20τ3

y −
12∆p

l
τ2

y +15h2
(

∆p
l

)2
τy +2h3

(
∆p
l

)3
]

(3)

Where τy is the critical shear yield stress of MR fluid
and m is the apparent viscosity. For the simplicity
of calculation, it is assumed that the force applied by
the user’s hand is spread equally over the MR fluid
cell. Besides, only the deformation of one cell’s sur-
face would be analyzed. The differential equation of

the forth order of the deflection curve could be calcu-
lated as follows13 (Equation (4)):

EIDIV = q (4)

Where D is the displacement, I is the moment of in-
ertia, E is elastic modulus of the MR skin’s surface,
and q is the distributed load. From integration of
Equation (4) four times, we have the equation below
(Equation (5)):

EID =
1

24
qx4 +

1
6

C1x3 +
1
2

C2x2 +C3x+C4 (5)

This equation is independent of support. If one plugs
in the boundary conditions to solve forC1,C2,C3 and
C4, the displacement of the skin’s surface can be de-
rived as follows (Equation (6)):

D =
pAl3

24EI
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l
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( x
l

)3
+

x
l

]
(6)

Tomimic the human tissue, the elastic modulus could
be calculated using Equation (7)14. This value is cho-
sen so that it is close to the chosen value in section 3.2.

E =
2(1− v2)αq

w
(7)

Where v is the Poisson’s ratio, α is the thermal expan-
sion coefficient, q is the intensity of the continuously
distributed load, and w is the component of displace-
ment.
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Figure 9: Configuration of the valve cell.

OPTIMIZATION AND RESULTS
In this design, a valve network is embedded inside the
tactile display to provide the best experience for the
user. The deformation of the MR skin and the elastic
modulus of the MR skin surface material can imitate
the characteristics of the human organ. The initial pa-
rameter and configuration are shown in Table 3 and
Figure 9, respectively.
The software ANSYS 12 is used to solve the magnetic
loop andprogram for the optimization. Theprocess of
optimizing the MR skin design concentrates around
four parameters related to the dimension of the MR
skin surface andMR fluid cell. These parameters have
a significant role in determining the flow of MR fluid
through the valve cell and the displacement of theMR
skin when the user touches its surface. Table 4 shows
the range and the final results of the optimization.
With these parameters, the displacement and the pal-
pation force value equivalent to 5mmand 2N, respec-
tively, could be achieved. The velocity of the defor-
mation could be controlled by the current power. Be-
sides, the coil’s arrangement also affects the MR fluid

behavior. Figure 10 shows the magnetic field inside
the networkwith discordant coil setup. From the sim-
ulation, the first configuration clearly shows better re-
sults.
Different values of intensity currents are also carried
out for the test. In Figure 10, a current value of 2
Ampere is used. Figure 10a shows a strong magnetic
field (the green part) in the gap. Since the coil config-
uration in Figure 10a is better than Figure 10b, the
first configuration is used to analyze the difference of
the magnetic field when adjusting the current. In this
case, two current intensity values equivalent to 1 and
0.5 Ampere, respectively, are used and shown in Fig-
ure 11 . From Figure 10 and Figure 11, it is unde-
niable that the lower current would lead to a weaker
magnetic field. With this relation, the gap could act
like a throttle valve of the combustion engine. Thus,
the amount of the fluid through the gap and its veloc-
ity could be controlled effectively.
From the above results, the objective of the design
of MR skin was obtained. MR skin was analyzed for
both configuration and applied force. The flow of MR
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Table 3: Initial optimized parameter.

Parameter Parameter unit Initial Value (mm)

Surface thickness 0.5

Cell depth 30

Valve length 30

Valve height 30

Table 4: Optimized parameters

Parameter Lower Boundary (mm) Upper Boundary (mm) Optimized Value (mm)

0.1 1.5 0.121

20 50 40

L1 24 50 24.01

20 30 25

Figure 10: Magnetic flux density of the valve: (a) adjacent coils with similar setup (b) adjacent coils with
discordant setup.

fluid inside the MR valve was optimized to prevent
the block phenomenon. Based on the applied force
on the surface of MR skin, the applied current can
be adjusted to bring a comfortable sense for the hu-
man hand using control tactile devices. In addition,
the simple structure and high efficiency in operation
are also advantages of the proposed design, and could
be optimized further for cost of manufacturing in the
future.

CONCLUSION
In this study, the proposed device successfully repro-
duced the deformation of the human organ, especially
with respect to displacement and palpation force as-
pects. A deformation of 5 mm and a palpation force

of 2N was achieved by the MR skin. Through sim-
ulation and optimization, surface thickness and cell
depth should be equivalent to 0.121mm and 40mm,
respectively. Moreover, valve length and valve height
equivalent to 24.01mm and 25mm, respectively, are
required to achieve the desired displacement and the
desired palpation force. The valve network and the
MRfluid inside could be used to control the speed and
the depth of the surface deformation through mag-
netic field manipulation. It has been demonstrated
that the pressure of MR valve can be controlled effi-
ciently and, hence, MR skin is feasible to be applied
in biomedical devices, such as haptic devices. For ex-
ample, MR skin could be employed to incorporate
with minimally invasive surgical technology to en-
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Figure 11: Magnetic flux density of the valve when: (a) I = 1 Ampere, (b) I = 0.5 Ampere.

hance the sensation of the operator. Moreover, mech-
anisms to control the velocity of the fluid flow through
the valve under the magnetic field should be further
studied. As well, investigations of the temperature
and texture aspects of the MR skin need to be further
explored for use in practical environment.
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NOMENCLATURE
po: Initial pressure of valve
plaminar: Laminar pressure of valve
g: Thickness of gap
d: Depth of valve
L2: Inner length of valve
L1: Length of valve
H: Height of valve
H1: Height of coil
L3: Length of coil
B: Magnetic field

Ic: Current intensity
µ0: Vacuum permeability
n: Number of coil turns
Q: Volume flow
τy: Critical shear yield stress of MR fluid
m: Apparent viscosity
D: Displacement
I: Moment of inertia
E: Elastic modulus of the MR skin’s surface
q: Distributed load (intensity of the continuously dis-
tributed load)
v: Poisson’s ratio
α : Thermal expansion coefficient
w: Component of displacement
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