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We proposed and demonstrated metamaterial-based strain sensors that are highly sensitive to
mechanical deformation. Their resonance frequency shift is correlated with the surface strain of our
test material and the strain data are reported telemetrically. These metamaterial sensors are better
than traditional radio-frequency 共rf兲 structures in sensing for providing resonances with high quality
factors and large transmission dips. Using split ring resonators 共SRRs兲, we achieve lower resonance
frequencies per unit area compared to other rf structures, allowing for bioimplant sensing in soft
tissue 共e.g., fracture healing兲. In 5 ⫻ 5 SRR architecture, our wireless sensors yield high sensitivity
共109 kHz/kgf, or 5.148 kHz/microstrain兲 with low nonlinearity error 共⬍200 microstrain兲. © 2009
American Institute of Physics. 关DOI: 10.1063/1.3162336兴
Measuring and reporting strain in structural components
using telemetric methods represents a significant engineering
challenge. In many fields, such as civil engineering, this
measurement tool would be highly beneficial. For instance,
measuring the strain in concrete to discern the temporal
course of its strength and flexibility 共e.g., before, during, and
after an earthquake兲 would greatly advance our knowledge of
concrete’s transient structural behavior 共in an earthquake兲.1,2
Other possible applications include the real-time measurement of the flexural rigidity of aircraft components during
service in avionics. Our interest currently lies with using
wireless sensing to observe the healing processes of fractured
long bones in biomedical engineering.3 When complicated
fractures occur in humans, plates are implanted to impart
stability to the fracture site during the acute postoperative
period. In order to observe the healing process, wireless measurement of the strain on the plate could be utilized to indicate when healing was proceeding through a normal or aberrant pathway. For this end goal and other possible uses, we
propose and demonstrate metamaterial-based wireless radiofrequency 共rf兲 microelectromechanical systems 共MEMS兲
strain sensors that are highly sensitive to mechanical loading.
The operating principle of these sensors relies on telemetrically monitoring shifts in their resonance frequencies, which
are a function of the strain imparted to the associated circuit
in response to externally applied loads. In this letter, we
present the design, fabrication, and in vitro characterization
of these wireless metamaterial strain sensors.
To date, metamaterials have been widely investigated4–7
and exploited for numerous functions, e.g., to obtain
negative refraction,8–10 cloaking,11 superlenses,12 antennas,13
plasmons with nanowires,14 laser output facets,15 and focused light.16 However, metamaterial architectures have not
been studied for sensing till date. In this work, for the purpose of sensing, we employ split ring resonator 共SRR兲 architecture in the fabrication of our rf-MEMS sensors because of
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their benefits that are unique for the function of telemetric
sensing. Among their advantages is the ability to obtain
higher quality factors 共Q factors兲, and sharper and deeper
dips on resonance in their transmission using SRR compared
to traditional rf structures that we previously used 共e.g., rectangular and circular coils兲.17–19 This makes metamaterials
very well suited for telemetric sensing applications. Furthermore, metamaterial architecture enables us to achieve higher
resonance frequency shifts, leading to higher sensitivity and
better linearity, compared to our previous rf sensor structures. With regard to the aforementioned fracture plate application, by using metamaterials, we also manage to significantly reduce operating resonance frequencies per unit area.
This is especially critical for sensing applications that involve transmission through soft tissue 共e.g., muscle兲 because
such tissue strongly absorbs electromagnetic waves at otherwise very high operating frequencies.
Previously, we developed high Q factor on-chip resonators at higher operating frequencies.17,18 Using microwave
probes, we demonstrated the proof-of-concept principle of
utilizing the resonance frequency shift19 via on-chip resonators serving as sensors. In this paper, we present the proofof-concept of fully telemetric resonance frequency shifts using our metamaterial sensors. Specifically, we observe the S
parameters of our sensors without using any wires or other
connections made to the sensors; our sensors are remotely
located away from our external antennas. In characterization,
we also externally apply loads to our sensors using a compression apparatus and measure the resulting resonance frequency shifts in response. We also measure the strain using
commercially available wired strain gauges and compare the
two data sets.
To fabricate our metamaterial sensors, we start with depositing 0.1-m-thick Si3N4 onto our silicon substrate by
plasma-enhanced chemical vapor deposition. Subsequently,
standard lithography, metal evaporation, and lift-off techniques are utilized to deposit and pattern a 0.1-m-thick Au
film to obtain our SRR structure on the top. Our final geometry is depicted in Fig. 1 共denoted as SRR sensor兲, with a
2220 m outer length and a 1500 m inner length. This
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FIG. 1. 共Color online兲 Our microfabricated 5 ⫻ 5 SRR array-based strain
sensor under test in the compression apparatus.

