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Abstract: We leverage the crucial hyperelastic properties of a multifunctional structured surface to
optimize the reconfigurability of the electromagnetic transmission under large nonlinear mechanical
deformations. This multiphysics, multifunctional, hyperelastic structured surface (HSS) offers two
simultaneous intriguing functionalities; tunability and switchability. It is made of copper resonators
and a Polydimethylsiloxane (PDMS) substrate, which is one of the most favorable deformable
substrates due to its hyperelastic behavior. The proposed HSS is fabricated via an original cost-
effective technique and the multiphysics functionalities are captured in both experimental tests and
numerical simulations. Leveraging the hyperelastic behavior, we demonstrate up to 8% percent shift
in the resonance frequency in the GHz range, for average applied mechanical strains of around 17%.
The hyperelastic deformations can continuously increase/decrease the magnitude of the scattering
parameter Sy; in the frequency range of 10.9 GHz to 11.8 GHz by more than 40 dB, changing from
being largely transparent to opaque and vice versa. The potential of hyperelastic behavior to account
for the multifunctionality of the HSS is validated experimentally.

Keywords: metasurface; structured surfaces; microwave; mechanically tunable; switchable; opti-
mized design; fabrication

1. Introduction

Metasurfaces or planar metamaterials are engineered surfaces that use the tailored
polarization response of resonant meta-atoms to control incident electromagnetic waves
over electrically small thicknesses [1]. Metasurfaces have numerous applications, includ-
ing in antennas [2], superlenses [3], sensors [4], holograms [5,6], imaging devices [7-9],
polarizers [10], high impedance surfaces [11], and structural color generation [12]. Passive
metasurfaces, made of fixed resonant meta-atoms, are restricted to a single pre-determined
fixed frequency response. Modifying a passive metasurface in such a way to enable exter-
nal reconfiguration and tuning of its resonance frequency/bandwidth is a much sought
functionality in many high-end applications, from reflect/transmit arrays to smart confor-
mal telecommunication systems. Tunable metasurfaces can be achieved through several
approaches such as geometric reconfiguration of the resonators mediated by mechanical
deformations [13] or electronic components, like varactor diodes [14], PIN diodes [15], and
micro-electro-mechanical systems (MEMS) switches [16]. In addition, one can change the
electromagnetic properties of the substrate by using materials that respond strongly to an
external electric or magnetic bias, such as liquid crystals [17], graphene [18], silicon [19], or
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ferrite [20]. Reconfigurability can further be increased by intelligent mechanical designs,
such as origami-based structures [21]. Often, however, the required bias network detri-
mentally increases the mass and complexity of the design, making it impractical especially
for applications requiring large surfaces [22,23]. In such cases, mechanical deformation is
the best option as it allows reconfiguring the entire surface at once by acting only on its
boundaries. Such design, however, requires careful modeling of the mechanical deforma-
tion, especially of the boundary effects and non-linear deformations that can occur when
the deformations are large.

In this paper, we propose the use of hyperelastic substrates to create a multifunctional
hyperelastic structured surface (HSS) with large electromagnetic reconfigurability. We
employ copper resonators and a hyperelastic substrate made of Polydimethylsiloxane
(PDMS), operating between 10 and 13 GHz. To find the resonator geometry that results in
an optimal level of mechanical and electromagnetic reconfigurability without reaching the
maximum allowed value of local stress, we follow an optimization procedure seeded by
common resonator geometries [13,24-26] in order to find the optimal design in terms of
resonance frequency shift (RFS). We fabricate the optimized HSS through a cost-effective
method and measure its scattering parameter Sy; under several mechanical deformations.

2. Materials and Methods
2.1. Analysis and Design

The behavior of an HSS is governed by its unit cell characteristics. Accordingly, we
start by considering an ensemble of potential unit cell geometries commonly found in the
literature [13,24-26], and shown in Figure 1a—f. Comparing the potential of these possible
geometries in terms of mechanical reconfigurability requires us to solve the expected
transmission coefficient of the metasurface when subject to different level of uniaxial
deformations, and define a useful performance metric.
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Figure 1. Percentage of the resonance frequency shift (RFS) under uniaxial deformation with 1%
mechanical strain in x direction for the unit cells with different resonator geometries (a) split ring
with a bar (b) modified-I (c) split rings (d) bow-tie (e) four-cut split ring (f) parallel bars.

