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Abstract

Wrinkling instabilities in polymeric bilayers have been exploited as optical phase

gratings with tuneable performance. Here, we report strain modulated 1D and 2D

phase gratings fabricated by the ubiquitous process of plasma-oxidation of polydimethyl-

siloxane (PDMS). While surface oxidation provides a remarkably facile glassy skin for-

mation approach, minimising delamination and debonding, it inherently results in a

gradient conversion profile emanating from the top film interface. We examine and

quantitatively model the consequences of this gradient layer on the optical properties

of the resulting strain-tuneable phase gratings. Diffraction efficiencies up to 48% are

demonstrated. We then develop and validate a surface reconstruction methodology

based on the diffraction pattern of our sinusoidal gratings and our model, which we

extend to the high deformation regimes and to 2D gratings, obtained by superposition

of two wrinkling generations, where both amplitudes and wavelengths can be indepen-

dently tuned. Overall, this approach provides a rapid, robust and predictive framework

for the design and fabrication of tuneable, single and multi-axial surface gratings.
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Introduction

Patterned micro- and nanostructured topographies abound in natural and synthethic sur-

faces, and can impart or modulate various functionalities including surface wetting and

spreading, adhesion, mechanical and optical properties.1–3 Complementary to established

patterning methods, such as photolithography, nano-imprint lithography and ion-beam lithog-

raphy,4,5 spontaneous and mask-less processes such as surface wrinkling offer attractive

routes for large-scale and versatile patterning.6 While wrinkling can be detrimental for ma-

terial performance, e.g. degrading electronic thin film properties,7 it can also impart or

augment device functionality such as in solar panels,8 organic lasers9 and phase gratings.10

Surface wrinkling can yield highly ordered mono and multi-dimensional periodical patterns,

depending on the nature of the mechanical instability involved and the applied strain field.

Amongst the plethora of achievable patterns, are 1-dimensional sinusoidal patterns, and

2-dimensional herringbones, hexagonal and checkerboard structures, of varying wavelength

and amplitude, as well as hierarchical (or nested) and multi-frequency patterns.11–14

Spontaneous wrinkling can occur via a well-understood mechanical instability, specifically

in sandwiched structures or bilayers often fabricated through film sputtering, deposition and

lamination, or chemical modification of an elastomeric substrate.15–18 When a thin sheet of

relatively stiffer material is adhered strongly to a thick elastomeric substrate, a mismatch

in the mechanical properties in the bilayer is produced. By subjecting a bilayer to an uni-

axial, compressive strain, a buckling instability can be excited, producing sinusoidal surface

undulations arising from the minimisation of energy of bulk deformation and skin bending.

At low deformations (strain ε ≲ 10%), the wavelength and amplitude of the sinusoidal surface

profile are well described by:19
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where h is the film thickness, Ēf and Ēs are the in-plane strain moduli of the film and

substrate respectively, given by Ē = E/(1 − ν2), where E is the Young’s modulus and v is

the Poisson ratio (≃ 0.5 for PDMS). A critical strain must be exceeded to trigger the buckling

instability:
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In this limit, the amplitude alone depends on strain, thus allowing for λ andA to be decoupled

in surface patterning. Generally, at ‘high-deformation’ (HD),20 the wrinkling wavelength too

becomes strain dependent and

λHD = λ

(1 + ε)(1 + ξ) 1
3

(4)

AHD = A

(1 + ε) 1
2 (1 + ξ) 1

3

(5)

where ξ = 5ε(1+ε)/32, accounting for the non-linearity of the stress-strain relationship of the

substrate in the finite deformation regime (i.e., non-Hookean response), with λ and A given

by Eq. (1,2). Under high deformation conditions, uniaxial strain leads to a transition from

the low deformation sinusoidal patterns into further modes, such as the formation of folds,

period-doubling and ridges.21
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Phase gratings generated by wrinkling of plasma oxidised PDMS

surfaces

The use of wrinkling bilayers in the fabrication of tuneable phase grating has been previously

demonstrated with thin polymer films (deposited or laminated) supported onto an elastomer,

such as polydimethylsiloxane (PDMS).22–24 Grating efficiencies can be tuned by employing

sinusoidal phase gratings, where the distribution of energy in the diffraction orders can be

varied.25,26 This property has applications in optics such as projection systems,27 optical

switches28 and lasers.29 Transmission phase gratings are thin transparent optical elements

that can consist of periodic refractive index variations or of a periodic surface relieves, and

these can be fabricated exciting sinusoidal wrinkles on a surface. The diffraction pattern of

the resulting phase grating can be modelled for all diffraction orders p according to:22,30

I ≈
∞

∑
p=−∞

Jp
2 (m

2
) sinc2 [W

π
(q − 2pπ

d
)] (6)

where Jp is a Bessel function of the first kind, W is the half-width of the aperture, d is

the wrinkling wavelength (referred to as λ in the experimental data), m/2 is the maximum

phase shift impart to the light and p is an index accounting for the pth diffraction order.

