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This paper reports micrometer-scale strain measurements that are enabled through the observed wave-
length shift in a stretched surface photonic crystal narrow bandwidth optical reflectance filter. The
photonic crystal optical filter is comprised of a 550 nm period, dielectric-coated linear grating struc-
ture, which was fabricated on the surface of a thin sheet of silicone rubber. When stretched, the change
in grating period induced a change in the wavelength of light coupled into the photonic crystal, which
could be measured using a spectrometer. The observed wavelength change was 4.53 nm per 1% strain
and was linear up to 3.75% strain. The measurement was affected by temperature fluctuations, which
could be compensated. The resolution of the measurement was 78 jLe.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Considerable research effort has concentrated on using mechan-
ically deformable optical structures, including passive resonators
such as three-dimensional photonic crystals for optical mod-
ulation [1-5]. Previous work has demonstrated that simple
one-dimensional and two-dimensional surface photonic crystals
(PCs) (also known in the literature as guided-mode resonant fil-
ters) are capable of performing as narrowband reflectance filters,
in which the PC period, and refractive indices of the structural
materials can be manipulated to design structures that selectively
couple to a desired wavelength spanning the ultraviolet to infrared
[1,2,6,7]. The PC approach essentially relies on the coupling of
light that is trapped within the high index device layers as res-
onant modes to free-space via the creation of leaky modes by
periodic structuring [3,4]. A shift in the peak wavelength of a nar-
row band of transmitted or reflected wavelengths is observed with
the change of a resonant coupling condition, caused by mechan-
ical deformation of the structure [2,3,8]. Depending on device
orientation and whether the substrate experiences tension or com-
pression, the period of the structure either decreases or increases,
resulting in a shift of the observed resonance from its original
wavelength [4]. Thus, optical measurements of the wavelength
change give indication of the mechanical deformation experienced
by the PC. For such structures to serve as high resolution mechan-
ical strain sensors, the bandwidth of the optical resonance should
be as narrow as possible, so that small changes in the resonant
optical wavelength can be easily discriminated. In addition, for PC-
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based strain sensors to find practical applications, they should be
simple to fabricate, potentially over large surface areas so many
transducers may be manufactured in parallel. The surface PC struc-
tures presented in this work function as narrowband reflectance
filters with resonant peak widths of ~10 nm, enabling resonant
wavelength shifts of <0.005nm to be measured with a simple,
robust detection instrument. Further, the surface PC structure is
produced on the surface of silicone rubber or plastic using an
accurate nanoreplica molding approach that is readily scaled to
large surface areas, resulting in a device that is more easily fabri-
cated than three-dimensional opal PC structures. Ultimately, such
an approach may be scaled to attach large-area noncontact PC
strain gauges to complex surfaces as a means for quantifying the
strain distribution over surfaces exposed to various loading condi-
tions.

Fig. 1 shows a detailed schematic diagram of the device concept
used in this work. The sensor structure is a one-dimensional sur-
face PC comprised of a low refractive index linear grating surface
structure coated with a high refractive index film. For such a sub-
wavelength structure, the Oth diffracted orders propagate while all
higher orders are cut-off. Upon illumination with polarized white
light at normal incidence, the evanescent 4 1st diffracted orders
couple to counter-propagating leaky waves that form a standing
wave within the periodically modulated layer [5]. Phase match-
ing by the periodic structure to the reflected and transmitted Oth
orders enables rapid extraction of energy from the leaky waves
[4,9]. Constructive interference of the outcoupled light with the
backward diffracted Oth order and destructive interference with
the forward diffracted Oth order yields a sharp resonant reflection
peak with 100% efficiency [10]. Therefore, when white light is inci-
dent onto the PC surface, light with wavelength A is reflected with
high efficiency, resulting in a peak in the collected wavelength spec-
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Fig. 1. Schematic of 1-D photonic crystal cross-section and wavelength shift under
applied deformation.

trum. The resonant reflected spectrum coincides with a dip in the
spectrum transmitted through the device.

For normal incidence illumination, the response of the PCis cou-
pled to the 2nd order Bragg condition and therefore the spectral
location of peak reflection, or peak wavelength value (PWV), can
be given by:

A= neffA (1 )

where A is the resonant wavelength, ne¢ is the effective index and
A is the modulation period [5]. The effective index can be consid-
ered a weighted average of the refractive indices of the materials
in which the standing wave generated at resonance, referred to as
the “resonant mode”, is supported. Assuming the materials com-
prising the PC have a constant refractive index, as a result of Eq. (1),
the resonant reflected wavelength is linearly proportional to the
PC period, resulting in peak shifts to longer wavelength when the
sample is stretched.

