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Abstract: We report a strain sensing approach that utilizes wrinkled 
patterns on poly (dimethylsiloxane) (PDMS) as an optical grating to 
measure thermally-induced strain of different materials. The mechanism for 
the strain sensing and the effect of PDMS grating on strain sensing are 
discussed. By bonding the PDMS grating onto a copper or silicon substrate, 
the coefficient of thermal expansion (CTE) of the substrates can be deduced 
by measuring the diffraction angle change due to the change in PDMS 
grating periodicity when thermal strain is introduced. The measured CTEs 
agree well with the known reference values. 
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1. Introduction 

Wrinkling (or buckling) is a commonly observed mechanical instability phenomenon 
typically treated as a nuisance. In recent years, researchers have proposed the use of ordered 
wrinkling structures of stiff thin films on soft substrates with wavelengths in the nanometer to 
micrometer order, in a broad spectrum of applications, such as, microfluidic devices [1], 
templates for cell guidance [2, 3] and colloidal particles assembly [4, 5], stretchable electronic 
interconnects [6–11], stretchable electronic devices [12–18], modern metrology methods [19], 
tunable diffraction and phase gratings [1, 2, 20, 21], and methods for micro/nano-fabrication 
[22–25]. 

Currently, diffraction gratings are conventionally manufactured using two methods. The 
first method is the use of ruling engines in a diamond turning technique, where a high 
precision stage equipped with diamond tips is used in the manufacturing process. This method 
however, is a serial process, and is typically slow and expensive. The second method utilizes 
laser technology. Diffraction gratings made this way are called holographic gratings and have 
sinusoidal grooves. They are rigid and not tunable. 

In this paper, we report a novel grating manufacturing technique by using buckled thin 
stiff film on soft substrates as a grating, which has distinct advantages over the two methods 
mentioned above. The proposed technique employs the use of a much simpler manufacturing 
process which only involves a mechanical straining process on soft substrates (e.g., 
polydimethylsiloxane (PDMS)), an oxygen plasma treatment step, and a routine metal (e.g., 
Au) deposition step. The simplicity of the fabrication steps allows the proposed technique to 
have significant cost advantage over conventional methods. 

Here PDMS/Au gratings are utilized as tunable strain sensors. A PDMS/Au grating is first 
attached to the specimen of interest. Any change to the strain of the specimen (thermally or 
mechanically induced) is imparted to the grating and changes its periodicity. The strain 
sensing mechanism relies on the detection of the variation in the diffraction angle of the laser 
beam shinning on the surface of the tunable grating. The variation in diffraction angle can 
then be related to the strain induced by the specimen of interest. The proposed tunable strain 
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sensor and its detection mechanism are expected to have high strain sensitivity in capturing 
the strain variations within specimen. 

2. Fabrication of PDMS/Au grating 

 

Fig. 1. (a) Schematic of the fabrication process for PDMS/Au grating. (b) Optical microscopy 
image and (c) AFM image of wrinkling profile of PDMS/Au grating surface. (d) SEM image 
of wrinkles. (e) Wrinkling wavelength (period) distribution at ten different spots over a surface 
area of 100 × 100 μm2. The wrinkling period remains largely constant over this surface area, in 
good agreement with the calculated period value by Eq. (1). The error bars are one standard 
deviation of the data, which is taken as the experimental uncertainty of the measurement. 

Figure 1(a) illustrates the fabrication flow of the PDMS/Au grating. A polydimethylsiloxane 
(PDMS) elastomer (Sylgard 184, Dow Corning) was made by mixing the base component and 
the curing agent in a 10:1 ratio by weight, followed by de-gassing and curing at 80°C for 3 
hours. A slab of PDMS elastomer (0.1-1 mm thick) was mounted and elastically stretched by 
a home-made stage with designed uniaxial pre-strain. After being exposed to oxygen plasma 
(50 W) for 1 minute to enhance the adhesion, the pre-strained PDMS slab was sputter-coated 
with a gold (90%)/palladium (10%) (Au/Pd) alloy film of nanoscale thickness. The addition 
of palladium to gold increases its bonding strength, known as white gold. Due to the small 
proportion of palladium we will refer to the alloy as gold. Finally, the relaxation of the pre-
strain in the PDMS substrates compresses the Au thin film, leading to the deformation and 
wrinkling in both the Au film and PDMS substrate surface in a sinusoidal pattern. This is a 
result of the minimization of the system’s potential energy by the out-of-plane deformation. 
The wrinkling period, d, is determined by the mechanical properties of Au film and PDMS 
substrate, the pre-strain εpre, and the thickness of the gold film, as described previously [21] 
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where hf is the thickness of the Au film, E is Young’s modulus and ν is Poisson’s ratio. The 
subscripts “s” and “f” refer to the PDMS substrate and Au film, respectively. By varying the 
pre-strain εpre and the Au film thickness hf, the buckling period d can be tuned with a broad 
range. In this work, the buckling period is in the order of micron or sub-micron range for the 
optimal grating efficiency for the visible light, which is employed for strain sensing 
application as discussed below. 
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Figure 1(b) shows an optical microscopy image of a PDMS/Au grating fabricated by the 
above mentioned method, with hf = 10 nm, εpre = 15%, and the measured buckling period d = 
1.22 μm, which agrees well with the calculated value of 1.20 μm obtained from Eq. (1) when 
the following material parameters are used, Ef = 80 GPa, Es = 2 MPa, hf = 10 nm,ννf = 0.3, 
and νs = 0.4921. Figure 1(c) shows the atomic force microscopy (AFM) image of the grating 
topography and a line-scan profile, which illustrates the uniformity of the buckling in a small 
area. Figure 1(d) illustrates scanning electron microscopy (SEM) image of the continuous 
gold film along wave direction on PDMS. To examine the uniformity over a large area, the 
buckling periods were measured at ten different locations on an area of 100 × 100 μm2 and 
the results are shown in Fig. 1(e). It was found that the buckling period is uniform over a 
large area. 

