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Abstract: Magnetorheological and electrorheological fluids manifest a change in rheological behavior
when subjected to a magnetic or electric field, respectively, such that they require electrical and
magnetic characterization. In this paper, a simple and accurate mathematical model based on a small
number of parameters provides the relative magnetic permeability of magnetorheological fluids as a
function of the applied magnetic field. Furthermore, for the testing and magnetic characterization
of magnetorheological fluids, a new metering equipment setup is implemented. Starting with the
achieved experimental data, the mathematical relation µr = f (B) is represented by means of a radial
basis function neural network, with neurons having a Gaussian activation function; by means of
post-training pruning procedures, the trained neural network is applied using the proposed data.
Therefore, the obtained mathematical relation µr = f (B) is in good agreement with the experimental
data, with an approximate error of 8%.

Keywords: Gabor system; MR fluids; radial basis function neural network; relative magnetic permeability

1. Introduction

In the last few years, the advances in materials technology and the important role of
electronics in mechanical engineering have yielded significant progress in the production
of electric vehicles and in the automotive industries. Variable-friction dampers, clutches,
brakes, shock absorbers and hydraulic valves are used mainly in heavy industry, with
applications such as heavy motors and heavy duty trucks, exploiting smart materials [1].

Smart materials are materials created in a laboratory that react to different external
stimuli and respond to changes in their environment. Metals that react to high temperatures
by modifying their structures and assuming a predictable shape are called smart materials,
responding in a pre-determined manner to temperature variations. An example of a smart
material is nickel titanium, also known as Nitinol, or a metal alloy of nickel and titanium, that
changes shape when immersed in liquids at a high temperature. Shape memory materials
are particular polymeric smart materials that change their shape, assuming a different one if
subjected to an external stimulus such as a high temperature. In addition, smart materials
can transform and change their structures when subjected to physical stress or exposed to
electric and magnetic fields or light. An interesting application of these materials is their use
in so-called intelligent systems (smart systems or smart structures). Magnetorheological (MR)
and electrorheological (ER) fluids are materials that manifest a change in rheological behavior
when subjected, respectively, to a magnetic or electric field [2–4].

The rheological variation is reversible, ceasing when the external field is removed
for milliseconds. The electrorheological phenomenon is also called the Winslow effect.
ER and MR fluids are known as controllable fluids (CF) due to the possibility to develop
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precise characteristics that are controllable in the rheological response. Controllable fluid
technology has seen a long initial stage. The relatively low strength and temperature,
contaminant sensitivity and the necessity of high voltages for ER fluids have impeded
their widespread commercialization, as reported in [5,6]. Recently, the importance of these
materials has been demonstrated in defining the interface between the electrical system
and mechanics. MR liquids have applications in the mechanical (dampers, decelerators),
automotive and aerospace (suspension, brakes, clutches), biomedical (dampers for prosthe-
ses) and construction industries (supports seismic) [7–10]. The advantage of MR materials
compared to traditional materials is the ability to obtain damping without the need to vary
the cross-sectional area, since the itself fluid controls the damping through a change in
its viscosity. Another important application of MR is the biomedical one, with the use of
prosthetic devices suitable for improving the movement of the knees in limb amputees in
whom a prosthesis has been applied. Because of their high precision and control speed (the
time of response is less than 10 milliseconds), these fluids allow us to obtain exceptional
results concerning the fluidity and spontaneity of movement articulation [11,12]. MR
fluids are composed of water and mineral, synthetic or silicone oils mixed with 10–40% of
dispersed iron powder with a size of 0.1–10 µm. In an inactive state, MR fluids react as
typical natural oils in Newtonian liquids. Applying an external magnetic field through the
fluid, MR fluids are activated, causing the micron-sized particles to form magnetic dipoles
along the magnetic lines of force and increasing the viscous resistance with non-Newtonian
Fluid behavior [13,14]. Consequently, MR fluids can change from a liquid to a solid state
under the influence of a magnetic field [15]. MR fluids can tolerate shear stress until a yield
stress threshold, strongly depending on the strength of the applied magnetic field and due
to the chains’ resistance against flow [16,17]. The control of the physical change of the MR
fluid from liquid to semi-solid under the application of a magnetic field is useful for active
vibration control and brakes [18]. Thus, the magnetic property of MR materials cannot
be represented by a constant relative magnetic permeability [19]. Therefore, methods for
the measurement of the permeability of fluids under different values of magnetization,
temperature and frequency are crucial in many applications for industrial utilization [20,21].
For the description of complicated MR fluids’ physical properties, the models recently
considered in the literature, based on a large number of technical parameters, are able to
reproduce some of their aspects.

