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Abstract—Magnetorheological (MR) valves have been included
in many innovative engineering systems, such as dampers,
clutches, or brakes, with different fields of application. Their
role serves actuation purposes, while integrated displacement
and velocity sensing in the actuators has been studied, as well.
In this paper, we present the working principle, design, and
preliminary results of a miniature MR valve with pressure self-
sensing capabilities that exploits the electromagnetic induction
phenomenon. The valve can work in a pressure range from
200 kPa to 700 kPa, supplied by a current of a maximum
0.3 A. The suggested valve design is realized with two coils, one
for the current application and the magnetic field creation and
one for the sensing of the electromagnetic induction. A specially
designed test-bench, that facilitates MR fluid flow and pressure
regulation, was used for the experimental procedures.

Index Terms—MR valve, pressure self-sensing, electromagnetic
induction

I. INTRODUCTION

In the last two decades, MR devices have attracted the
interest of many researchers and have been incorporated into a
wide range of applications. Some examples include industrial
procedures such as product gripping and handling [1], or
transportation lines [2], medical applications for joint orthoses
[3], [4], haptic devices [5], [6] or applications in automotive
industry [7]. The devices contain a smart fluid, called MR
fluid. The material’s intelligence is based on the fact that a
magnetic field excitation on it leads to a reversible increase
of the fluid viscosity [8]. This principle, together with other
important characteristics of MR fluids, such as low power
consumption and fast response time [9] are used for the design
of several MR devices, for instance, dampers [10], clutches
[11], brakes [12] or valves [13], [14].

In the case of MR valves, the structure includes a path
through which the MR fluid can flow. The application of
the magnetic field and, thus, the increase of the MR fluid
viscosity, blocks the fluid path, closing the valve. On the
contrary, when no field exists, the fluid can flow and the MR
valve is considered open. This allows the function of the valve
in two states, the on-state (closed valve) and the off-state (open
valve), facilitating actuation applications. In parallel with the
two-state functionality, the self-sensing abilities of the MR
valves have intrigued some researchers. The existing studies
focus on measuring quantities such as displacement or velocity
in MR dampers. The dampers are part of vibration systems and
the sensed value is used as feedback for the controller of these
systems [15], [16], [17]. In these papers, the authors provide
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a combination of DC and AC current to the exciting coil.
The structures include not only the main excitation coil but
also additional sensing coils. The DC current on the excitation
coil creates the MR effect and the blocking of the valve,
while the AC current is responsible for the alternating, self-
induced voltages on the additional coils. The induced voltages
are related to the displacement and velocity of the piston
of the structure. Although, these devices present self-sensing
capabilities concerning displacement and velocity, they have
not been studied concerning pressure self-sensing. At the same
time, the additional coils, as well as the need for an alternating
current for the voltage induction increase the complexity, the
size, and the power consumption of the MR devices.

In the current study, we present a miniature MR valve
with a simple structure that utilizes two coils and acts as a
combination of sensor and actuator. However, in contrast with
the previous studies, it is powered only by DC current for
both the magnetization of the fluid particles and the voltage
induction. The electromagnetic induction phenomenon appears
due to the change of the magnetic circuit properties when
pressure is applied on the MR fluid. In addition, the novel
miniature MR device that we propose presents both actuating
and pressure sensing possibilities, with further potential for
displacement and velocity self-sensing.

II. MR VALVE

A. Actuation Principle

MR valves consist, as in Fig. 1, of a ferromagnetic inner
core, around which the exciting coil is wound and a ferromag-
netic outer core. Between the inner and the outer part, there
exists a gap that allows the flow of the MR fluid. The fluid
consists of micron-sized ferromagnetic particles contained in
a carrier medium, which is usually oil. A magnetic field
excitation leads to the alignment of the particles across the
magnetic poles, forming chain-like structures. In that event,
there is a shift in the fluid state from liquid to semi-solid.
In our case, we opted for an annular valve model, due to its
simplicity that facilitates fabrication and testing. When a DC
current is applied to the coil, a magnetic field is created and
the particle chains are formed in parallel with the magnetic
field sense in the active regions of the structure. The chain
formation, which is reversible, leads to the increase of the
fluid viscosity and the blocking of the valve. In this work,
we use two coils instead of one, which is included in the
traditional MR valve structure, to employ the exciting coil
for the magnetic field application and the sensing coil for the
electromagnetic induction phenomenon that will be explained
below.
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At low magnetic field values, the magnetic flux density B
is written as a function of magnetic field intensity H:

B = µ0µrH (1)

B: magnetic field

1

2

sensing coil

exciting coil

fluid flow

inner coreouter core

Fig. 1: Structure of a magnetorheological valve with two coils
in a 2-D cross-section plane.

