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Flower Inspiration: Broad-Angle Structural Color through 
Tunable Hierarchical Wrinkles in Thin Film Multilayers

Chao Chen, Chiara A. Airoldi, Carlos A. Lugo, R. Konane Bay, Beverley J. Glover, 
and Alfred J. Crosby*

The petals of some flowers form hierarchical structures when nano-scale 
cuticular ridges overlay bulged epidermal cells. These hierarchical structures 
can broaden the observable angles of iridescence. The resulting optical effect 
enhances the foraging efficiency of pollinators. Although efforts have been 
devoted to mimicking this unique broad-angle structural color, the intrinsic 
tunability offered by natural systems to control such a broadened spectrum is 
still absent in synthetic models. A hierarchical system is developed that pro-
vides hierarchical wrinkle-based structures that tune the observable angles 
for structural color. Laser diffraction measurements demonstrate that the 
observable angle of reflectance is broadened in proportion to the square root 
of the applied compressive strain. The morphology controls the diffraction 
pattern: the small wrinkles control the diffraction angles and the large wrin-
kles broaden the observable range. The development of a multi-mode wrin-
kling system to produce this broad-angle structural color only occurs within a 
limited range of conditions, which are experimentally discovered and theoreti-
cally modeled. Without diffractive small wrinkles, single wrinkling modes do 
not display structural colors. The control of wrinkling modes mimics the tun-
ability of petals, which gives new insight into the natural system and provides 
a robust foundation for tunable structural color control.
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colors vary with viewing angles and are 
referred to as iridescent.[3,4] Structural 
color is ubiquitous in daily life from soap 
bubbles[5] to compact discs.[6] In nature, 
animals[4] including insects,[7–9] birds,[10,11] 
and reptiles[12] have evolved nanostruc-
tures or microstructures which generate 
iridescence used in signaling,[13] thermal 
regulation,[9] and camouflage.[14] In plants, 
structural colors have been discovered on 
petals,[6] leaves,[15] and fruits.[16]

Surprisingly, many structural color 
systems found in nature have reduced 
or eliminated angular dependence. In 
the well-known case of blue Morpho but-
terflies, the dorsal side of their wings 
appears a stunning blue structural color, 
nearly angle independent—a pigment-like 
attribute.[7] In the case of flower petals, 
such as those of Hibiscus trionum, a broad-
angle spectrum of the structural color 
appears in addition to the purple pigment 
color on the proximal part of a petal (the 
dark region in Figure  2a,b). This unique 
iridescent spectrum has been shown to 

enhance the foraging efficiency of pollinators.[6,17] Over the 
last decade, biomimetic designs of broad-angle iridescent 
materials[18] have emerged in the field of coatings,[19] reflec-
tive displays,[20] optical sensors,[21] energy harvesting,[22] and 
advertising.[23] However, these systems do not provide intrinsic 
tunability, which is offered by natural systems. Here, we take 
inspiration from how multi-mode structural color develops 
within flower petals to develop a robust material system, which 
offers structural color with an enhanced viewing angle range. 
We further develop quantitative models to provide under-
standing of our synthetic system as well as new insight into the 
natural systems.

2. Natural Structure and Performance

Broad-angle structural color originates from hierarchical struc-
tures that cause complex optical interference. For example, the 
cuticle on H. trionum petals[6,24] forms nano-ridges on bulged 
epidermal cells (Figure  2c,d). Optical interference with the 
nano-ridges on the H. trionum petals forms near-UV structural 
colors, whereas the large bulged cells do not directly interfere 
with light, but tilt the normal direction of the nano-ridges. On 

1. Introduction

Structural color originates from optical interference through 
nanostructures or microstructures rather than molecular 
absorption.[1] Typical diffraction structures include gratings 
(Figure  1a), photonic crystals,[2] and multilayered thin films.[3] 
The wavelengths of light that experience interference depend 
on the spacing of structures mediated by the incident and 
receiving angles. Therefore, the observable angles are distinct 
for a color with a particular wavelength (Figure  1a). These 
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average, the receiving angle of the structural color is broadened 
through hierarchical structures (Figure 1b).