Within this framework, the authors propose an experimental measurement MR device
and a mathematical model to characterize MR fluids (Figure 1).

The main contributions of this work are as follows.

• A measurement device is designed and realized for the characterization of MR fluids.
• The MR device exhibits a magnetic response to electrical stimuli. Measurements of the

magnetic permeability (µr) and magnetic field intensity (B) have been conducted in
the complex configuration of the MR fluid device.

• An advanced radial basis function neural network (RBF) with a Gaussian activation
function is developed to relate the relative magnetic permeability and magnetic field
intensity of MR fluids.

The simple and accurate mathematical model, based on a small number of parameters,
provides the relative magnetic permeability of the MR fluid as a function of the applied
magnetic field. The mathematical function model defined as µr = f (B) is a compact
analytical expression approximated by the linear combination of the elements of a Gabor
system, achieved by the translation and scaling of the Gaussian function ϕ(t) = e−t2

. The
Gaussian function is preferred for its rapid decay and for the approximation of complex
mathematical relationships with few non-zero coefficients. The Gabor system forms a
frame [22]. The reconstruction of a function f from its frame coefficients can be calculated
with a pseudo-inverse operator, but, often, this operator is not necessarily bounded. The
latter induces numerical instabilities when trying to reconstruct f from its frame coeffi-
cients. To achieve the highly efficient reconstruction of the function and implement the
mathematical expression of µr = f (B), the proposed method uses a radial basis function
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neural network (RBF) with a Gaussian activation function [23,24]. The network is trained
with experimental data and a pruning procedure is applied [25,26]. Therefore, the obtained
mathematical relation µr = f (B) is in good agreement with the experimental data, with an
approximate error of 8%.

Figure 1. Experimental set-up.

The mathematical methodology based on RBF has demonstrated advantages in terms
of efficiency, processing speed and generalization compared to the existing models of the
dependence of the magnetic field and MR magnetic permeability in the device, with great
potential in industrial engineering. Comparisons of the numerical results and experimental
data with this approach could be useful in the design of new MR devices. However, the
model needs to be developed not only in the laboratory but for practical engineering
applications, including new parameters and expanding the dataset of the device’s geometry.
In future work, studies could be focused on the construction of a new device in conjunction
with the industry and the validation of the mathematical model.

The paper is structured as follows. Section 2 discusses previous research works.
Section 3 introduces the theoretical concepts of the RBFN and MR fluids. Section 4 de-
scribes the experimental set-up and measurements conducted in the laboratory; the results
and neural modeling are discussed in Section 5. Finally, Section 6 closes the paper with
the conclusions.

2. Related Works

Radial basis function (RBF) networks are used for function approximation problems
in various applications, including function approximation, time series prediction, classi-
fication tasks and control [27,28]. This type of artificial neural network uses radial basis
functions as activation functions, and it consists of an input layer, a hidden layer and an
output layer [29]. The hidden layer applies the radial basis function, typically a Gaussian
function [30]. RBF networks are computational models used for their simple architecture,
fast training speed and the opportunity to include real data in the system. In the anal-
ysis of the magnetohydrodynamics of a Ree–Eyring fluid, the effect of the Hall current
between two parallel plates was numerically solved by using radial basis functions [31].
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Due to the nonlinear characteristics of magnetorheological dampers and magnetorheo-
logical elastomer-based isolators, the approximation of the forward and inverse dynamic
behaviours was performed using radial basis function (RBF) networks in [32,33]. Therefore,
different theoretical models have been investigated, such as the Maxwell–Garnett mixing
rule, applicable to the calculation of the effective permeability and the average magnetic
field of the between adjacent particles and the continuous phase in MRF [34]. A mathe-
matical expression of the magnetic flux density was established to assess the behaviour
of compression and shear after the squeezing of MR fluids, which was simulated and
compared using finite element analysis in [35]. A computational fluid dynamics model of a
magnetorheological (MR) fluid operated in squeeze mode with a constant interface area
was presented in [36–38].

