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Abstract

Soft electronic systems are intensively desirable due to their
similar mechanical properties to human skin. Technological
advances in flexible skin-attachable strain sensors over the last
decade have made them attractive for medical applications, in
particular, out-of-the-clinic health monitoring. Here we report
anovel highly stretchable strain sensor based on a compressive
buckling technique for on-body applications. Our suggested
sensor is able to measure 0 to 60% strain with the frequency
shift in the range of 2.4 GHz to 5 GHz while keeping the on-
skin antenna gain greater than -11 dBi. Finite Element Analysis
(FEA) using COMSOL Multiphysics® 5.3a was adopted to
analyse the buckling behaviour of the 2D metallic precursor as
well as the antenna performance. Numerical results are in good
agreement with the experimental data.

1 Introduction

Flexible sensors offer the capability of integrating with the
human body. These devices are mountable on different
curvilinear surfaces, which makes them ideal candidates to be
placed directly onto the skin. Designing an efficient sensor
capable of detecting the amount of skin strain as well as
providing real time sensing data is of great interest.

To date several attempts have been made to integrate antenna
design for measuring the amount of strain [1-5]. For example
changes to the length and width of a patch antenna due to the
applied strain in the range of (0%-2%) resulted in a resonant
frequency down-shift between 5.8GHz to 5.7 GHz [1] .Other
study has reported an antenna design based on flexible multi-
layered graphene film which can detect tensile and
compressive bending with strain sensitivity of 9.8 and 9.36,
respectively [2]. Strain sensitivity relations can be found in [3].

Furthermore, Kanaparthi et al. [3], have worked on a
rectangular patch antenna on paper substrate with the strain
sensitivity of 3.23 and 3.34 to 1.67% of compressive and
tensile bending strain, respectively.

This paper aims to contribute to this growing area of research
by incorporating compressive buckling technique to the
antenna design. Compressive buckling technique which first
suggested by Xu et al. [6], is an efficient way of transforming

2-dimensional (2D) structures to the 3D ones by using a very
simple and cost effective fabrication method. This method is
similar to those found in pop up books. So far only the
mechanical aspect of this technique has been studied and to the
best of our knowledge no previous study has investigated the
effect of compressive buckling on the antenna performance.

This work is divided in to two steps. At first nonlinear buckling
behaviour of a ribbon made of metal under different amounts
of strain was studied and then results from the first step were
coupled to the radio frequency physics in order to measure the
antenna performance.

2 Methods

The proposed strain sensor function is based on the resonant
frequency shift of a half wavelength dipole antenna made of 30
um thick copper. Fig. 1 shows the schematic of the dipole and
all dimensions parameters are mentioned in Table 1. The
antenna has been designed to operate at 2.4 GHz without any
strain on an ultra-thin, elastomeric Silicone rubber substrate
(0.4 mm thickness) with the commercial name of Dragon Skin
which has effective elastic modulus (E substraie = 166 kPa) and
Poisson ratio (V substrate = 0.49) similar to human skin [6].
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Figurel: Schematic of half wavelength dipole antenna.
Table 1. Dimension parameters of the antenna design
Parameters L1 L2 W1 W2 W3 F
Dimensions (mm) 40 16 10 1 55 2

Structural mechanics module of COMSOL Multiphysics®
software was used to model the antenna deformation with 0%
to 60% strain.

Fig. 2 illustrates antenna samples for 0 to 60% strain as well
as their functions on human forearm.
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Figure 2: Buckled ribbon with different uniaxial strains on the elastomeric substrate. a) Simulation and b) Antenna samples, the antenna

was tested on forearm.