Often W ≃ 0.5 mm, determined by the typical profile of laser beam (in the Fraunhofer limit

conditions). The maximum intensity of the pth order can be approximated to be proportional

to the Bessel function Jp
2(m/2) as the sinc function is narrowly distributed in q about each

order without significant overlap between adjacent orders. The phase contrast, m(∆) can be

rationalised in terms of the wrinkling bilayer model of amplitude, A(∆) by

m(∆)
2

= 2π
A(∆)
λ

[n − 1] (7)

where A(∆) is taken from the high deformation model as described in Eqn. 5, with n is the

refractive index, and here λ is the laser wavelength (532 nm in our work).
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While this approach can be implemented via polymer22 and metal24 thin film deposition,

surface oxidation of PDMS provides an attractive, facile route to PDMS patterning that

has recently been explored to control opacity of otherwise transparent films.23 Significantly,

the surface oxidation of PDMS using an oxygen (or air) plasma source, generates a gradient

glassy skin11,31–34 whose density, and thus refractive index, varies in the direction normal

to the surface. In order to explore the fabrication of tuneable phase gratings by wrinkling

of oxidised PDMS, we consider quantitatively the impact of such gradients, intrinsic to this

ubiquitous approach in soft matter patterning.

Plasma-oxidation of PDMS results in a thin glassy skin layer to form upon conversion

from the bulk material, therefore inducing a mismatch in elastic moduli between the thin skin

and the soft substrate. This methodology is suited for fabrication of patterns ranging from

nanometre scales to several hundreds microns by several by tuning the oxidation and strain

conditions. The wrinkling instability can be mechanically induced through a predetermined

extensional or compressive strain, with ∼ µm resolution, allowing for a precise pattern control,

as compared to drying and thermal alternatives to skin deposition and strain. The skin

formation via oxidation proceeds via a frontal process,32,33 where an increase in skin thickness

is accompanied by surface densification by cleaving of Si−CH3 groups. The rate of conversion

fraction of the glassy skin thin film follows a sigmoidal profile with respect to depth from the

surface, leading to a gradient bilayer system in a three-step process:“induction”, where no

evidence of wrinkling is found, “formation”, where the build-up of the glassy layer develops

and “film propagation”, during which the fully-propagated glassy layer propagates normal to

the surface, increasing the skin thickness. This fabrication method allows for the production

of ON or OFF samples, where a strain is applied before or after plasma-treatment of the

sample respectively.35 ON samples lead to a wrinkling pattern at rest, while OFF samples,

only when strain is applied.

In this work, we explore the fabrication and use of single and multi-frequency sinusoidal

phase gratings generated by plasma-oxidised PDMS, where additional generations can be
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obtained by superposition of sinusoidal waves at variable angles between them.11,14 Specifi-

cally, we explore the effect of compressive strain and the overall mechanical response of ON

samples, on its grating efficiency by means of tracking intensity modulation of the diffraction

patterns using static light scattering (SLS). Novel aspects of our work include quantitatively

examining and modelling the role of the gradient oxide layer in the light diffraction response,

and evaluating the diffraction from multi-frequency and multi-angle wrinkled surfaces. Fur-

ther, we investigate the reconstruction of real-space patterns from the combination of a

simple optical model and diffraction images obtained by SLS.

Results and discussion

Wrinkled bilayer characterisation

When an uniaxial strain (εprestrain) is applied to a flat PDMS coupon from L0 (initial length)

to L1 (final length), which undergoes plasma-oxidisation, a stiff skin gradient bilayer is

created. The gradient interface is generated, conversely to lamination and floating method-

ologies,17,36,37 through a temporal conversion of the bulk material into a mixed silicon oxide

layer, where thickness and modulus increase with applied plasma exposure time.11,19,38 Wrin-

kles are generated in the glassy skin upon compression of the bilayer due to a strain release,

creating a buckled surface when a strain exceeding the critical strain εc is applied. When

a range of PDMS samples are treated with oxygen plasma conditions of 70 W for 7 min at

different applied prestrains, a set of different wavelengths and amplitudes are obtained. The

characterisation of the PDMS surfaces was performed on the samples by means of AFM (λ

and A) and SLS (λ only) (Fig. 1), showing good agreement between the two techniques. The

experimental data are initially described by the red and black dashed lines until εprestrain