In this paper, an RBF network with a Gaussian activation function was developed
to relate the magnetic permeability of MR fluids and the magnetic field applied in the
measuring device.

3. Theoretical Background
3.1. Radial Basis Function

The radial basis function (RBFN) was derived from the traditional interpolation prob-
lem [39,40]. The RBFN has three layers as input, a hidden layer and a linear output. It is
considered one of the best solutions to the real multi-variable interpolation problem for
data that are not uniformly sampled. RBF neural networks have only one hidden layer and
an activation function based on a Gaussian function as a radial basis function. The learning
algorithm in RBFNNs is linear and fast, able to represent complex nonlinear input–output
mapping. This network employs a linear combination of radially symmetric functions.
Mathematically, this problem can be stated as follows.

Given n different points {xi ∈ Rp, i = 1, 2, . . . , n} and n real numbers, {yi ∈ R, i =
1, 2, . . . , n}, find a function f : Rp −→ R such that the following interpolation conditions are satisfied:

f (xi) = yi, i = 1, 2, . . . , n (1)

The radial basis function (RBF) expansion, given in the following equation, can be
used to solve this problem in a very efficient way. The RBF is a function whose value
depends on the Euclidean distance to a center xi in the input space as the Gaussian RBF.

y = f (x) =
n

∑
i=1

wiϕ(∥x − xi∥) (2)

where x, y(x), xi and wi are, respectively, the input, output, center and weights. In Equation (2),
ϕ is the activation function and ∥x − xi∥ is the Euclidean distance between x and xi .

Then, the interpolation conditions of Equation (1) can be interpreted as
ϕ1,1 ϕ1,2 . . . ϕ1,n
ϕ2,1 ϕ2,2 . . . ϕ2,n

...
...

. . .
...

ϕn,1 ϕn,2 . . . ϕn,n




w1
w2
...

wn

 =


y1
y2
...

yn

 (3)

with

ϕi,j ≜ ϕ(∥xj − xi∥) i, j = 1, 2, . . . , n

if the output y and weights w are set as

y =


y1
y2
...

yn

 ∈ Rn, w =


w1
w2
...

wn

 ∈ Rn



Electronics 2024, 13, 1723 5 of 17

and

Φ =


ϕ1,1 ϕ1,2 . . . ϕ1,n
ϕ2,1 ϕ2,2 . . . ϕ2,n

...
...

. . .
...

ϕn,1 ϕn,2 . . . ϕn,n


Then, Equation (2) can be expressed in a compact way as

Φw = y (4)

A necessary and sufficient condition to solve the interpolation problem is the invert-
ibility of the matrix Φ. Hence, if it is possible to select the radial basis function ϕ(.) such
that Φ is non-singular, then the solution of the weight vector w is obtained as

w = Φ−1y (5)

In [41], for n distinct points x1, x2, · · · , xn ∈ R, the non-singularity of Φ can be
guaranteed by the Gaussian radial basis function

ϕ(t) = e−(r/σ)2
(6)

In Equation (6), r and σ are the centers and widths, respectively. The training procedure
of the RBF network involves the grouping of the training patterns and the computation
of the RBF activation functions for the training inputs (Equation (2)) and weights by least
squares. A typical RBF neural network is constituted by three layers, with an input layer, an
intermediate layer of Gaussian units (neurons with Gaussian activation functions) and an
output stage of conventional summation units. A block diagram showing the input–output
of the Gaussian RBF is shown in Figure 2.

Figure 2. A block diagram of an RBF neural network.

Different approaches are presented to train RBF neural networks; some approaches
are supervised while others are unsupervised and some are mixed, where the centroids
and weights can be calculated at the same time or can be determined independently of each
other. Thus, a supervised training method can be used for the weights and an unsupervised
method for the centroids, or vice versa.

