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Abstract

In this paper, we present a multiband flexible metamaterial in which one resonance acts as a
strain sensor, while the others remain unchanged with bending strain, which might occur due to
wrapping around an irregular curved surface. From both experiment and simulation, four
transmission dips were observed at around 0.51, 1.34, 1.72 and 1.81 THz, respectively. The
results indicated that the resonance dips in the flexible metamaterial arose from the different
orders of dipole resonance mode. In the experiment, the frequency shift and amplitude
modulation of the transmission at the first resonance increased linearly with the increase of the
relative length change Al/L and changed as an exponential function of the applied bending
strain. In addition, the first resonance frequency of the horizontal dipole blue shifted by 6.4 GHz,
or about 1.29%, while the relative intensity change of 31.95% in the transmission was achieved
when the strain was 2.79%o. This study promises applications in curvature sensing and other

controllable metamaterial-based devices.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Terahertz (THz) metamaterials (MMs) [1-3] have attracted
much research interest in the past decade because of their
unique electromagnetic properties, such as a negative refrac-
tive index [4], cloaking [5], perfect focusing [6], phase dis-
continuities [7] and polarization manipulation [§-10]. In
recent years, the fabrication and characterization of MMs
designed for THz frequencies have proceeded very rapidly,
and this field has attracted much attention because of potential
applications in security [11], biology [12, 13] and chemistry
[14]. Thus far, there have been several studies on flexible THz
metamaterials, which have generally been prepared on flex-
ible substrates, such as polydimethylsiloxane (PDMS) [15],
polyethylene terephthalate (PET) [16] and polyethylene
naphthalate (PEN) [17]. This kind of thin flexible metama-
terial can make metamaterials into a non-planar form, which

2040-8978/16,/075101+-07$33.00

means they have more potential designs and applications than
metamaterials made on rigid substrates. Most researchers
focus on researching the in-plane tensile strain of flexible THz
devices. Li et al [18] presented metamaterials realized on
elastic substrates with frequency characteristics that can be
tuned by mechanical stretching. Pryce et al [19] demonstrated
the large strain mechanical deformation of a compliant
metamaterial achieving resonant frequency tuning by up to a
line width and exploited the mechanical control of coupled
resonators to tunably enhance the infrared absorption of a
molecular vibrational mode, which could provide a new
degree of freedom in molecular sensing. It was noted that the
stretching strain of flexible metamaterials played important
roles in their applications. However, curvature strain sensi-
tivity might also be significant for flexible devices that are
principally used for irregular geometrical boundaries. In
addition, Zheng et al [20] fabricated and characterized two

© 2016 IOP Publishing Ltd  Printed in the UK
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types of flexible THz metamaterials on PEN substrates in
order to investigate the effects of bending strain on electric—
magnetic coupling. In this work, we experimentally explore
the effects of curvature strain on a flexible THz metamaterial
formed by four-fold rotationally symmetric dipolar resona-
tors. What is more, the key difference between the earlier
papers on mechanically tunable metamaterial [18] and dual
axis strain sensing [21] and this one is that in the previous
works the adjacent resonators were strongly coupled, while
here the presented metamaterials do not have strong coupling
between the neighboring resonators, but also show significant
changes in resonant frequency with bending strain. Hence this
paper reports an advanced functional metamaterial that shows
robust performance for multiband resonances, while only one
of the resonances responds to the external bending strain. The
reported metamaterials are important for practical application,
for example in multispectral THz imaging and spectroscopy.

