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Operating conditions of periodic coil systems in the case
of deformation of the magnetic layer

Abstract. This paper considers magnetic phenomena in a system of periodically spaced planar coils. The coil system is covered with a deformable
layer of material with weak magnetic permeability. The effects of deformation (deflection) of the membrane, the deflection area, on changes in the
inductance values of the coils have been evaluated. The aim of the work is to determine the conditions for building a system to identify the surface

deformation using a set of planar coils.

Streszczenie. W artykule rozpatrzono zjawiska magnetyczne, rozktfad pola i zmiany indukcyjnosci, w uktadzie periodycznie rozmieszczonych cewek
planarnych. W ukfadzie nad warstwg cewek wystepuje odksztafcalna, elastyczna warstwa materiatu (membrana) o sfabej przenikalnosci
magnetycznej. W pracy okreslono wptyw gfeboko$ci odksztatcenia (ugiecia) membrany oraz obszaru ugiecia na zmiany warto$ci indukcyjnosci cewek.
Celem badarn jest okre$lenie warunkéw budowy systemu do identyfikacji deformacji powierzchni za pomocg zestawu cewek planarnych. (Warunki
pracy periodycznego ukfadu cewek planarnych w przypadku deformacji warstwy magnetycznej)
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Stowa kluczowe: ukiady planarne, periodyczne cewki indukcyjne, pole magnetyczne, elastyczne materialy magnetyczne, metody

numeryczne.

Introduction
Elements whose operation is based on the use of

magnetic phenomena play an important role in the

development of new technologies, and their field of
application is wide. The miniaturization of inductive elements,
implementation of planar circuits or 3D structures, and the
use of new materials allow creation of specific components

[1, 2]. The design of planar electrical circuits based on

a periodic structure aims to adapt circuit geometries to

specific applications related to the development of electronic

technologies. Examples of such applications include sensors
with distributed sensing area, components for medical
applications, soft bodies robots, circuits for wireless power

transfer, and energy harvesting [3, 4, 5, 6].

The distributed, planar geometry of the circuit, with
periodic structure of components, allows creation the
systems where additional factors shape the resultant
properties. The design of such components imposes
additional requirements, but makes it possible to create
systems with qualitatively new features, unusual properties,
parameters [2, 5], e.g.:

* a scalable structure of electric elements with adjusted
modules arrangement and selected area of operation;

« flexible, deformable structure (geometry) of the resultant
circuit, adjusted to the geometry of outer body;

* multi-frequency systems by including (in the periodic
structure) components of different design, parameters;

» systems with increased robustness, reliability against
damage, due to built-in redundancy. Acceptable, possible
damage of parts of the components leading only to limited
deterioration of functional characteristics.

The subject of this work is to consider the systems
involving periodic planar coil arrangements, a planar
inductive displacement sensor composed of a regular two-
dimensional array of planar coils. The use of planar system
with distributed coils makes it possible to create sensor with
detection area, to detect local deformation of the outer
surface. The functional characteristics of the system result
from the use of a flexible material, a layer (membrane) with
soft magnetic properties. Its local, multipoint or surface
deformation shapes local magnetic field in the sensor. The
paper considers the effect of layer deformation on the
parameters of planar coils, due to the possibility of identifying

the location, the area of deformation. The paper considers
the magnetic phenomena  within an elastic
magnetorheological (MR) layer with some specific magnetic
properties. Changes in coil parameters due to deformation of
the MR layer were analysed numerically using the finite
element method.