The most commonly used approach is the mixed one: first, the center and variance pa-
rameters are determined, followed by the learning or adjustment of the weight parameters
of the linear combinators in the output layer [42].

3.2. Magnetorheological Fluids

The physical and mechanical properties of MR fluids are directly controlled to obtain
solid magnetic characteristics under the operating temperature. However, the MR fluid
behaves as a typical Newtonian fluid in the absence of an externally applied magnetic field.

The schematic of the MR fluid is presented in Figure 3, providing three main components:
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• A liquid carrier;
• Ferromagnetic particles;
• A non-magnetic surface coating (surface-active agent).

Figure 3. The structure of a magnetic liquid in the absence of a magnetic field.

The liquid carrier is based on mineral oil or water, kerosene, hydrocarbon or hydroflu-
oric liquids, esters or diesters. In general, the ferromagnetic materials are small particles of
iron, cobalt, nickel and iron oxides. These micromagnets are colloidal, suspended in a mag-
netic or electrical carrier fluid. Principally, the attractive Van der Waals and magnetic forces,
involved in nanoparticle collisions, have the ability to achieve gradual demagnetization.

Likewise, nanoparticles and dry suspensions lead to agglomeration due to the pres-
ence of Van der Waals forces and magnetic forces forming large clusters, for which the
sedimentation rate cannot be counteracted by Brownian motion.

As a result, the ferromagnetic microparticles are covered with surface-active agents,
e.g., oleic acid, to avoid aggregation and contribute to their stability. The fluid viscosity
exhibits large reversible changes under a magnetic field. MR fluids have higher apparent
viscosity and yield stress with an increasing magnetic field. Following the application of an
external magnetic field, a fast variation in viscosity is exhibited. Magnetic fluids include
MR fluids and ferrofluids.

The MR viscosity properties depend on the magnetic field and, hence, control the
different high-dynamics application systems.

In the absence of an external magnetic field, the magnetic moments associated with
each of the liquid particles are randomly oriented, and the resultant magnetic force vector
is zero. After the application of an external magnetic field, the magnetic moments of
the particles are arranged along the magnetic field force lines, forming chains, without
surrendering to thermal movement (see Figure 4).

A small variation in the applied magnetic field causes strong changes in the liquid
viscosity. Under an induced magnetic field, the viscosity of a liquid changes greatly.
Generally, a greater B-field strength and chain stress induce greater viscosity in the fluid.
The viscosity changes related to magnetic field variations occur in the order of milliseconds.

Magnetic liquids are classified as non-Newtonian liquids and can be well described
using the Bingham constitutive model [43]:

τ = τ0(B) + µ · γ (7)
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where τ is the shear stress in the fluid, τ0(B) is the limit stress induced by a magnetic
field with induction B, µ is the Newton dynamic viscosity of the liquid independent of the
magnetic field and γ is the shear strain rate. In Figure 5, we show the relationship between
the shear stress and strain rate, as described in Equation (7).

Figure 4. Magnetic particle distribution of an MR fluid with an external magnetic field.

Figure 5. Dimensionless tangential stress versus dimensionless magnetic fluid deformation rate
calculated as in [44] for B = 0 compared with corresponding plots for B = 1, 2, 3, 4 T.

The above equation holds for stresses τ greater than the stress limit τ0(B). For stress
values τ that are lower than the stress limit, the liquid behaves like an elastic body and
Equation (7) must be replaced by the following equation:

τ = G(B) · γ (8)

where G(B) is the modulus of elasticity, dependent on magnetic induction.
Magnetic liquids depend on parameters such as the temperature. Currently, the

produced liquids are characterized by good stability in terms of their properties as a
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function of the temperature. The basic viscosity of the liquid slightly decreases with an
increasing temperature. Moreover, its magnetic permeability shows a very small decrease
with an increasing temperature.

Magnetic fluids are distinguished as nanomagnetorheological fluids (ferrofluids) and
micromagnetorheological fluids (MR). However, unlike ferromagnetic solids, ferrofluids
do not exhibit hysteresis or residual magnetization once the magnetic field is removed due
to thermal agitation.