3. Optical setup for micro-strain sensing 

 

Fig. 2. Optical setup for micro-strain measurement. 

A highly sensitive optical diffraction approach was developed to measure strain on the 
specimen of interest. By using a PDMS/Au grating attached to different specimens (for 
example, a silicon substrate), a minuscule change in strain within the specimen can be 
detected with a large change in displacement measured by the photo detector. This 
mechanism starts from the simple diffraction equation, d0sinθ = mλ, which relates the 
diffraction angle θ, initial grating period d0, and laser source wavelength λ, m is the order of 
diffraction, when laser beam is normal to the grating surface. As shown in the inset of Fig. 2, 
the optical setup for strain measurement, a geometric relation, tanθ = y/L, relates the 
horizontal position L of the specimen and vertical position y of the photo detector. 

When a strain is induced on the specimen through either mechanical or thermal means, the 
grating period changes from d0 to d ( = d0 + Δd) and leads to the change in diffraction angle θ 
by Δθ. Meanwhile, the change of θ results in the change of y by Δy, which linearly depends 
on Δd, as shown below, 
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where the strain (ε = Δd / d0) of the specimen is related to Δy by the pre-factor A. 
When L is in the order of 10 cm, and the buckling period d0 and light wavelength λ, both 

in the order of sub-micron (mλ < d0), the magnification factor A is approximately 1 × 107 μm. 
To put this in perspective, one micro-strain (10−6) leads to a 10 μm change in the vertical 
position y of the photo detector, which is significantly easier to be measured. In addition, this 
magnification factor, A, can be further amplified by properly choosing a d0 that approaches λ 
(Eq. (2)). This simple mechanism of magnification forms the basis of this highly sensitive 
strain measurement technique. 

Figure 2 illustrates the optical setup used in the micro-strain sensing. The light source was 
a 633 nm He-Ne laser with output power of 21 mW. The laser spot size had been reduced 

#187996 - $15.00 USD Received 29 Mar 2013; revised 25 Apr 2013; accepted 26 Apr 2013; published 9 May 2013
(C) 2013 OSA 20 May 2013 | Vol. 21,  No. 10 | DOI:10.1364/OE.21.011994 | OPTICS EXPRESS  11997



from 700 μm (Ф1) to 200 μm (Ф2) in diameter at the grating surface through the use of two 
optical lenses. In order to improve the signal to noise ratio, an optical chopper was placed 
before the series of optical lenses to synchronize with the optical detector. A 50/50 beam 
splitter generated a reference light signal which was fed into an auto-balanced photo detector. 
The photo detector compared the first order diffracted beam from the grating with the 
reference light to improve the signal-to-noise ratio for high sensitivity. 

4. Results and discussion 

PDMS effect: The change in measured diffraction angle directly relates to the change in 
periodicity of the PDMS/Au grating: One glaring question that needs to answered is whether 
or not the strain on the grating reflects the underlying strain on the specimen of interest. The 
commerical finite element package ABAQUS [26] was used to study this effect. Figure 3(a) 
shows the model, including a PDMS grating with a thickness of 100 μm and length L on top 
of a 0.5 mm thick, 10 mm long silicon substrate. Thermal stress analysis is conducted by 
introducing a uniform temperature change ΔT. The PDMS and silicon substrate are modeled 
by 4-node plane strain temperature-displacement coupled elements (CPE4T). The PDMS-Si 
interface is treated as shared nodes. The bottom of the silicon substrate is confined. The top 
Au layer is not considered in the finite element analysis because its thickness is negligible (10 
nm). The following material parameters are used in the analysis [27]: EPDMS = 2 MPa, νPDMS = 
0.5, αPDMS = 310 × 10−6 /°C, ESi = 130 GPa, νSi = 0.3, αSi = 2.6 × 10−6 /°C, ΔT = 50°C, where 
α is the coefficient of thermal expansion (CTE). 