2. Multiband flexible metamaterial

The periodic metal pattern in the flexible metamaterial (FM)
was designed with four T-shaped plates arranged 90° from
each other, with this constituting the basic unit of the meta-
material referred to as the split ring resonator (SRR). The
geometric parameters of the FM are depicted in figure 1(a),
with arm length L = 40 pm, split wall width / = 72 pm and
line width W = 4 ym. The FM comprises a thin gold pattern
layer, sandwiched between the PDMS substrate layer and a
PDMS encapsulation layer, and the period of unit cell
P = 130 pum, as shown clearly in figure 1(b). The resonator
structures were fabricated using standard microfabrication
techniques that were adapted to flexible. The 40 pm-thick
PDMS substrate layer was obtained via standard spin-coating
processes on a silicon wafer. Then, a 10 nm-thick Cr thin film
was deposited as an adhesive layer using electron beam
evaporation (EBE), and this was followed by the deposition
of a 200 nm-thick gold (Au) layer. The Au layer was pat-
terned to form the resonator structures using standard pho-
tolithography and etching techniques. The fabrication process
was completed by spin coating and curing a final 20 pgm-thick
layer of PDMS on the top of the patterned sample, to protect
the gold films underneath from possible damage. The sand-
wiched sample was then peeled from the supporting silicon
wafer. The overall dimensions of the sample are approxi-
mately 30mm X 10mm, as shown in figure 1(c). The
structural morphologies were observed using a scanning
electron microscope (SEM), as shown in figure 1(d).

The designed FM structure shown in figure 1 was
simulated by finite-difference time-domain (FDTD) simula-
tion using the commercial software CST Microwave Studio.
The PDMS substrate with relative permittivity e,; = 2.75 was
modeled as a lossy dielectric medium with a loss tangent of
0.0025. The metallic layer was modeled as lossy metal gold
with a  frequency independent conductivity  of
0 =4.09 x 10’ Sm". The THz transmission response of the
planar FM sample was measured using fast and slow scan-
based THz time domain spectroscopy (THz-TDS). The

absolute  amplitude  transmittance is  defined as
It (W)l = |Eg (w)/Eg (w)?, where Eg(w) and Ex(w) are Fourier
transformed amplitudes of the THz pulse transmitted through
the samples and reference (air), respectively. Because of the
90° rotational symmetry of the MM structure, the transmis-
sion response was the same for both TE and TM polariza-
tions. Figure 2(a) shows the simulated (red curve) and
measured (black curve) transmission spectra for the planar
FM samples. From both experiment and simulation, four
transmission dips were observed at around 0.51, 1.34, 1.72
and 1.81 THz, respectively. The discrepancy between the
simulation data and the experimental data for the bandwidths
of the transmission bands located at 0.51 THz and 1.34 THz
arose from imperfections in the device fabrication and the
experiments, dimensional variation in the fabricated devices,
the thickness of the coating layer and tilt in the placement of
the sample for a given polarization of incident THz waves,
etc. In addition, the resonances at 1.72 THz and 1.81 THz are
slightly visible in the measured data, but are too weak. This
discrepancy is due to the limitations of the measurement
setup, which has a finite acquisition time and relatively low
resolution. Furthermore, the drop in the sensitivity of the
measurement system after 1.5 THz could also be a factor. In
summary, the numerical simulation and measured results
show reasonable agreement and the phenomenon of multi-
band resonance peaks can be realized by the four-fold rota-
tional symmetric FM.

To understand the origin of the multiband resonance
absorption peaks, the electric field and surface current dis-
tributions at resonance frequencies were studied and are given
in figure 2(b). The incident electromagnetic wave is normal to
the surface of the FM, and the electric field is along the x-
direction. The directions of the currents on the metallic layer
are indicated by black arrows for better clarity. At the reso-
nant frequency of the transmission dip located at 0.51 THz,
the electric field is mainly distributed in the sidebar of the
arms, giving rise to a dipole-like resonance. At a frequency of
1.34 THz, the charges are strongly concentrated at the ends of
the arms in the x-direction rather than being concentrated in
the edge of “T’ cantilevers in the y-direction forming three
parallel currents, which are along the direction of the incident
electric field. At the higher frequency resonance of 1.72 THz,
there is electric field coupling among units and the surface
currents of the SRR appear to be suppressed, allowing the
incident wave to be transmitted with a maximum amplitude of
about 74.28%. As pointed out in [22-24], the investigated
resonators are capable of achieving a multiple band frequency
response over a broad frequency range due to the individual
contributions of each sub-element of the unit cell and the
coupling effects between its individual constituents. In
essence, the resonance at 1.72THz is a coupled mode
between the quadrupole mode of the center arm and the
dipolar mode of the outer arm. The mismatch in the resonance
frequency causes an asymmetric resonance shape in the
transmission spectrum of the metamaterial. The strong electric
field localization associated with the sharp transmission peak
at 1.81 THz, referred to as the Fano-like resonance [25], is
seen along all the arms of the SRRs. This is direct evidence
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Figure 1. (a) Top view of the flexible metamaterial unit cell with L =