Upon introducing a magnetic field, each particle behaves like a small permanent
magnet, making it possible to control the macroscopic characteristics of the iron–fluid
drops, such as the shape, viscosity, motion, etc.

For large particles inside ferrofluids, the viscosity change is based on the opposition to
the free rotation of the particles: in the absence of a magnetic field, the dipole moments
of the particles are randomly arranged, leaving them free to rotate. Upon introducing a
field and consequently a privileged direction in space, the particles align with their dipole
moments parallel to it.

Thermal agitation and viscous friction caused by motion apply a mechanical moment
to each particle that tends to rotate them. This rotation is hampered by the magnetic
torque that occurs when the dipoles are misaligned, leading to a macroscopic change in the
viscosity of the liquid.

4. Experimental Set-Up
4.1. Experimental Tests

The experimental test equipment used includes the following main components
(see Figure 1):

• measuring equipment;
• a variable AC transformer;
• an ammeter and a voltmeter;
• a two-channel oscilloscope.

An autotransformer is used to provide the power supply to the excitation coil and its
working frequency is 50 Hz.

To create the magnetic field around the coil, the excitation has a required input voltage
V1 of 220 Volts; the output voltage V2 varies in the range 0 ≤ V2 ≤ 250 [V]; and the
maximum current Imax is 2.5 A.

The Tektronix MDO3012 mixed-domain oscilloscope (TEKTRONIX Manufacturer,
Shanghai, China) has been integrated into the measurement system, connected directly to
the excitation coils, for the ability to capture the voltage and current signals.

The type of hydrocarbon-based MR fluid used in the experimental tests is MRF-132DG,
shown in Figure 6, produced by the LORD Corporation, Cary, NC, USA. Its properties are
listed in Table 1.

Table 1. The main properties of MRF-132DG.

Typical Properties MRF-132DG

Appearance dark gray liquid

Viscosity
Pa-s@40 ◦C (104 ◦F) calculated 0.092 ± 0.015

as slope 800–1200 s−1

Density g/cm3 2.98–3.18

Operating Temperature ◦C −40 to +130
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Figure 6. MR fluid MRF-132DG under a digital microscope, Keyence VHX-7000, Keyence Corporation,
Osaka, Japan.

4.2. Devices and Materials

The experimental set-up for the measurement of the magnetic permeability of a
magnetic fluid is composed of a container for the magnetic fluid, measuring coils, an
excitation coil and a ferromagnetic core that forms a closed magnetic circuit (see Figure 7).
The coils of the measuring device are structured as follows: the excitation coil surrounds
the measuring coils and the magnetic liquid container; the first measuring coil is placed
around the magnetic liquid container; and the second measuring coil is placed inside the
excitation coil (see Figure 8).

Figure 7. Measuring device: 1—core, 2—magnetic liquid, 3—receiving coils, 4—excitation coil,
5—apparatus block
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Figure 8. Coil system: 1—magnetic liquid, 2—receiving coils, 3—excitation coil.

The magnetic flux Φg is generated by the excitation coil, composed of a copper wire
wrapped around a cylindrical former composed of polylactic acid (PLA), where the MR
fluid is contained.

The magnetic flux Φg is a measurement of the total magnetic field that travels through
the MR liquid container (ΦM) and the surrounding air (Φδ).

4.3. Mathematical Model of Measuring Device

The measuring device works on the principle of measuring the voltage in two receiving
coils. The induced voltages are related to the permeability. A mathematical model is
provided in order to deliver the working principle of the device (see Figure 9). In the
presented measuring device, the current flows through the coils and produces the magnetic
flux. The coils of the magnetic structure can be considered in an interconnection that exhibits
a network combination of parallel/series magnetic reluctance, as shown in Figure 9. The
magnetic reluctance is defined as the ratio of the magnetomotive force to the magnetic flux
and depends on the material properties and the geometry, i.e., the core material’s length,
area and permeability, as analogous to the resistance in the electric circuit. The reluctance is
measured in the coil with an air gap and in magnetic materials. In this magnetic circuit,
the magnetic material is combined with the air gap, as shown in Figure 9. In this magnetic
circuit, reluctances are considered as resistances connected in parallel. The magnetic flux is
analogous to the electric current. Therefore, we apply the equation of Kirchhoff’s current
law to the nodes of the circuit, with the current direction arrows chosen as in Figure 9, and
a current divider is used for its ability to divide the total current into fractional parts. The
magnetic flux relationship is described by the following equation:

ΦM = Φg − Φδ (9)

where the total magnetic flux Φg = ΦM + Φδ is divided into an electrical current in the
nodes of the circuit, ΦM is the magnetic flux density of the MR and Φδ is the magnetic flux
density in the surrounding air.