The variation of the magnetic field perpendicularly to the
fluid path leads to the variation of the fluid yield stress τy ,
which controls the fluid resistance to flow. Between the points,
where the fluid enters and exits the gap, if we assume a
one-direction flow from the top to the bottom, a pressure
drop appears which is dependent on two factors, the magnetic
field, and the viscosity, and can be described by the following
equation [13], where c is a parameter ranging from 2 to 3 [13],
η is the fluid viscosity, and ht, g, ri are the valve dimensions
shown in Fig. 2(a):

∆P = ∆Pτ + ∆Pη =
cτy(H)2ht

g
+

6ηQ2ht
g3(ri + g)π

(2)

B. Pressure Self-Sensing Phenomenon

When the exciting current remains at low levels, the fer-
romagnetic particles form loose bonds with each other and
as a result, the chain-like structures are weak enough and
their shape can be altered in the presence of external factors,
such as pressure. When pressure is applied on one side of
the valve as in Fig. 2(a), the chains of the MR fluid with
initial length lg tend to elongate to a higher length l′g . Fig.
2(b) depicts the magnetic circuit equivalent of a 2-D axis-
symmetric cross-section of the valve. R1, R2 and RMR are
the magnetic reluctances of the outer core the inner core, and
the MR fluid in the gap respectively. The elongation brings
about changes in the magnetic circuit, by varying the quantity
RMR = lg/(µMRS), which is proportional to the length of the
gap and inversely proportional to the permeability of the MR
fluid and the cross-section surface of the gap. To calculate the
pressure drop and study the way the applied pressure affects
the chain-like structures, the magnetic circuit equations of the

valve are solved and presented below. According to Ampere’s
law, for the closed magnetic path C (Fig. 2(a)), we have:

N · I =

∮
C

H · dl (3)

where N is the number of turns of the exciting coil, I is
the current applied to the coil, and H is the magnetic field
intensity on the effective length dl of the magnetic path. Using
the dimensions of Fig. 2(a), Eq. (3) can be written as:

N · I = 2Hglg

+Ho1(h− ht) +Ho22
(ro − g − ri)

2
)

+Hi1(h− ht) +Hi2(2wc + 2
ri − wc

2
)

(4)

where Hg is the magnetic field intensity in the gap, Ho1

and Ho2 is the magnetic field intensity for the corresponding
magnetic path in the outer core and Hi1 and Hi2 is the
magnetic field intensity for the corresponding path in the inner
core.

Moreover, due to the magnetic flux conservation rule in the
magnetic circuit, and assuming no leakage exists, we have:

Φg = Φo = Φi ⇒ BgSg = BoSo = BiSi (5)

where µ0 is the magnetic permeability of free space and µr
is the relative permeability of each material. After solving Eq.
(4), using Eq. (1) and Eq. (5) and acquiring Φg and Bg , we
can conclude that the magnetic flux Φg in the gap is correlated
to the length of the particle chains. Thus, an abrupt application
of pressure on the chain structure can lead to elongation and,
consequently, to variation of the magnetic path of the circuit
and the magnetic flux in the gap. The flux can also be written
as a function of the magnetic reluctance of the MR fluid RMR

[18]:

Φ(t) =
N · i
RMR

(6)

RMR =
ln(1 +

lg
ri

)

πhtµ0µMR
(7)

where lg is the chains’ length and µMR is the MR fluid relative
permeability. Since rg >> lg , we can simplify Eq. (7) as
follows:

RMR =
lg(t)

πrihtµ0µMR
(8)

The variation of magnetic flux in the gap leads to the
appearance of an induced voltage:

E = −N · dΦ

dt
(9)

The theoretical analysis can prove the voltage induction on the
sensing coil of the MR valve. Further, if we transform Eq. (9)
as follows, with P being the applied pressure on the MR fluid,
we can involve the applied pressure in the analytical solution:

E = −N · dΦ

dP
· dP
dt

(10)

The experimental trials aim at proving the correlation between
the induced voltage and the pressure sensed by the valve.
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Fig. 2: (a) The magnetic path in a 2-D cross-section of the MR valve, and elongation of chains with pressure application (b)
Magnetic circuit equivalent (c) Fabricated MR valve with two coils and plastic protection holder.