Wavelength shift under induced strain has been observed in
numerous materials, such as PC fibers [9], periodic composite films
[3,4], and PCs, via simulations and experiments [11]. Deformation
can be induced in a variety of ways, including mechanical [2,3],
thermal, and electrostatic actuation [10] as well as through the use
of piezoelectric material [12,13]. There have been only a small num-
ber of reports on strain measurement via stretching of a PC. Wong
et al. [13] analytically examined wavelength shifts at strains of up
to 0.2%, while Stomeo et al. [14] predicted 5.82 nm of wavelength
shift for every GPa of applied unidirectional pressure. Ying et al.
[15] demonstrated a wavelength shift of 212 nm under 20 kPa of
applied stress in thin photonic band gap composite films, corre-
sponding to more than 20% and 30% of tensile and compressive
strains, respectively. The same trend was reported in synthesized
plastic opal under applied pressure [2]. Pressure induced wave-
length change was also observed by Arsenaultetal.[11] during their
demonstration of tunable PCs. In addition, strain measurements
have been performed using PC fibers in a Sagnac interferometer

configuration [9], with sensitivity and resolution of 0.23 pm/e and
43 wm, respectively. However studies that report stretching based
strain sensing of polymeric PCs [1,2] did not report resolution lim-
its, which are required to understand how the technique could be
implemented for sensing.

This paper describes experimental observations and complete
characterization of a PC fabricated onto a highly elastic film used
as a strain gage. Measurement stability, resolution limits, sensi-
tivity, range, and linearity are reported in both qualitative and
quantitative terms and compared to a traditional strain gage for ref-
erence purposes. Strain dependence on temperature is examined
and quantified. The technique reported here has some advan-
tages over previous reports of strain sensing with stretchable PCs
because the current planar PCis much easier to fabricate than three-
dimensional opal structures [1,2]. The sensitivity of the present
structure is close to the sensitivity of the best sensitivity reported
for photonic crystal strain gauges [2], while being much easier to
manufacture.

2. Experiment

To address the challenges of small scale strain sensing, this paper
describes experimental evidence of a wavelength shift of the light
reflected from a continuously strained PC. Such an experiment
is used to establish the relationship between applied strain and
observed wavelength shift as well as to evaluate the most important
parameters associated with strain gage application. Concurrent
temperature monitoring accounts for and reduces the magnitude
of measurement errors.

Conventional microfabrication processes were used to fabricate
the device structure shown in Fig. 1 [8]. A poly(dimethylsiloxane)
(PDMS) mixture was prepared by mixing Sylgard® 184 silicone
elastomer base with a curing agent at a 10:1 ratio. After degassing,
the mixture was poured over a silicon wafer mold that contains a
linear grating surface structure (A =550 nm, step height=120nm,
50% duty cycle) to form a ~2 mm thick layer. Curing was carried
out at 140°C for 20 min under low vacuum conditions. Once the
PDMS layer was cured, it was peeled off the mold. Next, a 140 nm
film of high refractive index (n=2.0) TiO, was evaporated over the
corrugated PDMS surface structure to form a 1-D PC with cross-
section similar to that shown in Fig. 1. The sample was then cut
to the desired size with length, the dimension perpendicular to the
grating lines, kept as large as possible in order to achieve low strains
under the condition of limited resolution of the current experimen-
tal setup.

After fabrication, device characterization was performed in
the following manner. The PC grating structure was positioned
between two grips that were separated by approximately 10 cm
(L), one of which was stationary, while the other was allowed to
translate vertically by means of an actuator. Such setup results in
the direct translation of the induced stretch into strain values, ¢,
according to e = AL/L, where AL is the amount of stretch relative to
the original grip positions. The PC may be positioned in a variety of
orientations in the plane within which it is being stretched, relative
to the direction of the grating lines, producing distinct optical spec-
tra. For this experiment the grating lines were aligned horizontally
to produce the largest possible wavelength shift during stretching.
Optical resonances occur at distinct wavelengths for the structure
of light with polarization oriented either parallel or perpendicular
to the grating lines. The device was illuminated with light from a
tungsten lamp through an optical fiber probe, which generates a
resonant reflection at a wavelength of A =840.4 nm for light polar-
ized parallel to the grating lines (TE mode) and a second resonant
reflection at a wavelength of A =811.5nm for light polarized per-
pendicular to the grating lines (TM mode) as shown in Fig. 2. The
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Fig. 2. Schematic of experimental setup. Photonic crystal is illuminated with light from tungsten lamp by means of the optical fiber; reflected light is collected by the detecting

fiber and then sent to the spectrometer.