40 ym, I = 72 ym and W = 4 pym. (b) Schematic view of the

metamaterial with a sandwich structure, and the period of unit cell P = 130 um. (c) Photograph of the flexible metamaterial fabricated on
PDMS substrate. (d) SEM image of the fabricated flexible metamaterial.

that the resonance dips in the FM arise from the dipole
resonance.

3. Curvature sensing

To investigate the strain sensitivity, the fabricated metama-
terial is mounted on a home-made test jig, as shown in
figure 3(a), which allows easy bending of the samples with
electrically moving components under a nitrogen environ-
ment. The inset of figure 3(a) shows a schematic drawing of
the curved FM. The initial sample length, the distance
between two fixed ends, is L = 22.5 mm. The bending is
applied in discrete steps, with 0.5 mm defining the step size,
which is equal to 2.2% strain of the initial sample length. The
changes in the distance, Al, increased from 0 to 2.5 mm,
corresponding to the relative length change Al/L x 100%,
varied by up to 11.1%. In figure 3(b), the transmission

spectrum at the first frequency assumes disciplinary changes
in both the frequency and the amplitude, while those at a
higher resonance frequency are not observed in measurements
due to the larger noise of THz-TDS in the high frequency. As
bending is applied along the horizontal direction up to 11.1%,
the first resonance frequency of the horizontal dipole blue
shifts upward by 6.4 GHz, or about 1.29%, as shown in
figure 3(c). A wide variation in transmission amplitudes from
0.12 to 0.16 is also observed when Al/L is changed from zero
to 11.1%. The relative intensity change in transmission AT/
T x 100% = 31.95% is achieved when the relative length
change Al/L is 11.1%. The resonance frequency at 0.51 THz
shows a blue shift with increasing bending strain due to the
decreased capacitance between adjacent unit cells that are
weakly coupled. However, in the case of 1.34 THz, the
resonance frequency does not shift much with applied bend-
ing strain, because this mode is a dipolar mode of the outer
arms (OA2 and OA4) for Ex incidence. Hence with bending
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Figure 2. (a) Measured and simulated transmission spectra of planar
FM. (b) The electric field and surface current distribution of FM at
resonance dips of 0.51 THz, 1.34 THz, 1.72 THz and 1.81 THz.

strain, the resonance frequency shift is negligible. However,
the intensity of the resonance is modulated, which primarily
occurs due to the curvature of the metamaterial.

Figures 4(a) and (b) show the frequency shift (Af) and
amplitude modulation (AT) change as a function of the
relative length change Al/L x 100%, respectively, for the
first resonant mode of the metamaterial. The frequency shift
(Af) and amplitude modulation of the transmission (AT) at
the first resonance (appearing nominally at f1 = 0.51 THz)
increase linearly with the increase of the relative length
change Al/L. Linear fitting functions are used to fit the curves
and evaluate the sensitivity of the sensor. The fitting functions
are described by Af= —0.641 + 0.564 x (Al/L),
AT = 0.129 + 0.311 x (Al/L), which indicate the reason-
ably linear sensitivity level of about 0.564 GHz/% and
0.311%/% strain, respectively. As pointed out in the litera-
ture, the curvature radius R at the center of the bending FM is
a function of the distance between two fixed ends
L = 22.5 mm and the changes Al, which can be expressed as
[20]:

L
Al W2

27, | — —
L 12,2

R:

where W = 60 pm is the thickness of the FM. The maximum
strain at the top of the bending metamaterials can be
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Figure 3. (a) Top views of the test jig for stretching the metamaterial
with controllable strain. (b) Measured transmission spectra under the
compression varying from 0 to 2.5 mm. (c) The peak frequency
positions and amplitudes of the first resonance at around 0.51 THz
under compression varying from 0 to 2.5 mm.

calculated as

which is dimensionless.