= 0.1, corresponding to the low deformation model for wavelength λ and amplitude A as

expressed by Eqn. 1 and 2. Assuming the bilayer model, we can estimate that the elastic

modulus increases from 1.02 MPa (for neat PDMS) to 40 GPa for the glassy skin (obtained
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Figure 1: (a) Schematic of the formation of a 1D wrinkled surface on PDMS by pre-straining
(εprestrain) an elastomer coupon, followed by plasma oxidation and relaxation of strain; the
resulting glassy skin layer exhibits a conversion gradient normal to the surface. (b) Wrinkling
wavelength (λ, red) and amplitude (A, black) measured by AFM (∎) and SLS (○) as a
function of prestrain εprestrain for plasma-treated (40 kHz) PDMS coupons at power P =
70 W for a duration t = 7 min. The dashed and solids lines correspond to the low and
high-deformation models, respectively (see text). The vertical dashed lines correspond the
AFM scans on the right, representative of (i) low-deformation, (ii) high-deformation, and
(iii) period-doubling.

from the wrinkling aspect ratio, as shown in Supplementary Information Fig. S1), and a

film thickness of ≃ 30 nm (corroborated by X-ray reflectivity measurements32). While this

skin thickness is in line with previous literature,32–34,39 the modulus is higher than those

estimated by nanoindentation for UVO,40 or MHz plasma exposure39 (up to ∼7 GPa), which

we associate with the more aggressive and faster 40 kHz process conditions.33 The amplitude

model predicts a square root dependency directly proportional to the thickness of the glassy

layer and the critical strain εc while λ is described by a straight line with dependence on h

and the mismatch in the elastic modulus of the bilayer, expressed as a constant elastic mod-

uli ratio Ēf/Ēs. However, this representation is not sufficient to describe the experimental

data in this PDMS/SiOx system due to the progressive build up in the glassy skin thickness

and ultimately elastic modulus in “induction” and “formation” stages.32 In order to take
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into account the evolution of λ and A beyond prestrain of 0.1 two solid lines are represented

solid, corresponding to a implemented “high deformation model” for wrinkling instabilities

developed employing prestrains above 0.2, described by Eqn. 4 and 5 respectively, where a

bellow mechanics model is introduced to take into account deviations from linearity of the

elastic modulus of PDMS with strain.20 The evolution of initially sinusoidal wrinkled bilayers

with strain can be visualised in the 3D AFM micrographs reported in Fig. 1 (i), (ii), (iii),

showing a 25 µm by 25 µm region of the surface structures in samples having a prestrains

ε of 0.115 and in the higher deformation region where ε = 0.4 and 0.45, respectively. As

prestrain increases, the surface deviates from the original sinusoidal regime towards more

complex buckling instabilities, such as period-doubling, characterised by a splitting in the

original periodicity, induced by lateral compression due to the increase in applied prestrain.

Based on these initial findings, we seek to elucidate the mechanisms behind the formation

of gradient-interface phase gratings and the correlation between the observed diffraction

patterns with the operative conditions employed in the plasma oxidation step. We therefore,

explore a set of fabrication conditions enabling the access of a range of pattern wavelengths

and amplitudes characterised with the SLS set-up depicted in Fig. 2a, to accommodate the

observation, modulation and evolution up to the third diffraction order (Fig. 2b).

Diffracted intensity modulation in wrinkled tuneable gratings

To evaluate the diffraction properties of the wrinkled skins, a motorised strain release rate

of 0.005 mm/s, in increments of 0.5% and a plasma-oxidised sample with initial prestrain ε

= 0.3, were employed while monitoring under SLS. Prior to release under extensional strain

conditions (εcomp = 0), the sample shows no diffraction pattern with only the direct beam

observed. Despite the presence of the glassy skin, the buckling instability can only be excited,

as expected from the model, above a specific critical strain. Indeed, laser light diffraction is

only observed past the critical strain, reflecting the development of sinusoidal undulations on

the sample surface, into a phase grating. The use of neutral density (ND) filters allows for
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Figure 2: (a) SLS setup depicting the (i) 533 nm diode laser, (ii) ND filter wheel, (iii) 45○

mirror, (iv) motorised linear strain stage, (v) diffraction pattern imaged on a screen, and
recorded by a cooled CCD detector. (b) Series of diffraction patterns obtained at varying
εcomp and constant ND attenuation, for a PDMS sample pre-strained at εprestrain = 0.3 and
plasma treated at P = 70 W for 7 min. The intensity of diffraction orders 0th (red), 1st

(green), 2nd (blue), 3rd (yellow) is tuneable with εcomp.

the control of the light intensity, avoiding the saturation of the CCD camera sensor, adjusted

for each order as required. Diffraction patterns resembling phase gratings can be obtained

through formation of wrinkles observed with the same set of ND filters (0.2 and 2.0), when a

strained sample is slowly released and buckles due to the applied compressive strain. With a

single set of ND filters, Fig. 2b visually captures the modulation of intensities of the different

orders as the sample undergoes compressive strain (εcomp). The compressive strain (εcomp)

can be calculated by εprestrain-ε, where for example a sample starting at a prestrain of 0.30

released to 0.20 would give εcomp of 0.10. The intensities of the orders can be tuned by the

amount of applied compressive strain. At ε= 0.20, zero-th, first, second and third orders