illuminated spot size is approximately 2 mm diameter. The TE mode
has a resonant peak width at half maximum (FWHM) of 12.7 nm,
while the TM mode has a resonant peak width of 8.4 nm. The TM
mode was selected for monitoring changes in reflected wavelength
due to applied stress, as the smaller linewidth allows greater pre-
cision. The appearance of the TE mode in the spectra collected by
a second optical fiber that is bundled with the illumination fiber
is suppressed by placing a linear polarizing filter in front of the
illumination/collection probe head, with the polarizer oriented to
illuminate and collect light with polarization perpendicular to the
grating lines. The collection fiber was connected to the input port of
aspectrometer (Ocean Optics USB2000). Software collected a single
reflection spectrum every second by averaging 30 ms of data and
determined the reflected peak wavelength value through an inte-
grated fitting procedure. A traceable temperature meter was used
for simultaneous temperature recording in the vicinity of the sam-
ple for low strain measurements as indicated in the next section.

3. Results and discussion

Fig. 3 shows typical atomic force microscope (AFM) images of
the prepared sample. Before TiO, evaporation, the structure dis-
plays high uniformity with a period of ~550 nm, as indicated in
Fig. 3(a). A cross-sectional view of the sample reveals that the grat-
ing lines have a sinusoidal cross-sectional profile, which is expected
from the mold. The height of individual lines is changed slightly
after dielectric deposition due to the high temperature at which
this process is carried out as shown in Fig. 3(b). The period of the
device remains close to that of the silicon master. However, some
cracking is observed throughout the structure, which most likely
develops because of the incompatibility of the stiffness and coeffi-
cient of thermal expansion in PDMS and TiO,. The cracks are widely
distributed, and did not interfere with the ability to measure res-

onant reflection peaks from the device surface. The TiO, thin film
adhesion to PDMS was acceptable (no film peeling was observed
after many expansion/relaxation experiments), although rigorous
adhesion testing was not conducted. Due to the similarity of the
grating step height and the deposited TiO, thickness, it is likely that
the TiO, regions on the tops and bottoms of the grating teeth are
not continuous, and that they become physically separated during
stretching.

Uponrecording areflection spectrum for any given stretch of the
PC, the shift in the wavelength of the main peak can be observed
and quantified. Fig. 4 shows typical reflections at zero strain and
1% strain, which was 100 wm in this case. The shape of the col-
lected spectrum is dictated by the optical properties of the PC under
investigation. Two peaks are observed in each case, with the more
intense one corresponding to the main reflection. The secondary
peak arises from grating profile of the photonic crystal structure
being slightly asymmetric with respect to the direction of light. As
is apparent from the plot, when strain is applied, the peak shifts
towards a higher wavelength. In addition, the reflection efficiency
of the peak decreases with increased applied stretch due to the
increased vertical separation of high refractive TiO, regions upon
the upper and lower exposed horizontal surfaces of the structure
as the stretch grows. This phenomenon results in overall reduc-
tion of the effective refractive index of the PC structure and gradual
loss of the ability to sustain resonant modes, resulting in a limit in
the range of possible strain measurement, and is consistent with
previously published observations [1,3,4].

Reading stability over time is an important factor in strain mea-
surement, as it is directly related to the repeatability and accuracy
of results. Consistency is measured by collecting data at the same
strain value for a prolonged period of time. Fig. 5 shows results
of such an experiment with the sample held in an unstretched
configuration. In an ideal case, the wavelength shift would be
exactly zero over the entire time range. However, it fluctuated with



N.L. Privorotskaya et al. / Sensors and Actuators A 161 (2010) 66-71 69

Fig. 3. AFM image of prepared photonic crystal sample: (a) before TiO, deposition;
(b) after TiO, deposition; narrow crack runs through all grating lines.

0.1 nm maximum shift and 0.03 nm noise. Simultaneous tempera-
ture recording reveals that the PWYV shift is inversely proportional
to temperature as indicated with the dotted curve in Fig. 5. This
behavior is observed due to the complex interaction between the
displacements of each component in the system caused by thermal
expansion or contraction, which in turn is induced through tem-

Fig. 4. Typical reflection spectrum for zero strain (red solid curve) and 1% strain
(blue dashed curve). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of the article.)

Fig. 5. Wavelength variation with temperature; red solid curve—wavelength shift
with time, blue dotted curve—temperature variation with time.

perature variation. Based on recorded data, the wavelength shift
can be adjusted for ambient conditions by establishing a correla-
tion between temperature and the PWV. The correction factor is
computed to be AX=0.11nm of wavelength shift toward lower
wavelength per 1 °C temperature rise. The same type of correction
is made for conventional foil strain gages to compensate for thermal
output and gage material dependence on temperature.