Let us first describe how we solve this complex coupled-physics situation. We numer-
ically solve the Multiphysics (both mechanics and electromagnetics) problem by finding
the mechanical equilibrium of the periodic system when subject to a given level of defor-
mation along x, and then solve Maxwell’s equation to obtain the scattering response of the
deformed surface when illuminated by a normally incident plane wave polarized along y.
These two numerical steps both consider a single unit cell subject to periodic boundary
conditions, and are implemented using the commercial Finite Element software, COMSOL
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Multiphysics [27]. We utilize three different physics: Electromagnetic Waves (Frequency
Domain Solver), Structural Mechanics (Stationary Solver), and the Moving Mesh feature.
In the electromagnetic analysis, Floquet periodic boundary conditions [28] are applied
on the deformed opposite transverse surfaces. In the mechanical analysis, displacements
of the opposite transverse surfaces are coupled to enforce periodic boundary conditions.
Moreover, air layers on the top and the bottom of the unit cell are handled using the
moving mesh feature, and discretized using an arbitrary Lagrangian-Eulerian mesh for
easy adaptation to the deformed unit cell [29]. Compared to prior arts, our method fully
takes into account the key effects of both nonlinear substrate deformation by considering
neo-Hookean mechanical constitutive relations [30], as well as the effect of the microscopic
deformation on the electromagnetic response.

Defining the same gap size and wire width for all the resonator geometries, we now
focus on evaluating the effect of geometry on the deformation sensitivity of these HSSs,
defining the following performance metric. We compared the resonance frequency shift
(RFS), expressed as a percentage of the natural resonance frequency, for each unit cell under
the same uniaxial deformation. Thus, we fixed the average unit cell strain to be 1 percent in
the x-direction (gxy = 0.01). All the resonators are made of copper with relative permittivity
1, electrical conductivity 59.98 MS/m, Young’s modulus 110 GPa, and Poisson’s ratio
0.35. The substrate is made of PDMS with relative permittivity 2.8, electrical conductivity
0.025 pS/m, Young’s modulus 750 kPa, and Poisson’s ratio 0.49. The RFS values are shown
below the various designs in the figure. It is seen that parallel bar resonators, Figure 1f,
show more sensitivity to the applied deformation compared to the other geometries. The
sensitivity of the parallel bar resonators to the number of bars, their width and length
and the gap size between them necessitates an optimization in order to obtain the optimal
resonator geometry.

We implemented a genetic algorithm (GA) to find the optimum choice for the geo-
metrical design parameters of the HSS. The flowchart of this optimization is presented
in Figure 2. We consider the number of bars, their length and width, and the gap size
between them as design variables that create a so-called chromosome, a potential solution
for the optimization problem. Moreover, we take advantage of Crossover and Mutation
operators to create new generations out of the existing chromosomes. Here, the former
swaps the length between two randomly selected chromosomes and the latter reproduces
the width and gap size of each randomly selected chromosome. The objective function of
this algorithm calculates the RFS for a given applied mechanical deformation (g, = 0.01).
The output of this optimization is the resonator geometric parameters that generates the
maximum RFS under the given mechanical deformation. We repeated the optimization
several times to extend the surveyed models. The optimum resonator geometry, illustrated
in Figure 3, is the outcome of the optimization survey on more than 1650 chromosomes
that shows a RFS of 0.51% for an applied strain of 1% in the x-direction.

We continue the study by considering a finite system. It consists of an array of
8 X 9 unit cells positioned on a 250 x 245 x 0.25 mm PDMS film (see Figure 3). The
deformation of the HSS at the boundaries of the system is not the same as that experienced
far from the boundaries. Assuming that the metasurface is operated for beams centered
in the bulk, it is enough to find the deformation experienced by middle cells by the
periodic boundary conditions to estimate the variation of the electromagnetic transmission
properties. To this end, we performed a mechanical simulation on the whole surface, and
exported the deformation for one of the central unit cells for which we calculated the
electromagnetic response subject to periodic boundary conditions. As an example, for an
applied boundary displacement of 30 mm in the x-direction, the displacement field of the
central unit cell is shown in Figure 4.
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Figure 2. Flowchart of the optimization procedure for the hyperelastic structured surface (HSS) using

Figure 3. Schematic view of the optimal design with dimensions in mm and percentage of the resonance frequency shift

(RFS) under uniaxial deformation with 1% mechanical strain in x direction.
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Figure 4. X-component of the computed displacement field for a boundary displacement of 30 mm
in the x direction applied to the right edge of (a) the entire finite HSS and (b) its center unit cell. The
left edge is fixed.



Appl. Sci. 2021, 11,2255

50f11

2.2. Experimental Section
2.2.1. Material

For the resonators, we use Curtonic foils (copper foils with a self-adhesive) from
TechSoft company with a thickness of 0.025 mm. Moreover, we use PDMS films from SILEX
Silicones Ltd. manufacturer with a thickness of 0.25 mm. These films are provided on a
transparent supporting plastic sheet and can easily be cut to the desired size.

