
J. Sens. Sens. Syst., 9, 319–326, 2020
https://doi.org/10.5194/jsss-9-319-2020
© Author(s) 2020. This work is distributed under
the Creative Commons Attribution 4.0 License.

  

A tactile sensor based on magneto-sensitive elastomer
to determine the position of an indentation

Simon Gast and Klaus Zimmermann
Technical Mechanics Group, Department of Mechanical Engineering,

Technische Universität Ilmenau, Ilmenau, Germany

Correspondence: Simon Gast (simon.gast@tu-ilmenau.de)

Received: 28 April 2020 – Revised: 3 August 2020 – Accepted: 16 August 2020 – Published: 8 October 2020

Abstract. In this paper, we investigate the capabilities of a tactile sensor based on magneto-sensitive elastomers
(MSEs). The main feature of the sensor is the determination of the position of indentation. The principle is based
on inductance measurements of multiple planar coils and a soft magneto-sensitive layer. The proposed prototype
consists of a linear array of hexagonal coils with overlapping sections. First, the results of the experiments are
presented, which include a sampling of a sensor region with indentations of constant depth. Subsequently, we
introduce a mathematical model based on the bell-shaped flux density distribution of a planar coil. This model
consists of ellipse equations with three parameters and a polynomial fit for each parameter. Finally, solving the
system of equations results in the determination of the x coordinate of the indentation.

1 Introduction

Magneto-sensitive elastomers (MSEs) offer great opportu-
nities for technical applications that require elastic compo-
nents and adjustable material properties. Typically, MSEs
consist of magnetic particles embedded in an elastomer ma-
trix. Thus, the mechanical properties can be tuned via an ex-
ternal applied magnetic field.

Several applications based on MSEs have been proposed,
like force sensor, magnetic field and acceleration sensors
(Yoo et al., 2016; Qi et al., 2018; Günther et al., 2017). Be-
sides sensor applications of MSE, it is also used for actively
controlled base isolators (Li et al., 2013). A recent investiga-
tion proposed a tactile sensor based on MSEs (Kawasetsu et
al., 2017). The authors use the inductance change in a planar
coil to detect a deformation of a close MSE layer. Kawasetsu
et al. (2018) present another sensor based on the same prin-
ciple that can differentiate between shear and compression
stress. Most of the applications based on MSEs can be di-
vided due to their usage of MSE as a sensitive or active el-
ement. There are a small number of investigations in which
the MSE is used simultaneously as functional, sensitive ele-
ment and an actively controlled part of an application (Li et
al., 2018).

Tactile sensors are widely applied in various robotic and
gripping systems. In general, they are used to detect a con-
tact or measure the force or pressure. Furthermore, there
are implemented as a control system featuring tactile feed-
back (Custy, 2007). As a haptic control unit with force feed-
back, they facilitate human–machine interactions. Some tac-
tile sensors include a position determination of the contact
(Massari et al., 2019). The latter are based on different con-
cepts, mostly consisting of a discrete number of measure-
ment units. These are utilizing, for example, optical, piezore-
sistive or capacitive transducers (Drimus et al., 2012; De
Maria et al., 2012; Boie, 1984).

In this paper, we propose a tactile sensor in which the setup
allows the determination of the position of an indentation in
one direction. One key element of the proposed design is a
circuit board containing a linear array of multiple coils with
overlapping sections. As a first approach, we present a math-
ematical model which is fitted to the sensor response. The
aim of these investigations is to prove the feasibility, present
the capabilities of the concept and obtain a deeper under-
standing of the coil interactions. Additionally, this study is
providing a basis for further investigations.
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2 Sensor prototype

2.1 Setup

The sensor is built with two main parts, as shown in Fig. 1a.
A rigid circuit board carries the elastomer-sensing layer,
which consists of an MSE and a pure elastomer base layer.
The circuit board holds six planar coils with overlapping
sections. Each coil is double layered and has a hexagonal
shape. The detailed geometry of the coil array is presented in
Fig. 1b, where each coil is depicted by its outline. In order
to realize the overlapping sections without electrical contact,
the circuit board consists of four copper layers.