In order to estimate the strain measurement resolution, the peak
wavelength shift and its associated noise was determined for sev-
eral strain ranges. This was done by varying the strain between
zero and a chosen value every 3 min with the intent of establish-
ing signal amplitude and repeatability in both wavelength shift
and manual positioning. Fig. 6 shows data for 0-0.0078% strain
steps. Because the micrometer-based translation stage has a mea-
surement accuracy of 1 um, the strain values reported have an
accuracy of +£0.001 pe%. Individual strain values are well sepa-
rated, but exhibit significant variation in PWV shift even during
3min intervals when deformation level is constant. Using the
temperature-wavelength shift correlation discussed above paired
with the temperature data collected during the experiment, the
raw data was adjusted as indicated with circles in Fig. 6 by sub-

Fig. 6. Strain measurement resolution estimated at less than 0.0078% strain; red
solid curve—collected data, blue points—data corrected for temperature variation,
green dashed curve—average wavelength shift at specified strain; error bars repre-
sent three standard deviations from the respective mean. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
the article.)
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Fig.7. Strain measurementrange (red solid curve) and linearity (blue dotted curve);
measurement can be carried out up to 3.75% strain; each step corresponds to 0.078%
strain; linear fit is obtained by fitting strain data corrected for temperature variation
up to 3.75%. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of the article.)

tracting PWV shift due to temperature. Such correction results in
less discrepancy and better consistency between the wavelengths
of data points taken at the same strain value. Data averaging for
each 1 min interval reduces the effect of random noise so that
individual spikes are less pronounced. The observed wavelength
differences between each group of averaged values are believed
to be due to variations in the manual stretching and noise in the
system, which also includes variation in ambient conditions other
than temperature and setup vibration. The average value of the
wavelength shift is shown with dashed lines with error bars indi-
cating three standard deviations from the respective mean. The
0.015 nm gap between error bars means that smaller strain values
could be detected. However, positioning accuracy of the current
setup was limited to 10 wm, which corresponds to the 78 e strain
given in Fig. 6. If the manual micrometer were to be replaced with
a stage with high repeatability, the resolution of the measurement
would be controlled solely by the noise, measured at 0.003 nm
wavelength shift [16]. The noise-induced wavelength shift corre-
sponds to 35 pe. Although traditional strain gages are capable of
detecting strains in sub-pm range, the resolution measured here is
comparable to other measurements on PCs [14].

The resolution of a strain measurement is determined partially
by the ability to mathematically determine the PWV by fitting the
discrete set of wavelength points gathered by the spectrometer
with a Lorentzian function [17]. This method of PWV determi-
nation enables interpolation between spectral data points, and
subsequently higher wavelength resolution than provided by the
spectrometer. The strain resolution will also be determined by the
capability for the measured structure to remain in a fixed state
between subsequent measurements, where physical processes
such as mechanical vibration of the sample/probe and thermal sta-
bility will provide limits to detection resolution.

The sample was subjected to 0.078% strain steps in 1 min inter-
vals as seen in Fig. 7. Steps were necessary in order to allow the
sample to stabilize at a particular strain value and to filter out ran-
dom fluctuations by averaging the specified number of data points
recorded during each step. PWV values were corrected for tem-
perature variation for more accurate results using the procedure
outlined above and depicted in Fig. 5. The sample was stretched

Fig. 8. (a) Measurement sensitivity and repeatability at several strain values; gray
error bars—uncertainty in repeatability, black error bars—uncertainty due to noise
in the system; error bars represent three standard deviations from the mean; (b)
linear response obtained from sensitivity data.

to 4.4% total strain, although the graph indicates that reliable
measurements can only be carried out up to 3.75% strain. This is
well within the range of general purpose strain gages, which are
generally capable of measuring 3-5% strain. Measurement noise
increases with increasing stretch due to the reduced intensity of
the peak at higher strain values, also noted in Fig. 4. Lower peak
height translates into greater width at half maximum, which in
turn means that measurement resolution is decreased.

Fig. 7 shows a curve fit to strain measurements between 0% and
3.75% strain. The curve is obtained by adjusting the raw data for
temperature variation, averaging data within 1 min intervals, and
then fitting a straight line to the averages. The result is highly linear
over the entire range with the sensitivity of approximately 4.5 nm
of wavelength shift per percent strain. This sensitivity is close to
the best sensitivity reported for photonic crystal strain gauges [1,2].
Slight deviation from linearity is again due to manual positioning
error and system noise.

