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Abstract— Magnetorheological (MR) fluids are materials
characterized as “intelligent” since their rheological properties
may be controlled by the excitation of an external magnetic
field. The application of the latter brings the fluid from a liquid
to a semi-solid state. Due to their properties, these materials are
widely used, among others, in biomedical applications. In the
present work, multiple MR valves are incorporated as pressure
limiters in a smart biomedical insole for diabetic patients. The
diabetics are affected by high plantar pressures that cause
ulceration and frequently, as a consequence of ulceration, lower
extremity amputation. This novel insole aims at the active
plantar pressure offloading. Thus, considering the small size
of the insole, the number of the valves, as well as the high
plantar pressures that reach up to 1 MPa on diabetic feet,
a study is performed on optimizing the design of the MR
valve, exploiting the Design of Experiments (DoE) techniques.
Moreover, a testbench is presented for the examination of
pressure self-sensing capabilities of the valves, with a future
goal to integrate them in the design optimization and acquire
a sensorless system.

Index Terms— MR pressure limiters, design optimization,
DoE, sensorless system, smart footwear for diabetics

I. INTRODUCTION

MR fluids are smart materials that consist of ferromagnetic
particles dispersed in a non-magnetic liquid carrier medium
[1]. When an external magnetic field is applied on them, the
ferromagnetic particles form chain-like structures in parallel
with the lines of the magnetic field, as in Fig. 1. Due to the
formation of the structures, a reversible change of the fluid’s
viscosity occurs and the MR fluid passes from a liquid to a
semi-solid state [2].

The MR valve, as the one shown in Fig. 2, is the
fundamental component of a MR device [3]. It exploits the
properties of viscosity variability of MR fluids for different
applications, such as shock absorbers [4], [5], actuators [6]
and dampers [7]. Such a valve consists of a ferromagnetic
core, a coil for the excitation of the magnetic field and an
air gap through which the MR fluid flows. The regions of
the gap, where the flow is perpendicular to the magnetic
field are called active regions. This place is where the MR
effect occurs. The MR valves may be found in different
configurations such as annular, radial or annular-radial [8],
according to the arrangement of the gap and, thus, the fluid
flow.
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Fig. 1: Ferromagnetic particles distribution of a magnetorhe-
ological fluid without and with exciting magnetic
field and chain stretching due to fluid flow.
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Fig. 2: Annular magnetorheological valve structure, with a
coil winded on the inner ferromagnetic core.

In this paper, the MR valves under examination, are used
as pressure limiters in a wearable medical application for
diabetic patients. These patients suffer from a combination
of high plantar pressures (PP), that cause ulceration, and
peripheral neuropathy, which leads to the loss of sensation
in the lower limbs [9]. Several solutions, such as orthopaedic
and custom-made insoles are proposed nowadays for the
prevention of ulceration [10]. However, they are cumbersome
and implement only passive offloading. Our aim is to create
for the first time a smart wearable device in an insole form,
that performs continuous monitoring of PP distribution and
automatic offloading of the regions that present high pressure
values.

For this reason, the insole will be discretized in pressure
measurement regions and each region will correspond to one
MR module, as the one depicted on Fig. 3. Each module
consists of a MR valve, and two chambers, one on top
and on one the bottom of the valve, that contain the MR
fluid. A membrane pushes back the fluid from the bottom
to the top chamber and the cushion on the top of the whole
structure allows deformation. Finally, a pressure sensor above
the cushion monitors the pressure in each plantar region. The
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module functions as the pressure limiter and deforms in case
of high pressure values in order to achieve offloading.

pressure sensor

Fig. 3: 2D axis-symmetric cross-section of MR module, used
in the amputation prevention smart footwear, and MR

vavle dimensions.