C. Valve Design

The MR valve was designed and its magnetic behavior was
simulated using Flux 2019. The magnetic cores - inner and
outer - were fabricated by soft iron made by ARMCO. The
dimensions h, ht, g, ri, and ro of the valve are displayed in
Table I and Fig. 2(a), while the valve prototype is depicted in
Fig. 2(c). Both the sensing and the exciting coil are wound
around the inner magnetic core. The characteristics of the
coils are also displayed in Table I, where Rs and Re, and
Ns and Ne are the resistance and the number of turns of the
sensing and exciting coil accordingly. Dw is the wire diameter,
which is identical for both coils. A plastic holder with round
openings, which is depicted with white color in Fig. 2(c), was
3-D printed to keep the ferromagnetic inner and outer core of
the valve together, as well as to allow the flow of MR fluid
through the gap of the valve.

TABLE I: Magnetorheological module dimensions and coil
characteristics

Quantity Value
h 10 mm
ht 2.5 mm
g 0.5 mm
ri 8.83 mm
ro 5 mm
Rs 2.75 Ω
Re 3.53 Ω
Ns 135.5
Ne 174.5
Dw 0.224 mm

D. Experimental Sessions

The goal of this work was to validate the self-sensing
properties of the MR valve with regard to pressure and
correlate the applied pressure with the induced signal on the
sensing coil of the valve. In order to achieve it, we needed

to simulate the real condition of pressure applied to the MR
fluid and the creation of flow through the gap of the valve. For
this reason, we used the specially designed testbench of Fig. 3
that consists of the following parts: (i) two fluid chambers, one
closed and one open; (ii) the MR valve placed in-between the
two chambers; (iii) a pneumatic piston (SMC CDQ2A32TF-
50DZ) that applies pressure on the fluid. The piston is placed
in the closed chamber and creates a flow from the closed to
the open chamber. A pneumatic valve, acting as a switch and
controlled by an Arduino Uno, defines the movement of the
piston; (iv) a laser displacement sensor (LK-G150 with LK-
G3001PV all-in-one-controller) to measure the displacement
of the pneumatic piston in each application of pressure.

In parallel, the exciting coil was supplied with a DC current,
while the sensing coil was connected to an instrumentation
amplifier with a gain of 500. The amplifier’s output voltage
was acquired with an oscilloscope (Teledyne LeCroy LT224).
For our experimental sessions, the MR fluid MRF132DG
[19] was used, which is commercially available by Lord
Corporation. Compressed air was provided directly to the
pneumatic piston through tubes.

MR valve position

piston

direction

fluid flow

laser light

displacement

sensor

Fig. 3: The testing setup, with two chambers, a pneumatic
piston for pressure application and flow creation and a
laser displacement sensor.

608

Authorized licensed use limited to: EPFL LAUSANNE. Downloaded on January 25,2024 at 11:49:07 UTC from IEEE Xplore.  Restrictions apply. 



III. PRELIMINARY RESULTS & DISCUSSION

As explained previously, the MR valve functions in two
states. In the closed state where high pressures can be sus-
tained, the particles of the fluid chains are linked with strong
bonds. In this case, it is hard to create an elongation of
the chains with the application of pressure. Nevertheless, the
existence of a current is mandatory for the voltage induction.
In order to discover the ideal current value, which leads to the
formation of chains but not too strong ones, we performed a
series of measurements for different current values. Initially,
we carried out measurements of the induced voltage on the
sensing coil for several combinations of current and pressure.
More specifically, as presented in Table II, the current ranged
from 0.1 A to 0.7 A with a step of 0.1 A and the pressure
ranged from 100 kPa to 700 kPa. We observed that for
a current of 0.7 A the induced voltage appeared only for
very high pressures (>= 600kPa). This happens because the
increase of current causes the creation of stronger particle
chains, for which it is difficult to be elongated. The current
testbench allows us to reach a maximum pressure of 700 kPa,
with robust enough measurements, due to the length of the
pneumatic piston and the supply of compressed air. With this
testbench, we managed to acquire the first preliminary results
that prove that this type of MR device can be used both as a
valve and a pressure sensor.

TABLE II: Appearance of induced voltage for combinations
of current and pressure

0.1A 0.2A 0.3A 0.4A 0.5A 0.6A 0.7A
100kPa yes no no no no no no
200kPa yes yes yes no no no no
300kPa yes yes yes yes no no no
400kPa yes yes yes yes no no no
500kPa yes yes yes yes yes yes no
600kPa yes yes yes yes yes yes yes
700kPa yes yes yes yes yes yes yes

Considering that for currents higher than 0.3 A the mea-
sured pressure ranges decrease drastically, as well as the
power consumption increases, we performed measurements for

the three first values of current (0.1 A, 0.2 A, and 0.3 A).
The experimental session included three measurements per
combination of current and pressure. The average voltage was
calculated.