We can observe that the relationship of the frequency
shift (Af) and amplitude modulation (AT) change as a
function of the applied bending strain (figures 4(c) and (d))
and follow exponential evolution described by
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modulation (AT) versus Al/L and strain for the first resonant mode
of the metamaterial.

Af = —0.025 + 0.085 x exp(c/0.643),

AT = —0.433 + 0.532 x exp(e/1.370).

4. Discussion

For this case, with the SRRs in plane, the electric field E in
the X direction drives dipolar currents, leading to a strong
decrease in the transmission at 0.51 THz. Now, however, as
the sample bending reorients the SRRs out of the XY plane,
the effective size of the structure decreases along the incident
electric field. Hence, the resonance frequency of the FM
increases as the FM bends [26]. For any bending strain of the
FM, no component of H ever pierces the plane of the SRR
and thus no magnetic resonance is possible. The resonant
response is purely electric. Furthermore, with increased
bending of the FM sample, the electric resonance strength
decreases, which in turn leads to an increase in transmission.
Thus, the 31.95% increase in transmission results from an
electric resonance that is driven entirely by the incident
electric field [27]. The numerical simulation is carried out to
further study the electric interactions among the neighboring

&,!‘:QE‘—-‘W 8:*:&..:,’?"1

D 1 -59¢+ 004 A/n

(c) 6=10°

-3.96e+004

Figure 5. (a)—(c) Electric field and current density distributions of the
FM at different angles among the neighboring SRRs.

SRRs. Three SRR unit cells at an angle 6 are adopted in the
simulation. The electric field distributions and oscillation
currents at the top of the bending metamaterials are presented
in figures 5(a)—(c). The electric field intensity and the oscil-
lation current at the center become weaker as the angle 6
among the neighboring SRRs increases. This is a proof of the
destructive electric interactions among the neighboring SRR
unit cells. In addition, when the strain leads to changes of the
geometric parameters in the individual SRR, the near and far
field properties of the horizontal dipole radiation and reflec-
tion phase will be affected, resulting in enhanced transmission
or absorption from destructive or constructive interference
between two radiative and dark modes [28-30], which might
be of interest for studies on curvature sensing.

5. Summary

In this paper, electromagnetic device design and the fabrica-
tion of flexible electronics are integrated to demonstrate an
optically transparent and flexible metamaterial operating at
terahertz frequencies. The metamaterial comprises a planar
array of metallic resonators sandwiched between a highly
elastic polydimethylsiloxane substrate layer and an encapsu-
lation layer. After investigating the electric field strength and
the surface current distribution at the resonant frequencies, we
concluded that the multiband absorptions are caused by dif-
ferent orders of dipole-type resonance mechanisms. The
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performance of this FM was studied experimentally under
different strain conditions, and the strain sensitivity on the
transmission spectra was analyzed. Utilizing the resonant
elements on a highly elastomeric substrate, we achieved a
continuous tunability for the first resonance frequency and
amplitude modulation with a small applied strain. The first
resonance of the metamaterial at 0.51 THz was responsive to
deformation of the flexible substrate because of the change in
the effective size of the resonator structure. Specifically, a
sensitivity level of 0.564 GHz/% with a nonlinearity error of
less than 11% was observed in the measurements. By adding
the curvature to the resonators, a resonant frequency shift of
about 1.29% and a relative intensity change in transmission of
31.95% could be obtained when the strain was € = 2.79%o.
Essentially, we have reported a smart metamaterial that can
provide information about the curvature of the wrapped sur-
face, while the higher order resonances remain robust. This
work suggests potential applications for metamaterials in
biocompatible curvature sensing.
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