(red, green, blue, yellow circles respectively) are observable using the same set of ND filters,

indicative that the intensities are of the same order of magnitude to one another. Varying

the compressive strain, ND filters need to be adjusted to increase or decrease the attenuation
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factor for other orders to be observed, within the finite dynamic range and background of

our setup.
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Figure 3: (a) Dependence of (normalised) diffraction intensities with εcomp and q for a PDMS
sample at εprestrain = 0.3 and plasma treated at P = 70 W for 7 min (shown in Fig 2b). Note
the modulation of intensity and presence of well-defined maxima and minima with εcomp

(≡ εprestrain − ε, see text). (b) Contour plot of the diffraction data, showing the variation
of wavenumber qn with strain εcomp. The white lines represent the theoretical wavenum-
ber calculated from λHD, and vertical black line indicates the approximate boundary for
applicability of the LD model.

The intensities of these individual orders are normalised with respect to the intensity of

the zero-th order at εcomp = 0.0 (I/I (q=0, ε=0)), and mapped out as a function of compres-

sive strain and wavenumber q (µm−1). Fig. 3a demonstrates that a sample prestrained at

εprestrain=0.3 and plasma treated at 70 W for 7 min is able, upon compression, to exhibit

strain-dependent phase grating behaviour, similar to previously reported by Harrison et al.22
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in wrinkled bilayers fabricated via polystyrene film floating onto PDMS. The light intensity

of the four observable orders is quantitatively modulated with strain. Within the explored

strain range, the zero-th order can be seen to modulate through a minimum and maximum

while the other orders have intensities reaching a maximum before decreasing with strain.

The transition from low to high deformation regime for the wavelength, is reflected in the q

range in Figure 3(b). By definition, wavenumber q shows an inverse relationship with wave-

length λ. In the LD regime, the positioning of the orders is independent of strain and hence,

the q range of the contour plots shows its independence from strain below ε = 0.1, accounted

as LD limit. Past this threshold however, the q dependence in the experimental data “fans

out” following the high deformation approximation, as the pattern wavelength depends on

strain due to non-linearities in the stress-strain response of the sample.20 To compute this

strain dependence, the high deformation wavelength Eqn. (4) needs to be employed instead.

Following this behaviour, we are able to quantitatively characterise the angular variation of

each diffraction order and corresponding intensity in these phase gratings.

Modelling of plasma-oxidised tuneable grating: Effect of gradient

interface on diffraction

In a sinusoidal phase grating with a single refractive index n, the model described by eqs.

(6,7) is expected to account for the diffraction pattern and the individual diffraction inten-

sities of each order. In bilayers obtained by thin polymer film deposition (with thickness

much smaller than the λ of light) onto PDMS, a sharp interface is formed to the bulk, and

a single refractive index (that of bulk PDMS) suffices to model the diffraction pattern.22

Following the diffraction model, in practice, the value of n shifts the positions of the minima

and depth of the individual orders, describing the specific strain and intensity modulation

for the diffraction pattern. An increase in n results in a ‘left’ shift in a graph of intensity vs.

amplitude (or strain), as shown by the dashed lines of Fig. 4a, calculated with the model.

We find that in our case however, a single refractive index phase grating mode does not suf-
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Figure 4: (a) Zero-th diffraction order intensity as function of pattern amplitude (red data
points), modelled by Eqn. 8 by assuming an exponential distribution of refractive index
(from n = 1.41, pure PDMS to 1.55, silica; shown in inset and described in the text), shown
by the solid red line. The dashed lines correspond to model predictions from single n val-
ues. (b) Schematic of the conversion in a gradient bilayer towards silicon oxide when PDMS
is exposed to oxygen plasma. (c) X-ray reflectivity data32 supports the refractive index
distribution in graded bilayers fabricated by means of oxygen plasma through an increase
in the scattering length density in the formation of thicker glassy skin layer, reported by
several authors (e.g.,41). Data reproduced with permission from Bayley et al., Soft Matter,
10, 1155-1166 (2014). Copyright 2014 Royal Society of Chemistry. (d) Representative TEM
data39 illustrating the skin conversion with thickness, progressing from a darker region, cor-
responding to the denser silicon oxide gradient to a lighter background value, corresponding
to untreated PDMS. Inset image reproduced with permission from Befahy et al., Langmuir,
26, 3372–3375 (2010). Copyright 2010 American Chemical Society. (e) The distribution de-
scribed in (a) and (b) is then applied in modelling the modulation of experimental diffraction
patterns from zero-th to third order (red, green, blue and yellow solid lines respectively) (○),
as function of (e) strain, εcomp, and (f) amplitude, A.

fice to quantitatively describe the experimental data. We hypothesise that this discrepancy

can be due to the different nature of plasma oxidised bilayers, which are known to yield a

gradient conversion layer towards bulk PDMS, in contrast to laminated bilayers. Therefore,

the heterogeneous, frontal, conversion induced by plasma oxidation, is expected to introduce

12



a distribution of refractive indices n within the skin, effectively yielding a “gradient skin”

phase grating.