This wrinkle-based structural color system develops during 
the growth of petals, indicating the ability to dynamically tune 
the optical performance. Figures  2e,f show the petal surfaces 
before and after the formation of the nano-ridges. The epi-
dermal cells bulge before the cuticle forms ridges. The nano-
ridges initiate when the petals are closed in the flower bud and 
fully develop by the time the flower opens. The epidermal cells 
provide a natural curvature, which broadens the angle of the 
diffraction. The petals also demonstrate that potential path-
ways for tunability may exist, in that nano-ridges only form in 
distinct regions. The iridescent part of the H. trionum petal is 
limited to the proximal region where the cuticle forms ridges 
(the dark region in Figure 2b).[6,17,24] The distal part of the petal, 
which lacks cuticle striation, is not iridescent (the white region 
in Figure 2b). We directly demonstrate a significant difference 
in the laser reflection patterns from these regions (Figure S1, 
Supporting Information). The directional reflection from the 
iridescent part contains a mixture of broadened diffraction sig-
nals and specular reflection, similar to previous studies.[6,17,24] 
In comparison, the reflection signal from the non-iridescent 
white part of the petals is random.

Wrinkling, through the growth of cuticle on bulged epi-
dermal cells,[25] gives rise to the tunability of hierarchical struc-
tures that control the broad angle spectrum of structural color 
in different regions. Recent examples in the literature[26–31] 
provide some of these attributes. For example, a bio-inspired 
structure resembling Queen of the Night tulip petals, formed by 
wrinkling a film containing a pre-etched nano-grating, mim-
icked the flower’s iridescent effect of this flower and the angle 
broadening of diffraction.[31] However, none of the previous 
studies integrate intrinsic multilevel developmental processes, 
thus limiting their tunability.

3. Synthetic Bioinspired Structure  
and Performance
We present the use of a precisely-defined multilayered film to 
develop hierarchical wrinkles that gives rise to structural color 
over a broad viewing angle (Figure 1b). In contrast to previous 
work,[26,28,29,32–37] we utilize mechanical wrinkling of thin film 
multilayers to achieve efficient, complex, controlled hierarchical 
structures over a large area.

We fabricate the thin film multilayers through a layer-by-layer 
deposition[38] as shown in Figure S2, Supporting Information. 
This fabrication precisely controls the thicknesses and mechan-
ical moduli of the constituent layers (Table S1, Supporting 
Information ). The multilayer composite is compressed uniaxi-
ally with a global compressive strain, ε. After compression, the 
multilayer surface develops intense structural colors as shown 
in Figure S2e, Supporting Information. We use laser reflective 
diffraction experiments to quantitatively study the broadening 
effect of the structural color as a function of materials param-
eters and applied compressive strain (Figure 3). The laser beam 
with a wavelength λlaser = 543 nm is incident to the multilayer’s 
surface with a fixed angle α = 45o and a screen with a normal 
direction β  = 45o receives the reflective signals (Figure  1). We 

Figure 1.  Schematic of the broadening mechanism of structural color by 
a hierarchical structure. A laser is incident to a reflective surface. The 
incident angle is α. The angle to receive reflection is β. a) The surface 
contains a diffractive periodic grating. The receiving angles of the single 
grating are discrete with narrow bands. b) The surface contains a hierar-
chical structure with two periodicities. The small structure is diffractive 
and the large structure broadens the receiving angles.

Figure 2.  a) A blooming Hibiscus trionum flower and b) a mature petal 
under solar light. The surface structures on the iridescent proximal part 
of a mature petal through c) cryo-SEM imaging of a cross section and  
d) optical profilometry of the surface. The width of the optical profilom-
etry image and the profile inset is 100 µm. The height of the profile inset 
is 10 µm. The microscopy images show the surface morphologies e) pre- 
and f) post-striation on the iridescent part of the petal. The insets show 
the appearance of an 8 mm-long bud whose epicalyx has been removed 
to reveal the size, and an open flower.
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describe the details in Section  5. We relate diffraction broad-
ening to the development of the hierarchical structures under a 
sequentially increased compressive strain (Figure 4).

Furthermore, we discover experimentally and model quanti-
tatively that the morphology changes from hierarchical wrinkles 
with two periodicities (Figure  5a) to wrinkles with one large 
wavelength (Figure 5b). This change depends upon the multi-
layer properties and applied compression level. Our findings 
guide the rational design of wrinkling photonics with broad-
angle iridescence and provide quantitative insight into how 
natural systems are specified to provide this attractive attribute.