Previous studies [11] successfully designed a working
MR valve for the insole. However, they did not obtain
the optimized model considering all the different affecting
parameters. More specifically, taking into consideration the
final goal, which is a wearable solution, the large number
of valves per insole, as well as the high loads that must
be sustained due to the high PP on the diabetic feet, the
need for optimization seems crucial. In the current work, we
optimize the design of the valve in terms of volume, pressure
drop and power consumption using DoE techniques and we
achieve to acquire a miniature design that satisfies the needs
of our system in the optimum way.

Other studies [12], [13], [14] have also revealed self-
sensing properties for the MR valves, observing an induced
voltage on the coil. Nevertheless, either they only focus on
displacement and velocity sensing or the have not managed
to quantify the self-sensing phenomena with regards to
pressure variations. The testbench designed and assembled
to investigate these properties is described in this paper. Its
target is to characterize the induced signal and relate it to
pressure changes. Such a work will facilitate the utmost aim
of our research, which is the elimination of pressure sensors
from the MR module and the accomplishment of a sensorless
system.

II. MR VALVE SELF-SENSING PROPERTIES
IDENTIFICATION

The initial idea for our system design relies on the
placement of a pressure sensor on top of each MR module
structure, as described previously. The sensor is supposed
to measure the PP of the corresponding plantar region. The
measurement will be the input for the micro-controller that
drives the system. The latter will either offload or sustain the
load on this part of the plantar surface. The characterization
of the induced voltage observed on the valve’s coil in case
of pressure and flow variations will provide the possibility
of a novel sensorless device, freed from the need of pressure
sensors. Considering the fact that the insole area will consist
of 30 to 50 MR valves, depending on the patient’s foot size,
we hope to achieve a significant decrease of the the cost of
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the wearable with the sensorless system and convert it to a
more appealing solution to diabetic patients.

The induced voltage may be explained by the variation
of reluctance in the active regions of the valve’s gap. More
precisely, the reluctance Rp;r of the MR fluid in the gap
can be described by the following equation [15]:

In(1+:%)
whitopa r
where g is the valve’s gap length, r4 is the inner core radius
of the valve, h is the active regions height, po is the free
space permeability and ppr g is the relative permeability of

the MR fluid. Considering that r, >> g, the above equation
is simplified as follows:

ey
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Here, g(t) can be considered as the magnetic particles
chain length, which is the only variable in time parameter,
assuming that the concentration of the particles in the gap
is constant. Additionally, if NV is the number of turns and ¢
is the current on the valve’s coil, the magnetic flux ® in the
gap can be expressed as:

N -1

(1)

Rmr )
It is, thus, obvious that the reluctance of the gap, and as a
result the magnetic flux is dependent on the particle chain
length, which stretches when a pressure is applied on the
fluid. This explains the appearance of an induced voltage,
which may depend on the applied pressure on the chain.

The testbench depicted on Fig. 4 was assembled in order to
investigate the induced voltage on the coil of the MR valve.
It consists of the following parts: 1) The MR valve with
two coils winded around the inner magnetic core (Fig. 4).
A current of minimum 50 mA is provided to the inner coil
(exciting coil), with the aim to create a magnetic field and,
as a result, some initial formations of ferromagnetic chain-
like structures in the MR fluid. The existence of induced
voltage is due to the reluctance variation of the MR fluid
in the active regions, since the flow and pressure variations
cause the deformation of the MR fluid chains. The resistance
of the inner coil is R; = 0.372 €2 and the number of turns is
N; = 10. The outer coil is the sensing coil, with R, = 0.637
Q and N, = 40 turns. In this work, the number of turns of the
sensing coil is increased compared to previous ones [12], in
order to increase the induced signal. 2) The fluid chambers,
in the middle of which, the valve is placed. 3) The pneumatic
cylinder piston SMC CDQ2A32TF-50DZ that forces the
fluid from one chamber to the other, through the MR valve. 4)
The LK-G150 laser displacement sensor with LK-G3001PV
all-in-one-controller to measure the displacement and con-
sequently the velocity of the piston rod. By multiplying
this velocity with the cross-section area A = 12.56 cm?
of the piston rod, we acquire the fluid’s flow rate every time.
5) A 3/5 pneumatic valve that supplies the cylinder with
compressed air. 6) Two MS5803-14BA pressure sensors,
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Fig. 4: Testbench set-up, with a 2-coil annular MR valve for investigating the valve’s pressure self-sensing possibilities.