We use silicone rubber as the basis material for the sens-
ing layer, since this material does not interact magnetically
with the coils, is well investigated and allows large deforma-
tions. The operating distance of inductive proximity sensors
utilizing planar coils is restricted to the dimensions of the
coil diameter. Thus, we chose the sensing layer thicknesses
in the same range. As filler material, carbonyl iron powder is
inserted, due to its magnetically soft characteristics. Further-
more, the particles are electrically nonconductive; thereby,
eddy currents in the sensing layer are avoided.

2.2 Working principle

Since the MSE contains iron particles, its relative magnetic
permeability is greater than that of air and the one of the pure
elastomer layer. First, we consider an indentation of depth h
in the negative z direction, as shown in Fig. 1a. In case the
indentation is in a certain interval of the x and y position, the
magnetic flux density and, thus, the inductance of a spiral
coil is increased. We suppose that the inductance change in
every coil depends on three variables, namely the indentation
depth h, the x position and the y position of the indenter. As
a first approach, a constant value of indentation depth h is
used.

According to Biot–Savart’s law, the magnitude of flux den-
sity at a given distance, in the z direction, to a single coil can
be approximated with a bell-shaped curve (Fig. 2). We as-
sume the inductance change curve of a planar-shifted inden-
tation with constant depth h to be similar to this function. As
a result, the peak value of the inductance change occurs in the
center of a coil. Considering a horizontal slice through a bell-
shaped curve, for example, for a given inductance change
value, a circle-like function is obtained. Here, this function
is fitted with an ellipse. The mathematical model for this
approximation is described in detail in Sect. 4. Measuring
two coils for the same indentation results in two ellipses.
Since the coils overlap each other, both ellipses intersect. The
points of intersection have the same x coordinate. The abso-
lute value of the y coordinates is equal as well. However,
due to its symmetry, the system is not able to distinguish the
points of intersection. The mathematical model presented in

Sect. 4 provides the coordinates of both points of intersec-
tion. Thus, the x position of the indentation is obtained.

2.3 Electronics

The main part of the measurement electronics is an
inductance-to-digital converter operating in single channel
mode (LDC1614 evaluation module; Texas Instruments).
This module uses a closed loop control to ensure an adjust-
ment of the frequency in order to maintain resonance. This
frequency corresponds to the inductance (Eq. 1) by assum-
ing that the remaining electric components are unchanging.
Hence, the inductance of an oscillating circuit can be evalu-
ated by recording the frequency at a very high resolution.

f0 =
1

2π
√
LC

. (1)

Here, f0 corresponds to a parallel circuit of an ideal capac-
itance C and an ideal inductance L. Another module incor-
porates multiple analogue multiplexers (ADG739; comple-
mentary metal–oxide–semiconductor (CMOS) analog matrix
switch; Analog Devices). Thus, all terminals of the coils can
be switched between three states, namely the ground channel,
high-resistance channel and measurement channel. Addition-
ally, a microcontroller (XMC 2Go Kit with an XMC1100; In-
fineon Technologies) is used to define the states of the mul-
tiplexer and trigger measurements and pass data to a com-
puter. Each coil of the array is sampled sequentially. Dur-
ing the time a coil is excited (active coil), the remaining
coils (passive coils) are connected to the ground potential.
The sampling time for all six inductances is 0.2935 s. Due
to Lenz’s law, the passive coils create magnetic fields, which
counteract the magnetic field of the active coil. This inter-
ference lowers the inductance of the active coil and may re-
strict the area of measurable response for each coil. Hence, a
small coupling coefficient between the active and passive coil
is preferable. From this effect, one requirement is deduced,
namely that an indentation occurring at small distances out-
side of the dimensions of a single coil must still cause a mea-
surable response. Thus, sufficient data are available for ob-
taining intersecting ellipses in the entire x interval between
the two center points of overlapping coils (see Sect. 2.2).

3 Experiments

3.1 Experimental setup

As shown in Fig. 3, the experimental setup consists of the
fixed sensor and three linear axes holding the indenter. The
indenter deforms the MSE sample in normal direction to the
surface with constant maximum indentation. The other two
axes alternate the planar position. Referring to the 100 mm
movement of an axis, the vertical positioning deviates by
35 µm and the other axis deviates by 25 µm. All parameters
of the experiments are listed in Table 1.
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Figure 1. (a) Setup of the tactile sensor concept. (b) Linear coil array of the prototype containing six hexagonal planar coils.