2.2.2. Fabrication Process

We used the following technique to fabricate a large area HSS, which is also more cost-
effective than the prevalent processing techniques such as conventional lithography [31],
shadow mask lithography [32], electron beam lithography [33], laser micro-lens array
lithography [34], electroplating [35], and direct laser writing [36]. Using a vinyl cutter
(Roland GS-24), we cut resonators out of the Curtonic foil, as shown in Figure 5a,b. Making
use of transfer tape, we can move these resonators on the desired substrate. By means of
the sticky backside of these copper patches, they can firmly adhere to different substrates,
however, because of the hydrophobicity of the PDMS [37], the sticky backside of the
copper does not adhere to it. Although treating the PDMS with plasma is a helpful way
of activation that increases its adhesion potential [37], it creates a thin brittle oxidized
layer on the PDMS surface, called “silica-like” layer. A silica-like layer has a higher elastic
modulus and a lower resistance to rupture compared with the untreated PDMS. The optical
properties of the PDMS such as transparency can also be impaired by this operation. The
silica-like layer is brittle and no longer shows the hyperelastic behavior of the original
PDMS film which in turn results in the formation of micro cracks [38,39].

Figure 5. Fabrication process: (a) cutting the Curtonic foil using a Roland® vinyl cutter, (b) removing the excess copper
parts, (c) plasma treatment of the PDMS film. (d) The fabricated HSS prototype on a transparent plastic sheet.

In order to avoid the adverse effects of the surface activation, we try the plasma
treatment using an oxygen plasma gun to restrict the activation process to the selected
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spots on the PDMS film, where resonators will be positioned (see Figure 5c). Since the
PDMS film is provided on a transparent plastic sheet, we put the printed sheet of the
resonators under the PDMS film to accurately determine of the resonators’ locations.
It is noticed that PDMS has a porous structure and after a while, as a consequence of
the change in its molecules conformation, the activated molecules do not stay on the
surface for a long time and swap their places with the ones in the bulk. Thus, sticking
the copper resonators should be done right after the activation; otherwise, reactivation
is required. When the copper resonators are placed on the activated spots of the PDMS
surface, the bonds generated between the activated PDMS and the backside adhesive of
the resonators maintain the activated molecules in their positions. The fabricated HSS is
shown in Figure 5d.

2.2.3. Measurements and Characterization

In order to experimentally study the electromagnetic behavior of this HSS, we used a
custom-made setup shown in Figure 6. To apply the deformation, we designed a stretching
apparatus. We attached Polymethylmeth-acrylate (PMMA) plates, which have good affinity
with PDMS films, to the motion controller (Thorlabs XR25C /M) and the bracket (Thorlabs
VB01B/M) to make movable and fixed grippers, respectively. We fixed 40 mm of the HSS on
the PMMA plate using cloth tapes (tesa 4651) to assure a complete fixation and application
of a uniform pressure to the boundaries of the HSS. Using the installed micrometer on the
motion controller, the distance change between the grippers could be precisely controlled
with an accuracy of 0.01 mm. Moreover, we numerically checked the generated reaction
forces on the grippers to be less than the maximum limit supported by the motion controller.
We applied grease, a semisolid lubricant, underneath the moving gripper to create a more
uniform motion. To easily transfer the HSS to the setup without applying an excess
deformation during the mounting process, we did not remove the supporting plastic sheet
underneath the PDMS film until the very end of the mounting process.

Figure 6. Measurement set-up: (a) the whole set-up, (b) zoomed view of the mechanical set up, (c) standard gain horn

antenna, (d) monopole antenna.
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To send and receive the electromagnetic waves, we used a standard gain horn antenna
(Narda corporation, model 640, 8.2 GHz-12.4 GHz) and a monopole antenna (19 mm wire
fixed on a probe), respectively. The horn antenna was placed in front of the surface in a
distance of 650 mm from the front side of the HSS. The monopole antenna was placed on
the other side of the HSS in line with the horn antenna with a distance of 60 mm from
the backside of the HSS. The whole mechanical setup, as well as the monopole antenna
was placed in a compact anechoic enclosure with pyramidal absorbers to minimize the
reflections from surroundings and to avoid interference from the environment. Taking
advantage of the embedded micrometer on the motion controller, the displacement was
precisely applied to the movable gripper and the scattering parameter Sy; was measured
at each step using a vector network analyzer (VNA Rohde & Schwarz ZNB 20. 100 kHz-
20 GHz).