design also has an 80 m inner width and an 80 m outer
width, with a 280 m inner spacing and a 280 m outer
spacing, respectively. The unit cell length of one SRR structure is 2780 m. We have a 5 ⫻ 5 array of these SRR unit
cells incorporated in the sensor, resulting in a total of
1.5 cm2 chip size. Our sensor is fixed to the test material via
hard epoxy. A cast polyamide stick is employed as the test
material. The apparatus applies compressive loads to the cast
polyamide stick from 0 to 300 kgf. Our sensor returns the
strain on the cast polyamide stick. One antenna acts as the
transmitter and one antenna as the receiver, where standard
gain horn antennas are used as shown in Fig. 1.
In operation, the sensor is mechanically deformed under
stress and this shifts the operating resonance frequency. For
example, in compression, the dielectric area and capacitance
共dielectric capacitance兲 are decreased, the spacing between
the metals is increased, and the capacitance between metals
is decreased. These changes result in an overall increase in
the resonance frequency. The theoretical rationale of the design has been previously presented in detail for conventional
spiral coil architecture.19 Transmission through the matematerial sensor is shown as a function of the frequency parameterized with respect to the applied load in Fig. 2共a兲. There is
a definite trend of increasing resonance frequency with increased applied load shown in Fig. 2共a兲. Here in the transmission spectra, the dip represents the second harmonic of
our structure’s resonance frequency within our characterization range. This characterization demonstrates that we can
use further lower resonance frequencies for sensing purposes. The device size is much smaller than the operating
wavelength. This is particularly important for measuring the
strain of instrumented and implanted sticks under soft tissue
conditions. In Fig. 2共b兲, we obtain the strain measured telemetrically from the resonance frequency shift and depict the
microstrain versus the resonance frequency. From this measurement, we obtain a sensitivity level of 109 kHz/kgf,
which corresponds to 5.148 kHz/microstrain. The wireless
sensor is observed to have a nonlinearity error of less than
200 microstrain in this telemetric strain measuring experiment using the resonance frequency shift data. This shows us
that we can accurately read the strain wirelessly with
metamaterials. For comparison, we also measure the stress
versus microstrain of a semiconductor-based wired strain
gauge 共Tokyo Sokki Kenkyujo Co., Ltd. strain gauges with a
gauge factor of 2.1兲. Here we observe that the wired strain

FIG. 2. 共Color online兲 共a兲 Transmission spectra of our metamaterial strain
sensor parameterized with respect to the external force, 共b兲 its resonance
frequency shift vs the applied force, and 共c兲 the microstrain vs resonance
frequency.

gauge also exhibits a nonlinearity error of less than 600 microstrain. Therefore, both the commercial wired gauge and
our wireless strain sensor return equivalent results, with the
difference that the wireless sensor provides an additional
benefit of remote readout.
For comparison of this current work against our previous
work, we are able to take fully telemetric data by using SRR
structure in this work instead of using spiral coil structure
with a pair of microwave probes in full contact with the coil
as in our previous work. In our previous work, we took onchip data and we did not use any external antennas. Here we
use only external antennas and do not use any probes or any
other wired connection, and we therefore measure the strain
wirelessly in this work.
In this work, the SRR geometry is more sensitive compared to the spiral case because of their additional gaps in
their SRR structure. These gaps produce additional capacitance, which is changed when the load is applied. Hence, it
makes SRR more sensitive than the spiral coil geometry. In
addition, the electric field density is much higher in the gaps
so these gaps are important to have strong resonances. When
the load is applied, these gaps change and hence the resonance frequency changes. This leads to higher sensitivity in
SRRs compared to spiral coil structure.
Also, as a result of these gaps, SRRs yield higher dips
and higher Q factors compared to the spiral structure. This
enables us to measure telemetrically and observe the resonance frequency relatively more easily. As a result, a SRR
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sensor is more linear than a spiral coil sensor. Also, because
of these gaps, we can lower resonance frequencies per unit
area, which we need for our bioimplant applications. Therefore, because of the gaps in SRR structure, we obtain higher
Q factors, higher dips, higher sensitivities, better linearity,
and lower resonance frequency per unit area compared to
spiral coil structure.
In spite of being fully wireless in this work, our sensor
exhibits a very good level of sensitivity 共109 kHz/kgf, or
5.148 kHz/microstrain兲 with a low nonlinearity error of less
than 6% while the wired sensor in our previous work has a
sensitivity level of 400 kHz/kgf with an error of 12%.
In conclusion, this work proposes and demonstrates the
implementation of metamaterials in wireless rf-MEMS strain
sensors. By using metamaterials, we can obtain high Q factors, high transmission dips on resonance, high resonance
frequency shifts, high sensitivities, and very good linearity.
These are highly desirable properties of an accurate wireless
sensor. Furthermore, we achieve significantly lower resonance frequencies per unit area with sharper dips by using
metamaterials, which is very useful particularly for sensing
applications involving soft tissue. Specifically, a sensitivity
level of 109 kHz/kgf 共corresponding to 5.148 kHz/
microstrain兲 with a nonlinearity error of less than 200 microstrain in the strain reading is shown in the telemetric measurements. Our wireless sensor’s strain readouts that are
obtained telemetrically are found to be comparable to those
obtained using commercially available wired strain sensors
that are used in electrical contact.
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