Figure 2. Bell-shaped flux density curve (magneto-static simula-
tion).

Figure 3. Test setup for sampling the sensor.

3.2 Fabrication of the elastomer layers

The MSE layer is composed of 30 % volume fraction of
carbonyl iron powder (average particle size of 6.5. . .10 µm;
grade CEP CC; BASF) and 70 % volume fraction room tem-
perature vulcanizing addition cross-linking silicone rubber
(Ecoflex® Shore 00-20; Smooth-On, Inc.). The elastomer
base layer consists of the same pure silicone rubber. Both
mixtures were degassed in a vacuum chamber before curing.
To ensure interconnection of the compound, the MSE layer
was vulcanized on the cured pure elastomer base.

Table 1. Experimental parameters.

Parameters Values

Shape of indenter head Hemisphere
Indenter diameter 5 mm
Coil diameter d 23 mm
Coil turns 30
Indentation depth h 1 mm
MSE thickness 2 mm
Pure elastomer thickness 6 mm
Vertical distance between coils (Fig.1b) 0.5 mm
Capacitance 120 pF
Sample grid spacing 2 mm
Measurement range x −26. . .26 mm
Measurement range y −6. . .6 mm

3.3 Sensor response sampling

At the beginning of the measurements, the reference z posi-
tion of the elastomer sample is identified by evaluating the
point of contact with the force sensor. The grid and range for
the sampling are listed in Table 1. To eliminate dynamic ef-
fects, the deformation in the z direction is performed at low
velocities. The sampling of the sensor is executed with the
following looped sequence:

1. Move to a planar position (elastomer is relaxed)

2. Indent at −1.5 mm s−1 until maximum depth h in z di-
rection

3. Allow residence time of 0.5 s

4. Relax the sample at 1.5 mm s−1 in z direction until con-
tact is released.

As a first approach, we evaluate and model the inductances
of the coils Li , i = 1. . .3 (see Fig. 1b). All other coils are
operated as well. However, they are not included in the eval-
uation process. Since the structure of the sensor is repetitive,
the sensor and model are extendable. The dimensionless in-
ductance change value δ is calculated by the following:
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δ =
Li,peak−Li,0

Li,0
. (2)

Here, Li,peak corresponds to the inductance value of maxi-
mum indentation h (step 3 of the sampling sequence above),
and Li,0 is the inductance value of the undeformed state. For
each coil, all values of δ are stored in a sensor response ma-
trix (SRM). These values meet the requirement in Sect. 2.3
and occur outside the dimensions of each coil in the x direc-
tion (see Fig. 4).

4 Mathematical model

The sensor response in the chosen region is modeled with
Eqs. (3) and (4). Firstly, we assume symmetric sensor re-
sponse values with respect to the two symmetry planes of
the planar coils that are aligned perpendicularly to the x and
y axes. Therefore, Eq. (3), representing an ellipse, is always
centered on the y axis and is not tilted. Thus, the parameters
x0, i , Ai and Bi represent the center position in the x direc-
tion, the semiaxis in the x direction and the semiaxis in the y
direction of an ellipse.(
x− x0,i

)2

A2
i

+
y2

B2
i

= 1 (3)

In Sect. 5, the parameters x0, i , Ai and Bi are fitted with a
polynomial to the SRM of each coil. We chose a polynomial
f (δ) of the fourth degree, due to the nonlinear trend and in-
flection points of the parameters (see Fig. 5b). Thus, the fit
is a compromise between model complexity and accuracy.
Additionally, an analysis of the root mean square error of
the polynomial fits of higher degrees does not lead to signif-
icantly more accuracy.

f (δ)= p4 · δ
4
+p3 · δ

3
+p2 · δ

2
+p1 · δ+p0. (4)

Considering two intersecting ellipses, we obtain a system
of two quadratic equations for x and y. In general, those
equations result in up to four solutions, including two imag-
inary and two real solutions for y. Here, we only evalu-
ate the solutions of the equations that lead to real num-
bers. Thus, the x coordinate can be estimated by solving
the system of equations for x. The quadratic polynomial for
x delivers two solutions. Referring to the restricted domain
x ∈ R|(−Ai+x0, i)≤ x ≤ (Ai+x0, i), there is only one solu-
tion for x.