Inductive elements with flexible layer

The design of inductive sensors with flexible layers,
including magneto-rheological materials, is the subject of
many articles. Planar inductive sensors have been the
subject of work for many years, and they find technical and
medical applications [7, 8]. An example of single-axis
displacement (pressure) sensor design is presented in [9],
while triaxis force (displacement) sensor is considered in
[10]. Deformation of selected system components
(membrane) leads to changing resultant, measurable
electrical parameters of the coil (Fig. 1).
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Fig. 1. (a) Typical sensor configuration, main operating element, with
single coil. (b) Working principle of the sensor with a flexible
membrane of magnetic material: left — lower resultant inductance of
the coil, right — higher inductance [9]
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The potential capabilities of the elements, and adaptation
to some requirements are closely related to the
configurations of coils and applied materials. Work in this
area goes beyond the use of ferromagnetic or ferrite
elements (layers). Advances in sensor design have resulted
from the use of composites, polymer-based deformable,
plastic magnetic materials [11, 12, 13]. Magneto-rheological
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elastomers (MRE), classified as intelligent multi-functional
materials (IMFM), are also being used in the design of
inductive systems for deformation, force, pressure
identification and measurements. The mechanical properties
(e.g. elasticity, strength, ductility, fracture toughness) and
magnetic properties (permeability, magnetic remanence) of
these materials are derived from the base, matrix polymer
and actually doped ferromagnetic particles [14, 15, 16]. As
abase (matrix) material are usually used: PDMS
(polydimethylsiloxane), Ecofex (platinum-catalyzed
silicones), PVA (polyvinyl alcohol), Kepton (polyimide,
i.e. polyimide films) [17]. The use of different dopants
(micrometer-sized powders and fibres) allows to shape the
magnetic properties. Relative permeability ur of these
flexible, deformable materials takes on typical values from
1to ~10. Depending on the type and concentration of
dopants, it is possible to obtain a material with larger value
of relative permeability, but mechanical properties become
worse. The use of materials with weak magnetic properties
(ur = 1.8) makes it possible to create systems where shaping,
deformation of magnetic field can be partially exploited.

Problem formulation
The subject of the analysis is a system composed of a set

of periodically ordered planar coils (Fig. 2). The basic coils
configurations are: serial, triangular, quadrilateral, etc. The
periodicity of the arrangement makes it possible to
distinguish some sets of geometrical symmetry axes: Aa,,
Abj, Aci (Where i - axis index). Depending on the size of the
structure, deformation (bending) of coils surface, adaptation
to the outer geometry, is possible.
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Fig. 2. Basic periodic planar coil configurations: left — structure with
triangular module (M), right — structure with quadrilateral module
(MCYQ)
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Fig. 3. Sample configurations, view of one module: (a) the triangular
configuration of coils (M¢;) and the uniform MRE layer; (b) the
quadrilateral structure of coils (M) and adjusted permeability profile
of the MRE membrane

The analysed structure is the set of coils with a flexible
surface, distributed magnetic circuit. The surface
(membrane) made of MRE is placed above the set of
sensors. The key parameters of the structure are highly
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dependent on the properties of the membrane (magnetic
permeability, elasticity). In a typical configuration, the
membrane has fixed parameters (Fig. 3a). It is also possible
to introduce a material with a specific, selected magnetic
permeability profile (Fig. 3b).

The distribution of the magnetic field in the considered
system is described by the Ampere-Maxwell equation

1) rot( ﬁ) + (jwo — weoe)A =,

Hollr

where 4 is the magnetic vector potential (of course defined
assuming Coulomb gauge), w is the angular frequency of the

field source (currents in the coils), fs —the density of external,
imposed currents.

The analysed structure is based on the triangular
configuration. The calculation included the analysis of
asingle Mc: module, assuming open space boundary
conditions. The interaction of neighbouring, distant modules
Mct was neglected. The membrane has a constant value of
magnetic permeability (Fig. 3a). The parameters describing
the system (coils and membrane) are summarized in
Table 1.

Table 1. Parameters of the analysed configuration

Parameter Symbol | Unit Value

Coil: outer radius Fout mm 8
Coil: inner radius lin mm 2.5
Coil: area of upper (lower) surface S mm? ~2010
Coil: number of turns n - 260
Coil: wire diameter dw mm 0.018
Coil: frequency of excitation f kHz 2.4
Coil: planar configuration Me.t - triangular
Coil: distance between coils de mm 20
Membrane: width My mm 2
Membrane: area of deformation ~{80, 500,
(assuming circular shape of Sm mm? | 1300, 2400,
deformation) 3400}

) . - U - 1.84[9]
Membrane: relative permeability T — 156

Results

A local deformation of the membrane with weak magnetic
properties leads to a local change in the magnetic field
distribution within the coil. An example of the field
distributions in two adjacent coils is shown in Fig. 4. The local
change in the flux linked (when the membrane is deformed,
deflected) changes the resultant impedance value of the coil.
The location of the deformation and the depth of the local
deflection of the membrane (distance to the coil) can be
determined from a set of results, measurements from
individual coils. For this purpose, the local coil impedance
values require further numerical analysis, using some
machine learning algorithms.