The following Equations (10) and (11) refer to the equivalent parallel circuit of the
current divider, in which the current is divided into each branch. In a parallel connected
circuit, the magnetic flux density through each resistor—in our case, the reluctance—in the
parallel circuit is given by

ΦM =
Rδ

Rδ + RM
Φg (10)

Φδ =
RM

Rδ + RM
Φg (11)

Assume that Rδ is the reluctance of the air and RM is the reluctance of the magnetic
fluid. The reluctance depends on the geometrical and material properties of the circuit,
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and it is proportional to its length and inversely proportional to its cross-sectional area and
magnetic permeability.

Rδ =
l

Sδ · µ0
(12)

and
RM =

l
SM · µM · µ0

(13)

where the coil is characterized by the length l, its cross-sectional area SM outside the MR
fluid container and its cross-sectional area Sδ in the air; µM is the magnetic permeability of
the MR; and µ0 is the magnetic permeability in the air.

Figure 9. Magnetic flux flow inside the excitation coil.

By expressing Equations (10)–(13) in terms of the quantities that characterize the
device, applying the algebraic equations, we obtain

ΦM
Φδ

=
Rδ

RM
=

l
Sδ ·µ0

l
SM ·µM ·µ0

=
SM · µM

Sδ
= µM · SM

Sδ
(14)

For the measuring device used, SM/Sδ ≈ 1; then,

µM =
ΦM
Φδ

(15)

so that [45]

µM =
VM
Vδ

(16)

In Equation (16), V1 is the induced voltage in the MR fluid cylinder, and V2 is the
voltage measured across the coil air coat. We have
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Vδ = V2 − V1

VM = V1

The following is a possible expression of Equation (16):

µM =
V1

V2 − V2
(17)

As for the magnetic field within the coil system (B-field), it can be expressed as

B =
V

2π√
2
· N · f ·

(
π · δ2

4

) (18)

where f is the operating frequency, N is the number of turns and δ is the radius of the
cylinder coil.

Specifically,

δ = 22 mm,

N = 400,

f = 50 Hz,

V =
V2

2
√

2

as the magnetic flux travels through the MR fluid and air coating of the coil system.

4.4. MR Fluid Permeability and MR Fluid Permeability

At the high or low excitation intensity of the magnetic field, the MR fluid responds
immediately by amplifying or attenuating the field, satisfying different requirements in
many engineering applications, such as in vehicle suspension and dampers, which resist
motion via viscous friction.

The connection between the coil system and the autotransformer by electrical cables
allows us to vary the voltage and the current in the range of 0 to 2 A with steps of 0.05 A. It
also allows us to measure the voltages of the inducted magnetic fluxes with an oscilloscope,
in which V1 is the induced voltage caused by the magnetic field flux ΦMR, and V2 is
the induced voltage due to the magnetic field flux through the air coating of the coil
(Φair coat + ΦMR)).

The measurement time, namely the registration time, must be as short as possible.
During the measurements, the set value of the supply voltage for the excitation coil was de-
termined and the magnetization current was measured. The measurements were conducted
in a very short time to avoid the heating of the coils (Figure 10).

The analytical function µr = f (B) is obtained as a linear combination of the Gabor
system elements generated by a Gaussian function ϕ(t) = e−t2

by means of the translation
and scaling of the generating function [46] using the experimental dataset:

µr = ∑
i=1

ci · Gσi (B) ∗ δ(B − µi) (19)

∗ denotes the convolution operator, δ(B − µi) is the Dirac function centered upon µi and

Gσi (B) = exp

(
− B2

2σ2
i

)
The coefficients ci, σi, µi can be calculated by using the pseudo-inverse operator,

but this implies numerical instabilities. Thus, to reduce the computations required, the
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mathematical expression µr = f (B) is calculated by means of a radial basis function neural
network [47–49].