one for each chamber, connected to an Arduino Uno device
through I2C communication. 7) An electronic circuit with an
AD708JN instrumentation amplifier from Analog Devices to
amplify the sub-millivolt induced voltage. The latter is read
by Arduino analog pins. In addition, enamelled copper wire
by Elektrisola with a diameter of 0.224 mm of bare copper,
thinner than in previous experiments [12] is used in order to
avoid scratches and short circuits and reassure the validity
of the results. The MR fluid used in this experiments is the
MRF132DG by Lord Corporation.

In future steps we aim at using the experimental trials
to characterize the induced voltage and correlate it with the
pressure variations. When this is accomplished, the experi-
ments may be repeated for different MR valve prototypes,
and include these results as a factor of the DoE optimization
procedure.

ITII. DESIGN OPTIMIZATION OF MR VALVE

A. Problem Parameters Definition

The magnetic flux in any region of the MR valve depends
on the geometric parameters of the valve as well as on the
type of the MR fluid used for the application. In Fig. 3 the
different dimensions of the valve, used in the optimization
process, were defined. More precisely, 7, and r, are the outer
and inner magnetic core radius respectively, g is the gap
length, h; is the valve’s total height, h is iron teeth’s height,
while h. and w,. are the coil’s height and width respectively.

The objectives of the optimization approach are: the mini-
mization of the valve’s volume V' and power consumption P
and the maximization of flow rate () and pressure drop AP
in the valve, with a minimum limit of 700 kPa. Regarding
the pressure drop limit, plantar pressure distribution studies
on diabetic [16] and healthy feet [17] have proven that for
the second case the PP ranges between 350 and 400 kPa in
the forefoot and heel areas, while for the first case it may
range from 700 kPa up to 1 Mpa. Therefore, it is crucial
for the MR module to be able to sustain 350-400 kPa on
the healthy areas. Considering, also, the safety range for
the design and manufacturing of the valve, we increase the
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margin of sustainable load from 400 kPa to 700 kPa, in order
to achieve higher tolerance.

B. Fractional Factorial Design

The fractional factorial design is a widely known and
commonly used method for the identification of critical
effects and factors on the response of a system [18]. It
facilitates the decrease of the size of an experiment, in case
a high number of factors are included, allowing, in parallel
a trade-off for the loss of significant information due to the
reduction of the number of experimental trials.

Table I includes the factors (dimensions of the valve, ratios
of dimensions and current density of the coil) and their
corresponding levels chosen for the current factorial design.
Considering the fact that our experiment involves 7 different
factors, the choice of a fractional and not full factorial design
appears to be the most efficient.

TABLE I: Definition of Factors & Levels for the Fractional
Factorial Design

Factor Low | High
1 | Current density J (A/mm?) 9.0 15.0
2 Outer core radius 1, (mm) 4.0 6.0
3 | Total valve’s height h; (mm) 4.0 7.0
4 Air gap g (mm) 0.15 0.3
5 he/hye 0.4 0.6
6 re/To 0.6 0.8
7 Welrg 0.5 0.7

Minitab 19 was used for the DoE optimization. Firstly,
the different combinations of factors and levels were defined.
The levels of current density were chosen higher than in the
existing prototype (Table II), considering that in smaller vol-
ume, higher currents are necessary for load sustainment. The
levels of dimensions were chosen so that the total volume,
diameter and height of the valve satisfy the requirements for
miniaturization. For each combination of factors and levels, a
simulation of the magnetic field distribution in the MR valve
gap was performed, using Flux 2018.1.