In each measurement, the same procedure was followed.
Initially, the piston was activated and started pushing forward
(direction to the left as in Fig. 3) at t = 0.1 s and for
∆t = 0.1 s, forcing the MR fluid to flow through the gap.
At t = 0.2s the piston stopped pushing, but its movement
did not cease instantaneously. On the contrary, we observed a
small retraction (movement towards the right direction). This
happened due to the air bubbles trapped in the closed chamber
of the testbench. As it is known, the air is compressible and
the forward movement of the piston led to its compression.
When the piston stopped moving, the air decompressed and
forced back the piston creating a tiny displacement.

In Fig. 4 the voltage measurements on the sensing coil when
following the above procedure are presented. It is clear that for
each measurement, when the piston starts the forward move-
ment, two voltage spikes appear. Firstly, the voltage increases
and reaches a local maximum peak and then decreases and
reaches a local minimum peak. The piston movement causes
the chain elongation and, thus, the increase of the magnetic
reluctance of the MR fluid in the gap. This is the reason
behind the first spike. However, right after this phenomenon,
the chain-like structures are reorganized in the gap space, to
achieve a steady state. This leads to the subsequent decrease
of the reluctance and the second successive spike in the graph.
We can also observe that for the local minima of the second
spike there is a slight time shift with the increase of pressure.
The reason is that higher pressure cause more important
rearrangements of the particles in the space of the gap, and,
as a result, the achievement of a steady state is more difficult
and needs more time. Finally, when the piston is blocked at
t = 0.2 s, the very small but abrupt backward movement of
the piston caused by the compressed air increases again the
chain length and creates a third voltage spike. In our case, we
ignore this spike, since we do not know exactly the pressure
applied due to the decompression of the air, and we focus on
the first part of the signal.

Fig. 4: Voltage measurements on the sensing coil of the MR valve for 0.1 A, 0.2 A and 0.3 A exciting current.
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In Fig. 5, we depict the average minimum and maximum
peaks for each current value in the range of pressure of
200 kPa− 700 kPa. Regarding the maximum voltage peaks
of the first spike, for currents of 0.1 A and 0.2 A there is
no distinctive variation that could lead us to the extraction
of useful information for pressure sensing. The lower current
values create weaker chains that can be easily broken. Thus,
the variation of the magnetic flux and reluctance in the gap
is not distinguishable. Nevertheless, for the current of 0.3 A,
we observe that there is an increase of the voltage with the
increase of pressure and the voltage tends to stabilize for
higher pressure.

The results are easier to interpret for the local minimum
voltage values of the second spike, where a clear increase
of the absolute value of voltage appears with the increase of
pressure for all three current values. It is crucial to observe
that the behavior of the voltage peaks is very close to linear,
especially for the case of 0.3 A. This fact is promising for the
future full characterization of MR actuator/sensor devices.

Fig. 5: Maximum and minimum voltage peaks, when the
pneumatic piston is activated at t = 0.1 s.

For the current design, further steps need to be followed
to obtain the full characterization of a bifunctional MR valve.
First of all, we must add pressure sensors to the fluid chambers,
in order to control in parallel the pressure drop that arises on
the two sides of the valve, and validate fully its simultaneous
actuating purposes. Secondly, it will be useful to fabricate
more valves with different dimensions, focusing on scaling
down the current design, and acquire a robust enough induced
voltage. The behaviors of all different-dimension valves can be
compared, considering the applied current, the pressure range
that can be measured for each design, as well as the induced
voltage results. Finally, since the induced voltage appears
when there exists a fluid flow, the valves can be studied about
their self-sensing properties regarding displacement, velocity,
and flow rate.

IV. CONCLUSIONS

In the current study, we fabricated and tested a miniature
MR valve with a sensing and an exciting coil with regard to
its pressure self-sensing properties. Using a specially designed

testbench, we acquired induced voltages appearing on the
sensing coil, due to the applied pressure on the fluid. The valve
is powered only by a DC current both for the actuation and
for the sensing mechanism, in comparison with the existing
literature that uses also AC currents. It is the first time,
that an MR valve is studied for its self-sensing properties
regarding pressure in a range of pressures, proving there is
a linear relationship between the applied pressure and the
induced voltage. At the same time, it seems feasible for the
valve to act as a sensor with low power consumption since
the induced voltage can be sensed in a limited time while
applying a low current value. The future steps include the
integration of pressure drop measurements in parallel with
voltage measurements, as well as the study of displacement,
velocity, and flow rate self-sensing capabilities.
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