Mooney Rivlin model (two parameters) was utilised to model
the hyperelastic substrate, which can fit the measured nonlinear
stress-strain curves of isotropic rubber-like materials very well
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Where Y is strain energy function, I; and I, are Cauchy- Green
invariants, C; and C, are Monney Rivilin parameters.
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After post-buckling analysis, the deformed structure was
coupled to the RF module for evaluation of its
electromagnetics characteristics as a half wavelength dipole
antenna. The antenna was placed on forearm which was
modelled with a multi-layered cubic structure with the
dimension of 60mmx60mmx20mm consisting of bone,
muscle, skin and fat with their specific permittivity and
conductivity in the frequency range of interest [8, 11]. The
electrical properties of the elastomeric substrate was measured
as 1.6 + 0.2 and 0.04 (S/m) for permittivity and conductivity,
respectively. The input impedance of antenna is 50 Q and
perfectly matched layer (PML) boundary condition was used
for absorption of outgoing waves. As the accuracy of solution
intensively depends on the mesh size, mesh refinement was
adopted to minimise the error between the real and
approximated solutions.

3 Results and Discussion

Skin strain due to the human motion causes a tensile stress in
the substrate and when the skin returns to its normal condition
the substrate is released to its original size. As a result of this
stretch and release mechanism, a compressive stress is induced
into the dipole antenna with the selective bonding to the
substrate and initiates nonlinear buckling process which cause
an extension to the third dimension. Fig.3 represents the Von

mises stress (MPa) along with both the substrate and the
metallic ribbon with 10% and 60% strain, respectively.
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Figure 3: Von mises stress for a) 10%, and b) 60% strain.

From the Fig. 3 it can be seen that amount of stress close to the
bonding sites as well as the bend apexes is much higher than
other parts.



Due to the out of plane displacement during the buckling, a
mutual capacitance occurs between the dipole adjacent arms
which leads to a decrease in the overall capacitance. This factor
along with the existence of air gaps between the substrate and
the buckled sections will result in a quite large resonant
frequency shift. By increasing the strain level, distance
between two arms in each meander decreases while the height
of each bend becomes greater. As the arms get closer, an
increase of the in-series combined mutual capacitance is
expected [12]. A decrease in the overall capacitance as well as
existence of larger air gap between the dipole and substrate
lead to a larger frequency shift.

Fig. 4 plots reflection coefficient (Si1) versus frequency both
for numerical and experimental data. Numerical data illustrates
that when dipole antenna is in flat mode (0% strain) it works at
2.4 GHz and when it goes under the maximum compressive
strain (60%) it works at 5 GHz. Note, the antenna S| remains
better than -20 dB across the entire stretch range.

Experimental measurement represents a maximum frequency
tolerance of almost 5% which is due to the fabrication
accuracy.

Fig. 5 presents the frequencies related to the strain values
between 0% and 60% which shows a nonlinear behaviour. It
suggests that there is a significant frequency up-shift of about
800 MHz from 0% to 10% substrate strain and it reduces
further to 500 MHz and 400 MHz for 20% and 30% strain,
respectively, and then remains constant at about 300 MHz for
further strain percentages.
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Figure 4: Numerical and experimental reflection coefficient (dB) of
half wavelength dipole antenna versus frequency (GHz) with 0%
and 60% strain.

Fig. 6 shows the E-Plane radiation pattern of the antenna with
0% and 60% strain. The antenna has a gain of greater than
almost -11 dBi while keeping on skin which is expected due to
the loss within human tissues.
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Figure 5: Resonant frequency shift as a function of the applied strain.
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Figure 6: E-Plane Far field gain (dBi) for, a) 0%, and b) 60% strain.

4 Conclusion

This paper presents the design, simulation result and
fabrication of a novel flexible strain sensor for body mounting



applications. This sensor works based on resonant frequency
shift of a half wavelength dipole antenna which is deformed
according to a compressive buckling technique. The proposed
sensor is capable of detecting up to 60% strain with significant
frequency shift in the range of 2.4 GHz to 5 GHz. The antenna
gain is greater than -11 dBi when directly attached to skin for
the whole strain range of interest. Antenna samples were tested
on body and there was a good match between numerical data
and experimental measurements.
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