3.1. Compression Induced Diffraction and Broadening

Compression of the thin film multilayer produces a reflection 
as shown in Figure  3. We summarize the material properties 
and the geometry of the multilayer in Table 1. Before compres-
sion, the reflection at β  =  α  = 45o is specular—no diffraction. 
With a compressive strain ε = 1.1%, two primary diffraction sig-
nals appear at the receiving angles β = 33.8o and 59.1o. When ε 
increases to 2.2%, the reflection only slightly broadens. At this 
stage, we infer a periodic grating structure has formed by the 
compression of the multilayer.

The reflectance broadens significantly when the compres-
sive strain reaches 3.3%. When strain reaches 5.6%, the spec-
ular reflection signal and the diffraction signals interpenetrate. 
The intensity starts to decrease with further compression. At 
ε = 7.8%, the signals are homogenized, highly similar to the 
reflection of the iridescent part of H. trionum petals (Figure S1, 
Supporting Information). The tuning range of the observable 
angle reaches 20o by adjusting the applied compressive strain 
over a range of ≈9% (Figure 3).

Figure 3.  Laser reflective patterns from the thin film multilayer subject 
to successively increased compressive strain, ε. The wavelength of the 
incident laser λlaser is 543 nm. The incident angle α is 45o. The angle to 
receive reflection is β. A screen with a normal direction β as 45o receives 
the reflective signals. The dashed lines indicate the plots of broadened 
angle IIβ ε ε∆ ≈ − , where εII is the critical strain of the broadening. The 
initial width of the diffraction pattern is included.

Figure 4.  The development of surface morphologies of the thin film multilayer subject to compression. a) Schematics. The multilayer contains three 
layers of thin films. The plane-strain moduli are 0E , 1E , and 2E  for the substrate layer, the middle layer, and the top layer, respectively. The thickness of 
each layer is h0, h1, and h2, respectively. The wavelength and amplitude of the small wrinkles are λI and AI and that of the large wrinkles are λII and AII. 
b) The surface morphologies observed through optical profilometry with successively increased compressive strain ε.
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The diffraction signal is largely reversible during unloading, 
but a weak residual narrow-band diffraction remains when the 
compression is completely released. This effect is likely due to 
the onset of plastic deformation in materials, as they are com-
pressed beyond a critical strain.

3.2. Relating Optical Response to Wrinkling Mechanics

The broadening effect of diffraction can be directly related to 
the development of surface morphologies of the multilayer 
under compression as shown in Figure 4. Before compression, 
the surface is nearly flat to enable specular reflection. When 
a compressive strain ε reaches 1.1%, small wrinkles form. We 
label these small wrinkles that emerge first as wrinkle-I. The 
wavelength of the small wrinkles, denoted as λI, is 3.4 ± 0.2 µm. 
As ε increases to 2.2%, the amplitude of the small wrinkles 
increases. This morphology of small wrinkles is consistent with 
a periodic grating that gives rise to separated and narrow-angle 
diffraction signals, as shown in Figure 3.

When the multilayer is further compressed to ε = 3.3%, large 
wrinkles form in addition to the small wrinkles. We label these 
large wrinkles that emerge at larger strains as wrinkle-II. Their 
wavelength, denoted as λII, is 167 ± 26  µm, which is much 
larger than λlaser and λI. Therefore, the large wrinkles do not 
interfere with the optical signal but tilt the normal direction of 
the grating surface. Hence, over a large area of reflection, the 
diffraction angle is broadened.

As compressive strain increases to 5.6%, we observe that 
the amplitude of the smaller wrinkles changes with respect to 
position along the larger wrinkles. Their amplitude decreases 
on the peaks and increases in the valleys of the larger wrin-
kles. This systematic distribution of the amplitude of small 
wrinkles reflects the stress distribution on the surface of the 
large wrinkles. As the large wrinkles amplify, the magnitude 
of compressive strain on the surface decreases near the peaks 
and increases in the valleys for wrinkle-II. This change in local 
compressive strain causes the wrinkle-I features to change in 
amplitude locally. Thus, these wrinkle-I changes decrease the 
diffraction intensity.