Evidence for gradient bilayer (illustrated in Fig. 4) formation in plasma oxidised PDMS

abounds, as previously reported by X-ray reflectivity (XRR)32 (data reproduced in Fig. 4c)

and transmission electron microscopy (TEM)39 (data reproduced in Fig. 4d). XRR can be

employed to determine the scattering length density profile for surface-oxidised PDMS and,

in Fig. 4c, such profile indicates that the densification of the top layer increases with plasma

exposure time at a given power, with a gradual surface to bulk interface with thickness

showing the plasma conversion in the PDMS. A frontal model has been used to describe

the skin growth of the glassy layer, where the hydrogen and methyl groups are substituted

with hydroxyl groups and oxide links, creating a thin, silica-like skin layer.42 This conversion

is dependent on the plasma dose applied, and creates a logarithmic dependence conversion

profile with thickness, where the surface of the layer is fully reacted into a denser silica-like

layer with decreasing conversion in the subsequent intermediate layers.32 A representative

TEM data by Behafy also supports the gradient nature through width contrast. The chemical

modification and surface densification due to plasma treatment is responsible for the contrast

observed in a TEM image.39 By tracing a line through the image, spanning from a plasma-

oxidised PDMS surface to the bulk, a qualitative profile can be estimated, showing contrast

variation from fully converted plasma surface, with illustrative contrast = 0, to pure PDMS,

approaching 1. The width, reflecting the gradient skin thickness, can be approximated to 20

nm.

Due to the nature of the wavefront kinetics of film growth in the plasma oxidation of

PDMS, this system is unlike to behave as a perfect bilayer phase grating, where a single,

sharp interface is usually defined. Therefore, to account for the graded silicon-oxide interface,

instead of using a single refractive index for the skin as in Eqn. 7, we define a refractive

index distribution, which is able to better represent the densification from the bulk PDMS

(n ≃1.41) to glass (n ≃1.46-1.55) as suggested by XRR and TEM experiments. Hence, we
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consider the signal to arise from a distribution of n values with an exponential decay function,

such that

¯I (x, y) ≈
8

∑
i=0

A0e
−kniIni (x, y) (8)

where ni ranges 1.41 to 1.55. The choice of 9 (or more) terms to implement the normalised

exponential curve is supported by the subsequent TEM and XRR data, where A0 = 8.0×1018

and k = 31.5. In Fig. 4a, this resultant model using a distribution (red solid line) quanti-

tatively captures the representation the data (red circles) for zero-th order intensities. We

find that a Gaussian distribution (among others) can also adequately model the data (Sup-

plementary Information Fig. S2). The application of the gradient distribution of refractive

index implemented in the model for the zero-th and the other orders (first to third) is re-

ported in Fig. 4e, where the models (in solid lines) show an agreeable representation of

the experimental data. Due to the correlation of strain and amplitude established in the

bilayer model Eqn. 2, we are able to obtain a relationship between the intensity of orders

with amplitude in Fig. 4f. The intensity modulation of the orders describes the diffraction

efficiency dependence on the profile of the grating as function of strain or amplitude. Specif-

ically, the maximum efficiency for the grating can be estimated when the zero-th order goes

through the main minimum around εcomp ≈ 0.11 or A ≈ 0.45. (Supplementary Information

Fig. S3) Here the other three orders modulate towards a maximum, progressively increasing

the amount of diffracted light. This can be calculated as a percentage with respect to the

total diffracted intensity (zero-th order at 0 strain or Amplitude), reaching ≈ 30% of the

total light for the first and second order, and 5% for the third order. The residual loss might

be ascribed to adsorption/diffusion phenomena due to the PDMS thickness, and additional

light coming from the zero-th order.
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Effect of PDMS mechanical properties on diffraction of tuneable

gratings
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Figure 5: (a) Dependence of pattern amplitude on compressive strain εcomp, employing dif-
ferent prestrains. The disparity between the two lines (from εprestrain = 19-36% and 51%) is
ascribed to the onset of non-Hookean behaviour in PDMS in high-deformation conditions,
and non-linearity in the stress-strain relationship shown in inset. (b) Normalised zero-th
order intensities comparing experimental data (○) and modelled profile (- -) at different pre-
strains. The slight variation in the minimum position, at the highest prestrain (0.51), is due
to the non-Hookean behaviour of E, resulting in a higher critical strain. (c) Near collapse
of all zero-th order normalised intensity data when plotted as function of pattern amplitude
(demonstrating that apparent offsets in (b) arise from the mechanical history of the material.