5 Determination of the x position

All data postprocessing is done with MATLAB R2018b. The
stepwise sequence of the script is shown in Fig. 5a. Firstly,
the resolution of the SRM is refined by cubic interpolation to
obtain a higher resolution. Next, a stepwise sweep through
the data of the refined SRM is done, fitting Eq. (3) to the

values of each step (Gal, 2003). The steps are executed with
a threshold of ±2× 10−5 and a step size of 3× 10−5 of δ.
This leads to a set of ellipses for each coil, obtaining x0, i ,
Ai and Bi for each step. Subsequently, we use polynomials
of the fourth degree (Eq. 4) to fit these ellipse parameters
with a dependency on δ. Here, δ is calculated from the mean
value of each step. The values for pk of the functions Ai(δ),
Bi(δ) and x0, i(δ) are listed in Appendix A. For the coil L1,
the results of the data processing are plotted in Fig. 5b. The
markers represent the ellipse parameters of each fit of Eq. (3)
to the refined SRM. The lines in different styles depict the
fit of the polynomials A1(δ), B1(δ) and x0, 1(δ) (Eq. 4). For
each indentation, the evaluation ofAi(δ), Bi(δ) and x0, i(δ) of
two overlapping coils leads to two intersecting ellipses. As a
last step, the x components of the points of intersection are
calculated (see Sect. 4).

In Fig. 6, three cases of intersecting ellipses are shown.
The procedure described in the previous paragraph com-
monly results in the first case. Cases two and three are special
cases that need to be considered separately. An indentation
close to y = 0 leads to a single point where the ellipses touch
(case two). An indentation in the area around the coil center
(case three) results in δ ≥ 1× 10−3. Consequently, the semi-
axes are equal, leading to a circle with a small radius (see
Figs. 5b and 6). Due to measurement and interpolating er-
rors, both cases possibly lead to curves with no intersection.
In order to avoid such cases, a constant value of 0.2 mm is
added to all polynomials for the semiaxis Ai(δ). Although
the values of the points of intersection are thus changed, po-
tential cases with no intersection are avoided. Secondly, in
the area close to the coil center, the points of intersection are
found by evaluating the two adjacent inductances.

6 Discussion

The polynomial fit of each ellipse parameter has an intercept
of zero for a value of δ > 1.2× 10−3. Since the sample grid
spacing is finite, this δ value might be reached for indenta-
tions close to the center of a coil. However, the distinction
of the three cases described in Sect. 5 means avoiding such
cases (see Fig. 6). Furthermore, the semiaxes appear to tend
to infinity for small values of δ. Due to measurement noise,
the smallest measurable value of δ is greater than zero and
leads to a finite length of the semiaxis. For the measurement
concept, those values are neglectable since in that range the
inductance values δ of adjacent coils are significantly higher.

As a first approach, we use the initial sample grid mea-
surements to calculate the deviation of the determined x co-
ordinate (Sect. 5) from the real position of the indenter. The
absolute error of the position is less than 0.8 mm (Fig. 7).
Thus, errors caused by the polynomial fit and fitting ellipses
to the refined SRM are determined. This deviation is also
increased by the constant value we added to all semiaxes,
namely Ai(δ). Furthermore, four additional measurements
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Figure 4. SRM values for L1,L2 and L3 and the outlines of the hexagonal coils.

Figure 5. (a) Stepwise data processing for a determination of the x position. (b) Stepwise fitted Eq. (3) and fitted polynomials (Eq. 4) for
the ellipse parameters regarding L1.

Figure 6. Sketch of three example cases for intersecting ellipses.

at random positions are done, nonrecurringly, to check the
model at points that are not covered by the sampling of the
sensor (see Table 2). For these measurements, the maximum
error is at −0.71 mm. Hence, we conclude that this model
can be applied to any planar position of the indenter in the
measurement range and with the equal indentation h. For the
validation of the model, more measurements are necessary at
positions that are not covered by the sampling of the sensor
and that are assured with repeatability tests.