The onset compressive strain and wavelength for each 
level of wrinkles can be quantitatively predicted by applying 
a bilayer wrinkling theory[39–42] to each set of bilayers within 
the multilayer composite. A comparison of experimental and 
theoretical values is provided in Table  1, along with the layers 

Figure 5.  Collapse of hierarchical wrinkles to single wrinkles. A finite ele-
ment calculation on a thin film multilayer with a) a hierarchical wrinkling 
mode and b) a single wrinkling mode. c) A diagram of hierarchical wrin-
kling mode and single wrinkling mode, as well as the transitional mode 
when the small wrinkles occur after the emergence of large wrinkles. The 
orange dots represent the calculated results through the finite element 
analysis. The black dots indicate the experimental results with polystyrene 
as the top layer material. The blue dots indicate the experimental results 
with gold as the top layer material. The diamonds represent the hierarchical 
wrinkles with broad-angle diffraction. The triangles represent the non-dif-
fractive single wrinkles. The squares represent the intermediate mode of 
partial hierarchical wrinkles. The boundary line between the hierarchical 
wrinkling mode and the intermediate mode is E E h h E E( / )( / ) 4( / )2 1 2 1

3
0 1

2= .  
The empirical boundary line between the single wrinkling mode and the 
transition mode follows E E h h( / ) ( / )2 1 2 1

3≈ − . The plane-strain moduli mis-
match between Layer-1 and Layer-0, E E/1 0 , is 68.

Table 1.  Hierarchical wrinkling properties of a synthetic multilayer as well as the properties of layers.

Experiment Bilayer wrinkling theory Finite element analysis

Wrinkle-I Critical strain, εI [%] <1.1 0.46 ± 0.11 0.55 ± 0.14

Wavelength, λI [µm] 3.4 ± 0.2 2.83 ± 0.55 2.59 ± 0.52

Wrinkle-II Critical strain, red εII [%] 2.2 ≈ 3.3 3.12 ± 0.66 2.1 ± 0.2

Wavelength, λII [µm] 167 ± 26 163.5 ± 22 188.5 ± 25

Thickness Young’s modulus Poisson’s ratio

Layer-0 (PDMS(40:1)) 186 ± 26 [µm] 33.0 ± 1.3 [kPa] 0.5

Layer-1 (PDMS(5:1)) 9.19 ± 0.26 [µm] 2.25 ± 0.63 [MPa] 0.5

Layer-2 (Polystyrene) 61.3 ± 4.8 [nm] 3.17 ± 0.21 [GPa] 0.34
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used in the bilayer theory to determine the theoretical values. 
Our precise control of individual layer properties and thick-
nesses (Table S1, Supporting Information) allows for this 
quantitative comparison.

The quantitative description of the hierarchical surface mor-
phology allows the diffraction and broadening properties to be 
quantitatively connected to the multilayer structure and prop-
erties. We identify two key properties: the primary angles of 
diffraction and the broadened angles of each diffraction signal. 
Considering a grating surface with a periodicity, λI, (Figure 1a) 
the angle to detect reflective signal satisfies the grating condi-
tion of diffraction,

(sin sin )I laserλ α β λ− = k 	 (1)

where the integer k is a multiplier of the light wavelength.[43] 
The terms on the left-hand side of Equation (1) determines the 
optical path difference reflected from the neighboring gratings. 
When the path difference matches an integer multiple of the 
optical wavelength, on the right-hand side of Equation (1), the 
interference becomes constructive. When k  = 0, β  =  α  = 45°,  
the reflection located in the center in Figure  3 is specular like 
a mirror. Note the specular reflection angle is independent of 
the optical wavelength and therefore non-selective to colors. 
k  =  ±1 indicates the primary diffraction detected in Figure  3. 
The experimental diffraction angles are β  = 33.8° and 59.1°. 
With the measured grating periodicity, λI  = 3.4 ± 0.2  µm on 
this sample, the theoretical diffraction angles according to 
Equation (1) are 33.2° ± 0.6° and 60.1° ± 1.1°, which agree well 
with the experimental measurement.

We analyze the broadening effect of diffraction related to 
the large wrinkles that tilt the grating surface. Consider a light 
incident to a tilted grating plane with a tilt angle θ (Figure S3, 
Supporting Information). With respect to the horizontal line, α 
and β become the nominal incident and receiving angles. The 
actual incident angle α′ and receiving angle β′ with respect to 
the tilted grating plane are adjusted such that α = α′ + θ and 
β = β′ − θ. As the actual incident angle α′ and receiving angle 
β′ follow the grating equation (Equation (1)) to form diffraction, 
we can determine the nominal receiving angle β accordingly.