When samples with different initial prestrains undergo an identical plasma treatment (i.e.

same power and exposure time), we observe that the modulation of intensities is dependent on

the amplitude versus strain evolution of the wrinkles. When the intensity of the zero-th order

is compared in samples having prestrains of 19%, 29%, 36% and 51%, initial discrepancies in

intensity against εcomp were observed. When the intensities are plotted with εcomp, it appears

that the position of the minimum for the highest εprestrain differs from the lower three, in Fig.

5b. This can be ascribed to the non-Hookean behaviour of the PDMS mechanical properties

with strain. When a PDMS coupon is stretched beyond ε = 0.4, the linearity of the stress-

strain relationship deviates leading to two different values for the elastic modulus, (i) and

(ii) as shown in the inset in Fig. 5a. Since the elastic modulus of PDMS directly affects

εc, and hence A, we are able to remodel the A vs εcomp curve accounting for the different

mechanical response at a given prestrain. When the Intensity vs ε graphs are converted to
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Intensity vs A (using the relationship between ε and A), the results for the different prestrains

collapse onto one curve, implying that the intensities are solely dependent on the amplitude

evolution of the samples for a given condition (demonstrated also for the first diffraction

order in Supplementary Information Fig. S4)

Additional diffraction orders at high deformations: period doubling

instability
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Figure 6: (a) Schematic describing the process of characterisation of wrinkled samples in
partial release, using a photopolymer (NOA) replica. (b) Pattern wavelength λ and secondary
period-doubling λ2 obtained by AFM (∎) and SLS (○) measurements of the replicas. (c) AFM
cross-sectional line profiles of conditions in the (iii) sinusoidal-like regime, (ii) transition,
and (i) period doubling regime. (d) SLS images showing the onset of period doubling as an
additional observable order (light grey) between the original zero-th and first orders, whose
intensity becomes increasingly pronounced with εcomp. (e) Dependence of the normalised
diffraction intensities of the 0th-3rd order with strain into high deformation regime, depicting
the emergence of period doubling at εcomp ≳ 0.3.

We next seek to investigate the effect of high deformations, specifically for prestrain above
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50% on the sample. An initial εprestrain of 0.6 was applied to the PDMS coupon undergoing

plasma treatment and the observation of the buckling development as the sample relaxes

was assessed using a photopolymer. As the sample is partially released, a drop of Norland

Optical Adhesive (NOA) is placed on the surface and covered with a glass slide. The NOA is

UV cured and the glass slide is removed to produce a replica at a specific intermediate strain.

This is repeated to produce a series at varying compressive strains and the wavelengths of

the replicas are characterised via AFM and SLS. As expected, the primary wavelength λ1

decreases with increasing strain, as per Eqn. 4. However as εcomp increases, the initially

sinusoidal-like buckling (Fig. 6c(iii)) deviates into a period doubling regime (Fig. 6c(i)),

resulting in the arise of a secondary wavelength, λ2 when εcomp ≥ 0.36.

This transition to frequency doubling can be observed and quantified with SLS. The

occurrence of an additional order can be clearly seen between the zero-th and first order,

giving rise to wavelengths corresponding to λ2. The order has a smaller wavenumber due to

the formation of a larger wavelength in a period doubling. By monitoring the intensity of the

new order as the sample is continually released, we are able to observe more accurately the

point of transition from sinusoidal to period doubling. In Fig. 6e, the grey circles indicate

the formation of a new order, where its intensity increases as the period doubling formation

becomes more prominent. For the other orders, the experimental data (○) and model (—)

were plotted accordingly with strain, showing good agreement for the zero-th and first order.

The discrepancies for the second and third order, where the experimental data show lower

intensities compared to the model curves could be attributed to the light being redirected

towards the formation of the new additional order, causing therefore a different phase shift

in the phase grating.

Real-space reconstruction from diffraction pattern (1D)

With the relationships between wavenumber q and λ, as well as the intensity and A es-

tablished for the graded wrinkled gratings, we devise a way to reconstruct a pattern real
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Figure 7: Reconstruction of a real-space image using a SLS diffraction patterns. (a) A
standard 1D SLS image with its zero-th, first and second order intensities identified. (b) The
purple and blue line represent model I0/I1 and I1/I2 with amplitude of the pattern, reported
in Fig. 4. Intersecting the equivalent intensity ratios from the experimental SLS image with
the model curve ratios, the surface amplitude can be extrapolated. (c) Reconstructed AFM
image obtained plotting a sinusoidal profile with Amplitude and wavelength extracted using
the previous analysis, compared with the relative experimental AFM profile.

space structure from a SLS image. For a given SLS image, such as one in Fig. 7a, we can

observe three diffraction orders. Wrinkling wavelengths can be readily obtained for spatially

calibrated SLS data, as shown in Supplementary Information Fig. S5). We further develop

the model reported in Fig. 4 to compare intensity ratios between adjacent orders. This

eliminates the need for a reference intensity (at zero strain for zero-th order), leaving the

dependency to the intensities of the orders solely within the image. Only 2 sets of adjacent

orders are required (I0/I1, I1/I2) to extrapolate the corresponding amplitude of the sample.