In order to quantitatively assess the effect of deformation
of the magnetic layer (membrane), a coil inductance variation
factor was adopted

Log—1
) wy(x,y,d) = -2~ 100%,

Leo

where Lcd = f(Xq, Y4, d) is the inductance of the coil at a given
deflection of the membrane, Lco — the inductance of the coil
in the base version (membrane in the no-load state), d — the
local distance between coil and membrane. Due to the
variation of the coil inductance value from position (Xd, Yd)
and deflection value (distance d), the coefficient w. has be
determined locally (for a given coil).
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Fig. 4. Some examples magnetic field distributions in the coils and
membrane (vertical cross-section): (a) the membrane is placed over
the left coil, (b) the membrane is between two coils. 2D view in the
plane of geometrical symmetry of the two coils (results of simulation
using the finite element method)

The deformation of the magnetic layer (membrane)
depends on the properties of the elastomer. Due to the
possibilities, detection targets, the area of the deformation is
also important. Therefore, different sizes of the area of the
membrane deformation (close-up of the membrane to the
coil) are taken into account. The relative value of the
deformation area is stated by equation

3) a="

where Sm is the area of the local membrane deformation
(assuming circular shape of the deformation), S¢ — the area
of the planar coil (surface parallel to the membrane). The
values of Sm and Sc are summarized in Table 1. The sizes of
the deformation area for the subsequent variants are {0.04,
0.25, 0.64, 1.21, 1.69} respectively.

The results of the analyses of the successive variants,
assuming that the value of the magnetic permeability of the
membrane is ur2 = 4.56, are shown in Figs. 5 and 6. The
results presented show that at deflection of d = 2 mm, the
relative inductance changes w. are in the range of (7%,
26%), in the case when deflection is above the coil. If the
deflection is between two coils, the inductance changes
range is (3%, 11%). The changes given are for the case
when the deformation area is equal or comparable to the
geometrical size of the coil, a = {1.21, 1.69}. Significant
changes in wp coefficient are also observed when the
deformation area is smaller than the coil area (a = 0.64), but
the allowable, detectable deflection of the membrane is
smaller. The comparison of the results in Figs. 5 and 6 shows
that the deformation of a layer with a relatively small area
(a={0.04, 0.25}) is not detectable. Changes in the
inductance coefficient wi are small, below the assumed level.

The usability of the system requires selection of the
geometry of the coils, configuration and spacing between the
elements. An important factor and constraint of the analysis,
is the membrane properties. The Fig. 7 summarises the
results of the analyses for two materials with different values
of magnetic permeability (Table 1). The results obtained
confirm that decreasing the value of magnetic permeability
decreases the value of inductance changes. The changes in
the value of inductance reach up to 8%. Both systems can
be used for deflection d = 1.5 mm. A partial improvement,

correcting the parameters, can be achieved by selecting
other coil configurations (number, diameter and distance
between coils).
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Fig. 5. Changes in inductance coeffcient w_ with deformation
(deflection) of the membrane directly above the coil (d - local
distance coil- membrane)
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Fig. 6. Changes in inductance coeffcient w_ with deformation
(deflection) of the membrane in the area between two coils (d - local
coil-membrane distance)
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Fig. 7. Comparison of inductance coeffcient w, considering two
values of membrane permeability (Table 1). Deflection of the
membrane is centrally above the coil

Conclusions

A configuration consisting of the periodic planar coil array
and the distributed planar magnetic circuit with weak
magnetic properties was considered. The presented system
can be scaled, adjusted by changing the parameters of the
coils, the distance between the coils, the geometry of the
periodic array, and the properties of the membrane.
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The analysed system allows detection of the area and
depth of deflection of the membrane layer. It is therefore
possible to take into account the deflection of the layer due
to external factors. The surface of the system does not have
to be rigid as with other types of sensors.

Calculations carried out indicate that, with a surface
deformation of up to d = 2 mm, changes in inductance of at
least 3% are achieved. The changes in inductance and the
associated shape change detection strictly depend on the
area of the deformation surface in relation to the size of the
coil. For small, point-like deformations, changes in the
inductance values of the system remain small, impossible to
take into account in the identification process. The presented
analysis results can be used to train an artificial intelligence
system to detect the surface area and interaction force for a
given coil configuration.
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