The tilt angle of the grating surface varies over a wavelength 
of the large wrinkles. The maximal tilt angle |θm| is governed 
by the aspect ratio of large wrinkles. The shape of the large 
wrinkles obeys a sinusoidal form, such that tan|θm| = πAII/λII,  
where AII is the amplitude and of the large wrinkle-II 
(Figure  4a). According to the bilayer wrinkling theory, the 
aspect ratio of the large wrinkles is / (2/ )II II IIλ π ε ε= −A .  
Therefore, taking the tilt angle θ between −θm and θm, we 
readily calculate the broadened receiving angle of Δβ. To sim-
plify the analysis, we take the aspect ratio of the large wrinkles 
to be small and approximate an explicit form of the broadened 
angle of diffraction:

4 1
cos

1 / sinlaser II
2

IIβ α

λ λ α
ε ε

( )
∆ = +

− −













 −

k
	 (2)

Equation (2) characterizes the limits of the broadened angles as 
the tilt angle reaches its maximum. Essentially, IIβ ε ε∆ ≈ − ,  

which is plotted as dashed lines in Figure  3. This scaling 
describes the broadening effect well. Accordingly, the tuning 
accuracy of the observable angles is set by the accuracy of the 
applied compressive strain. In our system, the strain accuracy 
is ≈0.1%, which corresponds to an observable angle range 
accuracy of 0.2o.

Based on the specific history of applied compressive strain 
used in our approach, the hierarchical structure and the associ-
ated optical effect remain stable when the system is released 
from the mechanical apparatus. Even though we use elastic 
materials, the thin film multilayer is naturally compressed by 
the prestrained mounting layer substrate. Alternatively, dif-
ferent materials could be selected to permanently fix the hier-
archical structure if different strain histories are preferred. 
For example, the multilayer could be an elastomer that can be 
crosslinked after wrinkle formation, as demonstrated previ-
ously for single wavelength surface wrinkles.[44,45]

3.3. Structure and Process Controlled Limits

The development of reflective diffraction across an enhanced 
angular range only exists for a finite range of structures and 
processing conditions. In other words, for multilayers with 
individual constituents that do not have appropriately tuned 
mechanical responses, a single wrinkle with one wavelength 
will develop upon compression. We observed evidence of this 
limited range experimentally. For example, when we reduce 
the thickness of Layer 1 from 9.19  µm to 0.732  µm and keep 
all other layers the same as in Table 1, the small wrinkles dis-
appear (Figure S4a, Supporting Information). The same single 
wrinkling mode also occurs when we change Layer 2 from a 
polystyrene film to a 50 nm-thick gold film and keep other 
layers the same as in Table 1 (Figure S4b, Supporting Informa-
tion). A laser reflection experiment on a single wrinkling sur-
face with a large wavelength does not show a diffraction signal 
(Figure S4c, Supporting Information). Also, similar limitations 
are observed in natural systems. For example, the iridescent 
part of H. trionum petals is limited to the proximal region 
where the cuticle forms nano-ridges (Figure 2b–d, Region 1 in 
Figure S1, Supporting Information). Meanwhile, the distal part 
of the petal is not iridescent and the cuticle on the epidermal 
cells is smooth without striations (Region 3 in Figure S1, Sup-
porting Information).

We used a numerical model to understand these boundaries 
for defining multilayer composites that will develop hierar-
chical wrinkles. We describe the details in Section  5. We con-
sidered the variance of three dimensionless parameters that 
represent the thicknesses and moduli mismatch between layers 
as governing parameters: h2/h1, /2 1E E , and /1 0E E , where hi 
denotes the layer thickness, Ei  denotes the plane-strain mod-
ulus, and the subscript i represents the layer index marked as 
in Figure 4a. We neglect the finite thickness effect of Layer 0, 
h0. Therefore, in this limit, hierarchical wrinkles (Figure  5a) 
with enhanced reflection diffraction angles develop primarily 
when h2 is less than h1 by a critical ratio related to the elastic 
moduli mismatch /1 0E E  (Figure 5c).