The first three orders (0th to 2nd) are chosen due to the smallest standard error between

the experimental results and the model. For a given SLS image, we can calculate the ra-

tio of intensities for the two set of orders, intersecting the corresponding amplitude of the

wrinkles. With both the wavelength and amplitude, we are able to create the real space

image by inputting A and λ in a sine wave equation describing the wrinkled surface where

f(x) = Asin(2πx/λ), producing Fig. 7c which agrees well with the experimentally measured

AFM profile.
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Real-space reconstruction from diffraction pattern (2D)

The diffraction of buckled samples is of course not only limited to one-dimensional profiles.

Two-dimensional wrinkles can also exhibit varying diffraction patterns, possessing two dif-

ferent sets of orders depending on the fabrication conditions. 2D wrinkling patterns can be

fabricated through an intermediary replication step, to minimise crack-formation.14 A 2D

wrinkling pattern was fabricated through the replication of an initial 1D sample where the

sample has an initial εprestrain = 0.10, undergoing plasma treatment of 20 W for 2 min. The

replica was subsequently rotated through an angle θ, before undergoing the same conditions

of exposure under strain. When released, this results in a 2D wave superposition creating

”sand ripple”-like patterns which can be tuned with angle with a final pattern morphology

described as a superposition of sine waves. Therefore, 2 sets of first order intensities can

be observed, each set corresponding to either the first or second generation. An intensity-A

model (Fig. 8b) can be established given wavelength and amplitude data (Fig. 8) with strain

for the given conditions. In a similar manner to the 1D, by taking the ratio of intensities

between the generations, the amplitudes of both the generations can be deduced from a

model. For a 1D sample, the A for the maximum ε of 0.10 is 0.115 µm. When 2D samples

with angles ranging from 20○ to 90○ are measured under light scattering, it is observed that

there is a boundary between 35-45○, where the intensity of the first generation exceeds that

of the second below this range while the converse happens beyond (Fig. S6). As a result, it

can be observed that at 20○, the 1st generation is brighter than the 2nd, while at 50○ the 2nd

generation is more prominent. At lower angles where θ < 35○, the development of amplitude

of the first generation takes precedence over the second, while when θ > 45○, the second gen-

eration formation dominates the first. This is due to the relation of formation of the surface

topography with respect to its principal co-ordinates x and y. When the second generation

has a larger strain component in the y direction than x, it suppresses the amplitude in the

first generation. As a result, when θ = 20○ we can take the maximum amplitude to belong

to the first generation while for θ = 50○, to the second generation. Subsequently, by taking
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the ratio of intensities of the two generations, the other generation can be deduced using

the model. The wavelengths of the individual generations can be gathered as in the 1D case

(Supplementary Information Fig. S7). With both information of amplitude and wavelengths

of the two cosine waves, a real space image can be reconstructed, in good agreement with

the experimental AFM images.
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Figure 8: (a) Schematic of 2D wrinkling pattern formation: An initial 1D wrinkled sample
(P = 20 W, t = 120 s, ε = 0.1) is replicated with fresh PDMS. The replica is then stretched
uni-axially, rotated at an angle θ and exposed to a second plasma oxidation. Upon release
of the secondary strain, a secondary pattern is formed as result of a 2D Fourier wave super-
position. (b) Green solid line shows the first order intensity model at P = 20 W, t = 120
s. Black solid line shows the amplitude and intensity at ε = 0.1 (experimental prestrain),
with A = 0.11 (maximum amplitude). At smaller angles, below the range of 35-45○, the first
generation component in the maximum amplitude is predominant, while at larger angles
the 2nd generation component takes over. (c) Construction of a real space image of a 2D
pattern. The SLS image of a 2D pattern with θ = 20○ shows two sets of 1st order diffraction,
belonging to the first and second generation, at an angle θ. Wavelengths and amplitudes can
be extracted and used to build a real-space image from the 2D SLS, shown in (ii). (d) For θ
= 50○, the SLS image shows 2 sets of first order intensities separated by 50○, with intensity
of the 2nd generation brighter than the 1st. The amplitude and wavelengths from the SLS
allows for the reconstruction of real space image in (ii), agreeing with the experimental in
(iii).
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Conclusions

We have explored the fabrication of 1D and 2D strain-tuneable phase gratings by means of

the mechanical wrinkling of plasma oxidised PDMS employing, respectively, uni- and biaxial

strain fields. While 1D phase gratings have been previously demonstrated by the wrinkling of

bilayers comprising a polymer thin-film supported onto PDMS,15,22 the fabrication method

employed here is considerably simpler, removing the need to float and deposit the glassy

film, as well as more robust, by ensuring covalent bonding of the skin layer and preventing

delamination or crumpling. We resolve and quantify up to 4 diffraction orders resulting from

plasma-oxidised PDMS samples, which are strain-controlled and thus tuneable, or fixed (or

static) by the release of a selected pre-strain condition. The intensity of the various diffrac-

tion orders is modulated by strain, as the sample undergoes relaxation (εcomp), providing a

maximum total diffraction efficiency of 48%.