 

Fig. 3. (a) Schematic of PDMS grating attached on silicon substrate. (b) Strain contours in the 
horizontal direction for different ratios of PDMS lengths (L) and a constant thickness (h = 100 
μm). 

Strain contours in the horizontal direction for different ratios of PDMS length and 
thickness are shown in Fig. 3(b). For L/h = 1, the strain at the top surface of the center of the 
PDMS (εPDMS) is about two order of magnitude higher than the strain at the top of the silicon 
substrate (εSi). The explanation for this is that for a small L/h ratio, the constraint from the 
underlying silicon substrate is too weak. Therefore, the strain at the top of the PDMS grating, 
in this case, only reflects the PDMS itself and not the underlying silicon. As the L/h ratio 
increases, the constraint from the silicon substrate is increased and the strain at the top of the 
PDMS grating begins to resemble more and more like the strain of underlying silicon 
specimen of interest, as can be seen in Fig. 3(b). For an L/h ratio of 30, the strain of the 
PDMS grating is equal to the strain of the underlying silicon specimen of interest over 80% of 
the entire surface area of the PDMS grating. In this scenario, the detected strain εPDMS reflects 
the actual strain εSi. 

Figure 4(a) shows the ratio of εPDMS and εSi as a function of L/h ratio for PDMS grating on 
Si substrate. It can be seen that when the L/h ratio exceeds a critical value of 20, the εPDMS 
reflects εSi with only a 5% error. Figure 4(b) shows that this relation (i.e., L/h > 20) holds for 
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all temperature change due to the linearity of this relation. In fact, this analysis is likely to 
provide an upper bound of the L/h ratio because the CTE mismatch between silicon and 
PDMS is likely to be more severe than most conventional metals and polymers. However, 
note that for materials with a smaller CTE than silicon, such as, glass and other low CTE 
ceramics, the critical value for L/h ratio can be smaller than 20. 

 

Fig. 4. (a) εpdms/εSi and εpdms as a function of L/h. (b) Phase diagram of εpdms/εSi. 

Simulation on diffracted laser beam intensity variation: Although the proposed method for 
strain measurement seems simple (Fig. 2), it is important to consider whether or not the shift 
in the peak position of the diffraction light due to a small strain can be differentiated. The 
laser spot size is an important parameter to consider. Figure 5(a) shows the simulation model 
with a N-slit grating, where N is the number of slits with periodicity d ( = a + b) for each slit. 
In other words, it is assumed that the laser light is shone on these N slits with a spot size of 
Nd. Within each slit, the opening and blocking region sizes are a and b, respectively. The 
detector is modeled as a screen. It is assumed that the light is incident and normal to the slits 
with a fixed ratio of d/a. The superposition of the waves from all the points within a single slit 
at point P, on the screen has an expression of, 
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where A0 is the amplitude of the waves, k = 2π/λ is the wave number of the incident light. 
The integration is over the opening area of the single slit. 

At point P, the contribution from all N slits is expressed as the summation over all these N 
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where I0 = A0
2 is the intensity of light impinging on the diffraction grating. 
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Fig. 5. Diffracted beam intensity simulations based on the multi-slit grating model shown in 
(a), with grating to screen distance L = 10 cm. Small variations are applied to the grating 
periodicity to obtain the peak shift, as illustrated in (b) and (c). Spot size is 200 μm (or number 
of slits N = 240) in (b), and 50 μm (or N = 60) in (c). 

Figure 5(b) shows the first order diffraction patterns with a laser spot size of 200 μm and 
grating to screen distance L = 10 cm. The black line indicates the measurement when no 
strain is applied, while the red and green lines represent intensity profile when 1% and 0.1% 
strain applied, respectively. In this case, the laser wavelength is set to be 633 nm, the number 
of slits N is set to be 240, and the initial grating period is 833.3 nm (i.e., 1,200 lines/mm). 
Figure 5(c) shows the same results as Fig. 5(b) but with a 50 µm laser spot size. It is clear that 
a smaller grating period variation leads to a smaller peak shift. This comparison suggests that 
a detector with high sensitivity is required to capture the localized strain variation with a very 
small laser spot size. Quantitative analysis indicating further reducing laser spot size to 10 µm 
and with N = 12 for d = 800 nm grating, a 0.1% strain will lead to light intensity change on 
the order of 10−4, well within the limit of the auto-balanced photo detector chosen in the 
experiment. The strain sensitivity in our detection scheme can be estimated. The auto-
balanced photodetector used in our experiment can detect optical intensity variation on the 
order of 10−6, therefore 1 nW intensity difference for 1 mW signal due to diffraction peak 
shift can be translated to a strain of 2.3 x 10−6 for a laser spot size of 200 µm from simulation 
and through Eq. (2). 