Fig. 8 shows that the present measurement exhibits improve-
ment in linearity following a slight initial stretch. Error in manual
positioning dominates repeatability behavior at low strains, caus-
ing large variations in sensitivity at these values as indicated with
gray error bars in Fig. 8(a). Since the magnitude of positioning error
is constant over the entire strain range, the observed sensitivity
error decreases with increased deformation because positioning
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uncertainty constitutes smaller percentage of the entire stretch at
higher strains. This also causes the initial sensitivity oscillations to
be damped out at higher strains, where the measurement becomes
highly repeatable. On the other hand, at larger induced deforma-
tions, sensitivity is limited by noise, shown with black error bars.
Uncertainty due to noise in the system is smaller than the initial
positioning uncertainty. As can be seen from the black error bars in
Fig. 8(a), the amount of noise decreases initially, reaches its small-
est value around 0.85% strain, and then increases until maximum
possible deformation is reached. Noise fluctuation with stretch is
observed due to the intensity variation of the fitted peak, similar
to that shown in Fig. 4. In order to increase overall measurement
range, the initial stretch is chosen such that the peak height at
zero strain is below its possible maximum. The solid curve of Fig. 4
corresponds to this case. Owning to the relative nature of strain
measurements, the initial wavelength spectrum can be taken at
any convenient sample stretch. The peak intensity first increases,
resulting in diminishing noise level, and then becomes smaller
(dashed curve, Fig. 4) until it disappears almost completely. This
occurs at 3.75% strain, shown in Fig. 7.

Fig. 8(b) further confirms measurement repeatability and sen-
sitivity characterized by the slope of the response curve when it
is given as a function of mechanical deformation. The points in
Fig. 8(b) are obtained from sensitivity data by averaging the wave-
length shift values from six experimental runs. The response is
similar to that in Fig. 7 with the two slopes being equal within
experimental error. The standard deviation for all points is less than
0.05 nm, corresponding to the noise in the data as was described
above.

Optical strain measurement has several advantages over tradi-
tional foil strain gages. Soldering of electrical connections, current
heating effects and noise due to electric and magnetic fields as well
as tedious installation procedures for the gage itself are eliminated,
although this technique still suffers from temperature dependency
and transverse sensitivity. Also, compared to most metals whose
strain is to be measured, PDMS has very low Young’s modulus
and large elongation range. Thus, stretchable strain gages are good
candidates for strain measurement on nonstiff materials.

Itisreasonable to expect that the technique described here could
be modified to measure significantly smaller strains than those
demonstrated here. The main limit to our approach is the mechan-
ical fixture, which would be much different in any practical strain
sensing application. Other noise sources accounted for a resolu-
tion limit of 35 we, which may or may not be improved through
enhanced optics and improved temperature compensation. Given
a detection limit of 78 e, considerable improvement could be
offered by employing optics that can probe substantially smaller
regions of the photonic crystal surface. It is reasonable to expect
that the optical signal into the spectrometer could be collected from
a spot on the PC of 10 wm or smaller using a detection instrument
for measuring resonant wavelength shifts similar to that shown
in [5]. Detection of 78 p.e within a 10 wm spot yields detection of
sub-nm lateral deformation. Both the 10 pwm lateral resolution and
the sub-nm strain sensing are considerable improvements beyond
what is possible with conventional mechanical strain gauges.

4. Conclusion

This paper reports experimental evaluation of a stretched PC for
use as a strain gage, by measuring the wavelength shift as a function

of applied stretch. The device resolution is much less than 78 e,
currently limited by the resolution of a manual micrometer, while
sensitivity is 4.53 nm of wavelength shift per 1% of applied strain.
The sensitivity is comparable to the best results in the literature
while being easy to fabricate. The measurement was highly linear
and its range was 3.75% strain, comparable to that of a conventional
strain gages. The measurement had a strong temperature depen-
dence, which could be compensated for improved measurements.
This measurement method is an alternative to standard strain mea-
surement and may prove to be useful for situations where wiring
is not possible or where the low spring constant of the strain gauge
material benefits the measurement. While the sensor surface must
be optically accessible to a normal-incidence optical fiber probe,
we anticipate that this measurement approach would be compat-
ible with low cost packaging methods, as the sensor itself does
not require a source of power. We envision that a single illumi-
nation source would be able to supply light to a distributed array
of sensors, connected by optical fiber, and that a single minia-
ture spectrometer could serve to rapidly monitor the sensor array.
With appropriate improvements in the optical signal collection, the
approach could be improved to sub-nm resolution.
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