The magnetic flux density B, that was obtained from the
simulation, was used for the calculation of the magnetic
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field intensity H and yield stress 7, of the MR fluid. More
specifically, the B—H and 7, — H curves of MRF132DG, as
in Fig. 5, were used. These graphs derive from the MR fluid
datasheet by Lord Corporation. Curve fitting interpolation
was used to acquire the two following equations:

H =—102.64B* + 324.64B>

2 )
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Fig. 5: MRF132DG fluid (a) B — H curve and (b) 7y — H
curve.

Initially, the magnetic field intensity H was calculated
using the Eq. 4 and then the yield stress was calculated using
the previously obtained magnetic field intensity H and the
Eq. 5. The calculation of the pressure drop and dynamic
range was achieved according to the following equations
[19]:

cry(H)2h n 6nQ2h

AP = AP, + AP, = !
g g °Try

(6)

AP,
AP,

where AP is the total pressure drop, AP; is the yield stress
dependent pressure drop, AP, is the viscosity dependent
pressure drop and D is the dynamic range, defined as the
ratio between the two previous pressure drops, h is the teeth’s
height, 7 is the MR fluid’s viscosity and @ is the fluid’s flow
rate. D is a figure of merit that defines the valve’s operation
range, from a free flow to a no flow condition. The parameter
¢ ranges from a minimum value 2 for dynamic range D less
than 1, to a maximum value 3, for dynamic range D greater
than 100. In this case, the dynamic range is chosen to be 5
[11], so ¢ value was approximated to 2.3 [20].

By using the Eq. 4 and and the value 5 for the dynamic
range, we calculated the flow rate. Finally, the volume of
the MR valve was calculated according to the following
equation:

D =

) @)

V = 7r2hy (8)

where V is the total volume of the magetorheological valve,
including both the inner and outer ferromagnetic core, the
coil volume and the gap volume.

The pareto charts of Fig. 6 indicate the standardized effect
of the various factors mentioned before on pressure drop
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Fig. 6: Pareto charts.

AP and flow rate Q as response respectively, with factor
D presenting the highest effect. Minitab has automatically
eliminated the factor h./h; from the pareto chart, showing
that it is the least important of all factors. Thus, we also
eliminate it from our design and simplify the next steps of
optimization.

C. Response Surface Method

The fractional factorial design implemented the screening
of the significant factors from the less important ones. The
second step in the optimization process is the use of the
Response Surface Methodology (RSM) with the aim to
obtain the optimized level of factors for the MR valve. RSM
is a sequential process, where initially an approximation
of the relationship between the factors and the response is
defined. In the end of the process the response surface and
the optimized factor levels and response are acquired [21].

In this case, considering the size of the experiment, we,
initially, reduce the number of factors from seven to six,
setting the factor h./h: to 0.5. According to the previous
results, the factor h./h; has no impact on the responses, so
we randomly pick the value 0.5 from the initially defined
range. Additionally, a further decrease to five factors is
accomplished, by defining the valve’s outer core radius to
the constant value 7, = 5 mm. This value satisfies the
requirements of our wearable system for sufficient pressure
sensing resolution and system complexity. More specifically,
the reference value for the surface of the each PP measure-
ment region is fixed to 1.5 cm? in previous studies [22],
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which means a radius of 6.9 mm for each measurement
region. We must note at this point, that in the radius of 6.9
mm we include not only the radius of the MR valve (5 mm),
but also the radius of the outer plastic cover (5.8 mm) around
the valve as well as the radius of the cushion around it (6.9
mm).

The power consumption is calculated as P = i?R, where
1 is the current and R the resistance of the coil. The selected
coil wire diameter is of type AWG28 with diameter D,, =
0.321 mm, while the coil fill factor is 50%.

IV. RESULTS AND DISCUSSION

As mentioned above, the goal of this work is the def-
inition of the optimal model of the MR valve, so as to
achieve minimum volume and power consumption, as well
as maximum pressure drop and flow rate. Fig. 7 presents the
effects of the five factors on the objectives of the experiment,
which are the pressure drop, the flow rate and the power
consumption. It is clearly observed that the air gap g length
impacts significantly both the pressure drop and the flow rate,
compared to the rest of the factors. Further, the ratio /7o
appears to have a strong effect on flow rate, too. Last but not
least, the same ratio impacts the power consumption, together
with the current density, which, as logically expected, affects
the most this response.
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Fig. 7: Main effects of experiment factors on the different
responses.