We developed an analytical relationship for this boundary 
by setting the critical strain for bilayer wrinkling for Layer 1 

Adv. Funct. Mater. 2020, 2006256



www.afm-journal.dewww.advancedsciencenews.com

2006256  (6 of 7) © 2020 Wiley-VCH GmbH

and Layer 2 equal to the critical strain for wrinkling a bilayer 
comprised of a composite layer and Layer 0. In the regime of 
single wrinkling, a bilayer composite comprises Layers 1 and 
2 to wrinkle on the substrate Layer 0 (Figure  5b).[46,47] The 
elastic properties of the composite are characterized by its 
stretching modulus ES  and bending modulus EB , both asso-
ciated with the modulus and thickness of each layer.[48] The 
critical strain of the single wrinkling of the composite layer is 
(3 / ) ( /4 )0

2/3E E E EB B S . In the regime of hierarchical wrinkling, the 
small wrinkles trigger first and lead to the hierarchical wrin-
kling. As the full analysis of the small wrinkling of Layer 2 on 
the composite substrate with Layers 1 and 0 was carried out by 
Jia et al,[48] we simplify the onset dictated by the bilayer wrin-
kling of Layer 2 on Layer 1, which gives the critical strain of the 
small wrinkling (3 / ) /41 2

2/3E E . By comparing the critical strains 
for these two wrinkling modes, we readily obtain the line of 
equivalence for the critical strains. In the limit of 2 1�E E ,  
h2 ≪ h1, and 2 2 1 1>E h E h , this critical strain equivalence condi-
tion simplifies to be: ( / )( / ) 4( / )2 1 2 1

3
0 1

2=E E h h E E . This line is 
plotted as the boundary line in Figure  5c, which shows excel-
lent agreement with the numerical and experimental data that 
define the wrinkling morphologies. This line also precisely cap-
tures the mode transition demonstrated in Jia et al.[48]

Beyond this boundary, the large wrinkles form before the 
surface shows any diffractive small wrinkles. Within a certain 
limit, the small wrinkles show partially in the valleys of large 
wrinkles where there is a concentration of compressive strain. 
The boundary between the transitional partial hierarchical 
wrinkling and single wrinkling is beyond the analytical model. 
Empirically, we find the scaling of this boundary line defined by 
the experiments and simulations follows / ( / )2 1 2 1

3E E h h≈ − .
Interestingly, for systems where hierarchical wrinkling is 

favored at low strains, a limit of partial hierarchical wrinkling 
is also found for high strains. In these systems, the strain dis-
tribution is set by the larger wrinkle waveform and disrupts the 
uniformity of small wrinkle amplitudes. This disruption causes 
the reflection diffraction pattern to also decrease in intensity. 
These transitions are beyond the capabilities of analytical mod-
eling, but our experiment and numerical model provide insight 
into how this disruption develops at large strains. As the large 
wrinkles amplify with the increased compression, the magni-
tude of compressive strain on the surface decreases around 
the peaks and increases in the valleys of large wrinkles. The 
amplitude of the small wavelength decreases and even disap-
pears due to the loss of compressive strain near the peaks. 
Similar surface morphologies were investigated on a buckled 
free-standing thin film bilayer.[39,49] Therefore, under very high 
strains, the loss of the majority of small wrinkles (except the 
very limited amount in the valleys) effectively reduces the inten-
sity of the optical diffraction.

Importantly, this new knowledge not only provides techno-
logical advances for materials design but also helps to iden-
tify the limits for natural systems. For example, the material 
properties of the cuticle layer relative to the plant cell wall 
must fall within a specified range to allow for hierarchical 
wrinkling in the proximal parts. Additionally, the compressive 
strains induced during cuticle production must not exceed 
a critical value that would lead to non-uniform amplitudes in 
the small scale wrinkles. These predictions help to frame new 

measurements in plant science and provide guidelines in devel-
oping new experiments to identify factors that may disrupt nat-
ural wrinkling in plants.

4. Conclusion

We have presented a tunable design of hierarchical wrinkles on 
thin film multilayers to harness the broadening mechanism of 
structural color. We utilized mechanical hierarchical wrinkling 
as the fabrication method to achieve complex, controlled hier-
archical structures over a large area and with efficiency. We 
related the diffraction features to the development of the hier-
archical structures under a sequentially increased compressive 
strain. We found that the small wrinkles govern the primary 
diffraction angle following the grating interference theory, and 
the large wrinkles broaden the diffraction signals.

A primary advantage of this system, as supported by our 
theoretical model, is that the broadening of the diffraction 
signal can be systematically tuned by the applied compressive 
strain. Our experiments and models also demonstrate that this 
enhanced control is only available for a limited range of elastic 
moduli, layer thicknesses, and compressive strains. Taken 
together, this new quantitative understanding is anticipated to 
guide the selection of materials and conditions for photonic 
devices with real-time tuning capabilities.

5. Experimental Section
Experimental Section is included in the Supporting Information.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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