For the proposed model and the determination of the posi-
tion, it is a crucial requirement that the indenter shape and in-
dentation depth h are not variable. The nature of the method

Table 2. Four measurements at random positions to determine the
x position.

Real Real Determined Error
x position y position x position (mm)
(mm) (mm) (mm)

−8.75 −3.6 −8.83 −0.08
−0.25 1.2 −0.51 −0.26
11.45 −4.36 12.16 −0.71
4.8 2.5 4.69 −0.11

is to model the sensor response based on a wide data set.
Considering an indentation of variable depth and the inden-
ter shape, the sampling and modeling of the sensor is rather
complex. In this case, other model approaches are prefer-
able. However, investigating the rate of the inductances of
two overlapping coils is a promising approach, for instance.

Although the trend of the semiaxes Ai(δ) and Bi(δ) are
similar, the trend of x0, i differs from L1 to L3. Depending on
which coil is active, the relative asymmetrical arrangement of
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Figure 7. Error of the determined x position.

the passive coils changes. Thus, the spatial distribution of the
flux density is distorted in a different manner by the opposing
magnetic fields (passive coils). This leads to different trends
of x0, i . To avoid this effect, the sensor can be optimized by
means of geometric variations of the coil array in order to
minimize the coupling coefficient.

The inductance measurements are based on high-
frequency magnetic fields (≈ 2 MHz) at very low ampli-
tudes. Hence, an external quasi-static magnetic field will not
influence the inductance measurements, assuming that the
flux density in the MSEs does not reach saturation and that
the relative magnetic permeability is constant. This external
magnetic field can be used to obtain a tunable stiffness. Thus,
the sensor is possibly able to perform tactile measurements
and control the stiffness simultaneously.

The setup of measurement electronics allows an intercon-
nection of multiple coils by using the analogue multiplexer.
Hence, the magnetic flux density distribution can be varied
by using parallel or series connections of overlapping coils.
This results in a larger response area compared to a single
coil. Additionally, this method may be used to improve the
accuracy of the sensor.

7 Conclusion and future work

The proposed tactile sensor concept offers versatile fields of
application, ranging from gripping to tactile control systems.
As a first realized approach, we present a linear coil array
that is adequate for the position determination, in one direc-
tion, of an indentation of constant depth. The analysis shows
that the individual measurement of every coil provides suffi-
cient data for sampling and modeling. The model formed by
ellipse equations, with three parameters each and a polyno-
mial fit, results in an absolute position determination error of
less than 0.8 mm. Furthermore, the coupling of the coil array
results in a distorted flux density distribution. This distortion
is modeled mainly by the ellipse parameter x0, i .

Subsequent investigation will focus on expanding the con-
trol concepts and evaluation methods in order to determine
the planar position. Such experiments will be executed with
variable depths of indentation and will be extended to ana-
lyze the repeatability of the performance. Additionally, we
will optimize the coil array regarding the coupling coeffi-
cients. Furthermore, we will add a quasi-static external mag-
netic field to the setup to investigate a simultaneous control
of the stiffness.
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Appendix A: Interpolation parameters pk

Table A1. Parameters pk for semiaxes and center position.

f (δ) p4 p3 p2 p1 p0

A1 −7.407× 1012 4.306× 109 1.823× 107
−3.178× 104 20.71

A2 1.25× 1012
−9.991× 109 2.395× 107

−2.922× 104 20.95
A3 −1.565× 1012

−8.811× 1012 2.457× 107
−2.857× 104 18.15

B1 −2.823× 1013 7.144× 1010
−6.048× 107 8.349× 103 12.85

B2 2.408× 1012
−1.324× 1010 2.411× 107

−2.318× 104 16.44
B3 8.438× 1012

−3.768× 1010 5.341× 107
−3.914× 104 18.64

x0,1 −2.721× 1012 1.245× 1010
−2.012× 107 1.424× 104

−17.24
x0,2 −1.229× 1012 5.807× 109

−1.009× 107 7.878× 103
−2.327

x0,3 6.519× 1011
−2.95× 109 4.503× 106

−3.066× 103 14.19
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measurements at random positions are accessible at
https://doi.org/10.17605/OSF.IO/BV6P4 (Gast, 2020).
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