We find that phase gratings fabricated via this method cannot, however, be described

by conventional sinusoidal phase grating equations. We attribute this fact to the gradient

nature of the glassy skin layer, originating from the directional conversion process that

emanates from the top surface during plasma oxidation. By incorporating a distribution of

refractive index in the skin formed, we succeed in quantitatively modelling the diffraction

data. Further, the precise data modelling of the strain dependence of the diffraction data

requires the consideration of non-Hookean properties of PDMS, due to the change in elastic

modulus at sufficiently high strain affecting primarily the buckling amplitude.

We then also examine the optical behaviour of these phase grating at higher deformation,

when buckling deviates from the sinusoidal regime towards period doubling. This leads to

the emergence of an additional diffraction order, as a result of a secondary wavelength formed

upon ‘doubling’ events. The precise strain of period doubling formation can be monitored

through light scattering, where the increase in intensity of the new order is an indication of

its development.

Significantly, we find that diffraction patterns can be used to fully resolve the surface
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structure in simple manner. The real-space image of a wrinkled sample can be effectively

reconstructed by obtaining the wavelength and amplitude through a diffraction image, and

this can be extended beyond the one dimensional to two dimensional samples showing double

sets of diffraction series corresponding to the respective generations. Light scattering is thus

demonstrated as an rapid and effective tool to resolve the surface topology of these systems.

We believe that our findings are relevant to a range of applications, including the develop-

ment of flexible responsive optics benefiting for a facile manufacturing route. The structural

colour exhibited from such gratings could also give rise to mechanochromic functionalities

with potential applications in displays and smart windows.

Experimental

Sample preparation

Sylgard 184 (Dow Corning) was employed by mixing the prepolymer and crosslinker at a 10:1

ratio by mass; the mixture was vigorously stirred with a spatula, degassed under vacuum,

deposited on a glass slab, and cured at 75○C in a convection oven for 1 h to crosslink into

an elastomer which, despite containing several additives, we term polydimethyl siloxane

(PDMS) for simplicity. The PDMS slab obtained, with a thickness of 2.5 mm, was cut

into coupons of 2.5 cm × 3 cm. Samples were clamped onto a strain stage attached by

a motor actuator and strained to the required εprestrain at a speed of 0.02 mm2 with a

precision of ± 0.001 mm. The applied prestrain is calculated with respect to the initial

and final distance between the clamps before and after stretching, L0 and L1 respectively:

εprestrain = (L1 −L0)/L0.

Surface oxidation

Surface plasma oxidation was performed using a 40 kHz Diener Plasma (Femto), fitted with

a pressure sensor (TM 101, Thermovac) and an oxygen gas cylinder (BOC, 99.5% purity).
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The chambers were evacuated to a pressure of 0.2 mbar, before flowing the gas for 5 min

until the desired pressure was reached and stabilised. The plasma was then ignited, at the

required power, and exposure, controlled with a timer. Power setting of p =70 W and oxygen

pressure of P = 1 mbar was used, with exposure time t =420 s.

Pattern characterisation

Wrinkling morphology of samples were evaluated by means of atomic force microscopy (AFM)

employing a Bruker Innova microscope in tapping mode, equipped with with Si tips (MPP-

11100-W, Bruker), at 0.2 Hz , and analysed with the in-built Nanoscope software. Wave-

lengths and amplitudes were averaged over a series of three measurements recorded over

areas of 50 µm × 50 µm scanning windows.

Static light scattering

Static light scattering setup consisting of a Diode Pumped CrystaLaser (532 nm, 500 mW)

(Fig. 2(i)), Neutral density filter wheel consisting of 2 sets of filters - 0.2-0.6 and 1.0-4.0

(Thor Labs) (ii). The laser light is reflected by a mirror (iii) at 45○ and passes perpendicular

through the sample. The distance from the sample to the screen is 10 cm. The diffraction

patterns (v) formed on the screen are monitored when the sample undergo light scattering as

it undergoes motorised compression through an automated strain stage (iv) to form sinusoidal

wrinkles. SLS images are collected by means of a 16-bit CCD cooled camera (Hamamatsu

Orca), controlled by the in-built software Wasabi. The use of a photodiode attached to

a digital console (Thor Labs) was also supplemented to monitor single point diffraction

orders (Supplementary Information Fig. S8). The range of ND filters utilised were varied

throughout the experiment to maximise the intensities observed without saturating the CCD

camera.
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