The final step of the RSM is to acquire with Minitab 19
the dimensions and current density for the optimized model
and calculate the optimized volume, pressure drop, flow rate
and power consumption. These characteristics are inserted
in a new finite element model in software Flux 2018.1, the
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Fig. 8: Finite Element Model (FEM) simulation results for
magnetic flux density and magnetic flux distribution
in the 2D axis-symmetric cross-section of the optimal
MR valve.

distribution of the magnetic field density is simulated, as
in Fig. 8 and the magnetic field in the gap is calculated
and presented in Fig. 9. It is obvious that the field gets
its maximum values in the active regions of the valve, as
expected.
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0.00 : ‘ :
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Position (mm)

Flux density (T)

Fig. 9: Magnetic flux density distribution in the length of the
gap, with maximum value in the active regions.

Table II demonstrates the values for the optimized model
and compares them with the values of an existing, not
optimized prototype. Indeed, starting with the pressure drop
that marginally reaches the requirements of the system, it
is indicated that there is still some space for improvement.
However, the results show the achievement of the most
important goal which is the miniaturization of the valve. We
accomplished to obtain a total volume of 210.6 mm?, 38%
lower than the prototype’s volume, with a much lower total
height for the valve that will facilitate the miniaturization of
the MR module and its integration in the smart insole. At the
same time, there is a 50% decrease of the power consumption
of each module, which is also crucial for our wearable
system, so that we reduce the frequency of recharging.

Our future goal is to integrate the model of the pressure
self-sensing phenomenon in the optimization of the MR
module. The induced voltage characterization curve will
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TABLE II: Comparison between a valve prototype and the
optimized model resulting from DoE

Item Prototype | Optimal Model

Outer core radius r, (mm) 5.0 5.0
Total valve’s height hy (mm) 4.3 2.68
Air gap g (mm) 0.1 0.108

Iron teeth’s height h (mm) 1.0 0.67
Wire diameter Dy, (mm) 0.321 0.321
Fill factor (%) 70.0 50.0
Current density J (A/mm?) 6.0 13.14
Total volume V (mm?) 337.7 210.6
Flux density Bg (T) 0.527 0.341
Total pressure drop AP (kPa) 1731.35 658.32
Flow rate Q (cm3/s) 3.14 2.44
Power consumption Py, (mW) 109.0 54.04

be included as a factor of the DoE. It is, however, time-
consuming and costly to fabricate valves with all the different
combinations of dimensions explained in the previous DoE
process (16 different valves in total), in order to create the
new experiment matrix. Thus, there is the intention to utilize
the fractional factorial optimization technique to reduce the
number of experimental runs and, consequently, the number
of fabricated valves to 8.

V. CONCLUSIONS

In the present work, we analyzed the design optimization
of a MR valve. This valve is created for the first time with
the aim to be deployed in a wearable insole solution that
prevents diabetic patients from amputations. The objective of
the optimization process was the minimization of the valve’s
volume and power consumption, as well as the maximization
of pressure drop and flow rate. The factors affecting the
optimum solution are the current density, the valve’s height
and air gap as well as the ratios between the inner core
radius of the valve and outer core radius and the coil’s width
over the inner core radius. The final acquired optimal model
greatly satisfied the requirements for volume and power
consumption minimization. The pressure drop and flow rate
were not maximum but they were still within the required
range.

Besides the optimization procedure, a testbench was used
in order to examine the pressure self-sensing possibilities
of the MR valve. This idea arose from the existence of an
induced voltage due to pressure variations. The next step will
be the full characterization of the induced voltage and its cor-
relation with pressure. It will, also, include the incorporation
of these results in the DoE optimization process, investigating
the induced voltage for different valves’ configurations.
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