3. Results and Discussion

To reveal the tunability of the proposed design, we numerically computed and ex-
perimentally measured the scattering parameter Sy; of the proposed HSS under various
mechanical deformations. We computed the scattering parameter Sy; of the HSS for the
gradual increase in the mechanical displacement in steps of 5 mm up to 30 mm. The
resonance frequency of the HSS in the deformed state (fj), the RFS, percentage of the RFS

with respect to the undeformed resonance frequency (— [RFS|

ndeformed

x 100) are presented in

Table 1. In addition, the change in the scattering parameter of the HSS at the undeformed
(AS21@f(§Jndeformed) and deformed resonance frequency (ASy@y,) for the applied displace-

ments to the HSS (Uy) in accordance with the generated xx component of the average strain
in the unit cell (gyy) are presented in Table 1.

Table 1. Comparison of the HSS respond under the applied displacements.

u, e f RFS ook X100 ASyggmieomet  ASyiay,
(mm) (%)  (GHz)  (GHz) L (%) (dB) (dB)
5 266 1169 ~0.16 135 465 493
10 536 1155 ~0.30 253 47.8 —45.1
15 810 1139 —0.46 3.88 48.0 —456
20 1088 1127 ~0.58 4.89 48.0 —436
25 13870 1113 ~0.72 6.08 48.0 458
30 1679 1095 —0.90 7.59 48.0 —493

Before the experimental measurements, to reduce the Mullin’s effect of the PDMS in
the experimental results, we applied several loading/unloading cycles to the fabricated
HSS. Then, we gradually increased the displacement and measured the resonance frequency
of the fabricated HSS. The procedure has been repeated three times and the three datasets
are distinguished by Roman numbers as a subscript of the applied displacement in Figure 7,
showing excellent repeatability and agreement with numerical predictions. The existing
limit in the transmissibility of the moving gripper impeded increasing the deformation
above 15 mm.

For further elaboration, the scattering parameter Sy; versus frequency is presented in
accordance with the applied displacement and the corresponding strains in Figure 8. It
is shown that by applying deformations, there is a shift in the resonance frequency of the
HSS which shows the tunability of the proposed HSS by applying deformation. Moreover,
there is a huge difference in the scattering parameter Sp; of the HSS at the resonance
frequency of the undeformed and deformed HSSs. This demonstrated the switchability of
the proposed HSS.
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Figure 7. Measured resonance frequency shift of the proposed HSS with various applied displace-
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Figure 8. (a) Scattering parameter Sy; of the proposed HSS with various applied displacements (in mm) to the HSS. Strain
contours of the (b) undeformed and (c) deformed unit cells.

Given the results presented in Figure 7, Figure 8 and Table 1, we confirm the expecta-
tion that the resonance frequency of the HSS is highly sensitive to the deformation; the HSS
shows the RFS of 7.59% for the highest average applied strain of 16.79%. Thus, this HSS
is adequate for the purpose of tunability. Moreover, deformation considerably changes
the scattering parameter Sp; of the HSS. Upon applying 2.7% strain, the HSS shows a
46.5 dB increase in its scattering parameter Sy; at the undeformed resonance frequency
of 11.85 GHz. It is equivalent to changing the surface from opaque to transparent. In
reverse, considering the scattering parameter Sy of the HSS at the undeformed state as the
reference, this deformation can move the transmission peak at lower frequencies, turning
the initially transparent surface into an opaque one, with a 49.3 dB transmission difference.
Furthermore, the experimental results prove the elastic (mechanically reversible) behavior
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of the HSS under the applied deformations, which makes it a suitable choice for tunable
sensors and filters.

4. Conclusions

In conclusion, aiming to achieve a multifunctional hyperelastic structured surface
(HSS), we investigated different resonator geometries and utilized a Genetic Algorithm
method to find an optimum design of an HSS that shows a significant change in its reso-
nance frequency and scattering parameters by applying moderate mechanical deformations.
We considered the range of 10 to 13 GHz for the working frequency. In this range, we
proposed a design with simultaneous switching and resonance frequency tuning character-
istics. Mechanical strains up to 16.8% can continuously tune the resonance frequency of this
HSS from 11.8 GHz to 10.9 GHz. In addition to a big shift in the resonance frequency (7.6%),
this HSS shows a considerable change in its scattering parameter S;;. Applying an average
strain of 2.7% increases the scattering parameter Sy; of this design at the undeformed
resonance frequency by 46.5 dB and decreases the scattering parameter Sy; at frequencies
lower than the undeformed resonance frequency up to 49.3 dB. As a result, by applying
mechanical deformation, the opaque HSS changes to a completely transparent one and
vice versa. Furthermore, we fabricated and experimentally demonstrated the efficiency of
the proposed design. Other advantages of the proposed HSS is the potential capability of
hyperelastic behavior (reversible under large deformations), which is also demonstrated
by our experimental measurements.
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