Figure 10. Measured MR fluids’ relative magnetic permeability as function of magnetic intensity

5. Results
Experimental Results and Neural Modeling

It is well known that Gaussian RBF neural networks are capable of uniformly ap-
proximating arbitrary continuous functions defined on a compact set to satisfy a given
approximation error. This approximation process is usually carried out in a learning phase
where the number of hidden nodes and the network parameters are appropriately adjusted
so that the approximation error is minimized.

The developed RBF neural network model consists of three layers: an input layer, a
hidden layer and an output layer. The type of transfer function is a Gaussian function for
the hidden layer, and the third layer, corresponding to the output layer, has one neuron
with a linear transfer function.

For RBFs, it is necessary to determine the weights and the radii σi using the backprop-
agation algorithm and the set of bump locations µi via the k-means algorithm.

The Gaussian function is used for the radial basis function, expressed as in Equation (20):

ϕ(t) = e−(
r
σ )

2
(20)

The radii σi are set to equal values using the simple heuristic function

σi =
dmax√

2m
(21)

where dmax is the maximum distance between the selected data inputs, and m is the number
of data in the training set.

Then, the weights are calculated, as well as the radii and center vectors, by iteratively
computing the partials and performing the following updates:

E = 1
2

m
∑

j=1
(dj − yj)

2 = 1
2

m
∑

j=1
e2

j

wnew
i,j = wold

i,j − η1
∂E

∂wi,j

(22)
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where η1 are learning rate coefficients.
The training dataset consists of input vectors containing the measured B-field strength

and the target output containing the measured relative magnetic permeability. The training
dataset includes 350 samples of laboratory measurements of the magnetic B-field and the
relative magnetic permeability. The test data include 65 samples, used for the generalization
of the neural network.

The preliminary selection of the centers for the Gaussian functions is carried out by
randomly selecting 285 data from the training set. As soon as the clustering algorithm is
complete, the parameters are adjusted by using Equations (21) and (22). These parameters
control the amount of overlapping of the radial basis functions, as well as the network
generalization. A small value of overlap yields a rapidly decreasing function, while a large
value results in a more gradually varying function. In order to achieve better generalization,
after the abovementioned training step, a pruning procedure is applied in order to reduce
the RBFs’ complexity and eliminate redundant weights. The resulting network is retrained
and subjected to the pruning procedure again. The training process ends quickly as the
error has a tendency to increase [50,51]. Therefore, the analytical formula for µr after the
pruning procedure is

µr = 4.5 · exp
(
− (B − 0.23)2

0.072

)
− exp

(
−(B − 0.4)2

0.0373

)
+ 10.5

where the magnetic field strength is defined as a function of the measured relative per-
meability µr of the MR fluid, as shown in Figure 11. The results obtained show good
agreement with the experimental investigation, with an error of roughly 8%.

Figure 11. The measured µr of MR fluids and the simulated ones by the model obtained with RBFs.

6. Conclusions

Recently, the progress in materials technology and the important role of electronics
in mechanical engineering have yielded significant progress in the production of electric
vehicles and in the automotive industries. In particular, MR materials are of considerable
significance in these areas.

Magnetorheological and electrorheological fluids are materials that manifest a change in
rheological behavior when subjected, respectively, to a magnetic or electric field. For these
materials, therefore, simple and accurate electrical/magnetic characterization is important.

In this research, an accurate model based on a small number of parameters is described,
for which the relative magnetic permeability of the MR fluids is a function of the applied
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magnetic field. A new metering system is proposed for the magnetic characterisation of
MR fluids.

Starting with the experimental data obtained in this way, the mathematical relation
µr = f (B) is represented by means of a radial basis function neural network (RBF), with
neurons having a Gaussian activation function. Then, the network is trained with the
experimental data and a pruning procedure is applied. As a result, the defined mathe-
matical relation µr = f (B) is in accordance with the experimental results, with an error of
roughly 8%.
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