Benchmark of strain measurement: To verify the micro-strain sensing technique with 
tunable PDMS/Au grating proposed earlier, thermal strains of various materials, with 
differing coefficient-of-thermal-expansions (CTE) spanning 3 orders of magnitude were 
measured. PDMS/Au gratings are bonded on specimens that are heated up by a copper block, 
as shown in Fig. 6. A thermal couple is attached to the copper block to form a feedback 
system for the temperature control. In this system, the temperature reading on the specimen is 
calibrated to be within one degree of accuracy, and the temperature range for the strain 
measurement is between room temperature and 65 °C. The laser spot size is 200 μm. 

 
Fig. 6. Measured CTE results for (a) freestanding PDMS, (b) Cu and (c) Si. Insets are the 
schematics of the setup for thermal micro-strain measurement. 

The first specimen is a freestanding PDMS grating, which is hanging over at the edge of 
the copper block, as shown in the inset schematic in Fig. 6(a). The focused laser spot is 
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located just off the copper block to measure the thermal strain of the PDMS grating without 
constraints from the copper block. Figure 6(a) shows the measured strain as a function of 
temperature for this freestanding PDMS grating, where a good linearity is observed. The CTE 
of PDMS, i.e., the slope of strain/temperature relation, is 274 ppm/°C (part per million per 
degree Celsius), which agrees with the reference value of the CTE of PDMS, 265 ppm/°C, 
measured using commercial thermal-mechanical analysis tool Q400 from TA instruments, 
under expansion mode at 10 mN force. 

The second specimen is a piece of copper sheet, on which the PDMS/Au grating is 
attached by a thin double-sided adhesive tape. The size of PDMS/Au grating has been chosen 
based on Fig. 4(a) to ensure the measured strain on top of the grating accurately reflects the 
strain of copper substrate. Figure 6(b) shows the strain-temperature relation. The CTE of 
copper given by the slope is obtained as 18.2 ppm/°C, which is consistent with the CTE value 
of copper (17.5 ppm/°C) [28]. Some of the data points in Fig. 6(b) are scattered compared to 
Fig. 6(a), which can be attributed to the bonding quality of the adhesive tape between copper 
and PDMS. 

The last specimen is a Si substrate. The PDMS/Au grating can be firmly bonded to the Si 
substrate by treating the Si surface with oxygen plasma to form a SiO2 bond between the 
PDMS and Si [29]. Si has a much lower CTE (2.6 ppm/°C), compared to previous two 
specimen materials. The experimental data is plotted in Fig. 6(c), which gives an extracted 
CTE value of 2.73 ppm/°C, very close to the reference value of the Si CTE. The measured 
data here show much less fluctuation than the data from the PDMS bonded to copper as the 
result of much better bonding quality between Si and PDMS. The successful measurement of 
such small strain on Si on the order of 10−5, or a few nanometers displacement within 200 µm 
laser spot size, demonstrates the high strain sensitivity of this technique as a result of the 
unique grating fabrication technique and strain detection strategy. The results shown in Fig. 6 
are representatives from many measurements we have performed, where several samples on 
each type of substrate were fabricated and measured, with each sample undergone a repeated 
temperature increase/decrease cycles, and the results show good repeatability. 

5. Conclusions 

PDMS tunable gratings fabricated through buckled film were used for micro-strain 
measurement of various materials. A highly sensitive optical setup optimized to amplify the 
small strain signal to the change in diffraction angle, orders of magnitude larger, was 
proposed. The applicability of the PDMS/Au grating to infer the strain of the underlying 
specimen of interest, require the L/h aspect ratio of the grating to greater than 20 for most 
practical purposes. In addition, the laser spot size was demonstrated to influence the 
measurement resolution significantly. Lastly, the thermal strain measurement on the free-
standing PDMS grating as well as the PDMS grating bonded to copper and Si substrates agree 
well with the reference CTE values of PDMS, copper and Si, respectively. This technique is 
relatively simple for very high strain sensitivity measurement, and its potential spatial 
scanning capability is also expected to complement the application boundaries of other in-
plane strain measurement metrologies such as Moire Interferometry or digital image 
correlation (DIC) methods in terms of maximum strain gradient, and field-of-view of 
measurement. In addition, unlike conventional in-plane strain sensing metrologies, the 
proposed technique is expected to work for non-planar surface geometry, as well. 
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