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This work reveals the thickness dependence of the wrinkling 

behaviors of plasma-treated PDMS films. For thick films, the 

wrinkles can be predicted by the classic nonlinear finite 

mechanics, giving rise to brilliant structural colors. For thin 

films, the wrinkles are large and random. These observations 

provide new opportunities for understanding the wrinkling 

mechanics and have promising applications in smart optical 

materials. 
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ABSTRACT  
We report a remarkable thickness-dependent wrinkling behavior of oxygen plasma-treated 

polydimethylsiloxane PDMS films, in which an energy barrier separates the wrinkling mechanics into two 

regimes.  For thick films, the film wrinkles with a constant periodicity which can be precisely predicted by the 

classic nonlinear finite mechanics. Reducing the film thickness below 1 mm leads to nonuniform wrinkles with 

an increasing periodicity which gives rise to random scattering and transparency changes under mechanical 

strains. By tuning the film thickness, we were able to control both the quality and size of the periodic wrinkles 

and further design mechanochromic devices featuring brilliant structural colors and programmable colorimetric 

responses. This work sheds light on the fundamental understanding of the wrinkling mechanics of bilayer 

systems and their intriguing mechanochromic applications.  
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1 Introduction 
Wrinkles on bilayer films with mechanical modulus 

contrast under mechanical or thermal perturbations 

were recognized in 1998 in the study of elastomer 

polymer-supported metal films.[1] Before that, 

wrinkles were regarded as mechanical failure and 

many efforts had been made to avoid the wrinkle 

formations. Subsequent studies revealed that 

wrinkles, generally formed on a thin rigid layer with 

high elastic modulus, were universal characteristics of 

many bi-layered structures, such as metal,[2-4] 

semiconductor,[5-8] C,[9-12] polystyrene,[13-16] and 

oxides on PDMS films.[17-22] It was then realized that 

this classic mechanical behavior could be carefully 

controlled and intentionally engineered into micro- or 

nanoscale with well-defined geometries and complex 

structures.[23] Together with the transparent 

characteristics of the elastomer, these unique 

wrinkling behaviors  have been explored for various 

applications in stretchable electronics,[24] optics,[20, 
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21, 25-28] anti-counterfeiting,[29] and engineering 

mechanics.[9, 13, 30]  

For many years, the semi-linear deformation 

mechanics is regarded as a fundamental description 

of the wrinkling process. It predicts that the 

periodicity of wrinkles is determined by the thickness 

of the top rigid layer and the elastic modulus ratio 

between the rigid layer and the bottom elastic 

substrate.[31-38] In a systematic study of stretching 

instability of Si ribbons-bonded PDMS films, a 

nonlinear finite mechanics was proposed by 

minimizing the perturbation energy.[6] In contrast to 

the semi-linear mechanics, the nonlinear finite 

mechanic takes the effects of strain on the periodicity 

(P) and amplitude (A) of wavy deformation into 

consideration. However, these mechanics fail again to 

investigate the effects of substrate thickness as it treats 

the substrate as a semi-infinite solid film and applies 

an infinite boundary condition to the perturbation. 

Albeit extensive experimental studies of various 

bilayer structures, the importance of substrate 

thickness has never been recognized in previous 

literature. Most reported methods generally produce 

wrinkles of large periodicity (several micrometers) or 

wrinkles with only short-range orders, which are 

found to be independent of the substrate thickness. As 

the optical performances of wrinkled bilayers are 

highly dependent on the wrinkle quality and size, it is 

therefore believed that the potentials of these unique 

wrinkling bilayer films have not been fully exploited. 

Herein, we reveal the significant impact of the 

thickness of the PDMS base films on both the 

periodicity and quality of the wrinkles formed under 

mechanical strains. This new understanding further 

enables the fabrication of various mechanochromic 

films with bright structural colors and pre-designed 

colorimetric responses. Our systematic studies on the 

effect of thickness of the base film suggest that there 

exists a thickness threshold at around 1 mm that 

separates the wrinkling mechanics into two regimes. 

When the films are thinner than 1 mm, wrinkles with 

many defects are formed, whose average periodicity 

decreases continuously as the film thickness increases 

to 1 mm. When the film thickness is above 1 mm, the 

periodicity of formed wrinkles approaches a constant 

value, which is independent of the film thickness and 

can be precisely predicted by the classical nonlinear 

finite mechanics. This thickness-dependent wrinkling 

behavior was not discovered in previous 

experimental and theoretical studies, so this study 

provides a complete understanding of the wrinkling 

mechanism. By conveniently controlling the thickness 

of the base film, we have developed robust and 

versatile strategies to prepare mechanochromic films 

with either pre-designed colorimetric responses or 

transparency changes depending on the film 

thickness. These stimuli-responsive optical properties 

have promising applications in anti-counterfeiting, 

information encryption, sensors, smart optical 

devices, and soft robotics.  

 

2 Experimental 
Fabrication of PDMS Films and Plasma Treatment: 

PDMS films were cured by aging the mixture of 

silicone elastomer base and curing agent. They were 

firstly mixed thoroughly in a typical culture plate 

with a mass ratio of 10:1(base to curing agent). The 

trapped bubbles inside were removed under vacuum 

for ~1 hour. Then, they were cured in an oven at 65oC 

for 2 hours.  

Before the plasma treatment, the PDMS film was cut 

into certain shapes on demand. In Stretch-Plasma, 

PDMS films with different thicknesses were pre-

stretched to certain strain and then covered by a mask, 

followed by plasma treatment in a vacuum (by 

degassing for 5 minutes) for 15 minutes. After the 

plasma treatment, releasing the pre-strain gave rise to 

wrinkles on the rigid surface. In strategy Plasma-

Stretch, PDMS films, covered by the mask as well, 

with different thicknesses were treated by plasma 

without pre-strain. The following stretching will 

induce wrinkles on the rigid surface due to the Poison 

effect. The orientation of wrinkles in Stretch-Plasma 

and pre-strain is perpendicular and parallel in 

Plasma-Stretch.  

Optical microscopic images were taken by a Zeiss 

AXIO Image optical microscope. Reflection spectra 

were measured by an Ocean Optics HR 2000CG-UV-

NIR spectrometer coupled with a home-made sample 

stage to collect reflected beams around different 

angles. The spectral integration time was set at 300 ms.  

The overall morphology and cross-section of wrinkles 

on the surface are characterized by scanning electron 

microscopy (SEM, Philips FEI XL30). Optical photos 

were taken by a digital camera.  
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The peak of reflection can be predicted by derived 

Bragg’s Law based on geometry shown in Figure 2e. 

During reflection measurement, the incident angle 

(angle between the incident light and normal) was set 

at 65o. Consequently, the angle between incident light 

and baseline was 25o. The pathway difference 

between incident light was p×cos (25o), where, p is the 

periodicity of wrinkles (767 nm for Stretch-Plasma 

and 1150 nm for Plasma-Stretch). Similarly, the 

pathway difference between the reflected light was -

p×cos(Ɵ). The derived Bragg’s Law can be presented 

as kλ=np(cos25-cosƟ), where k is reflection order; λ is 

the wavelength of reflection and n is the reflective 

index (1 for air). The dependence of the periodicity of 

wrinkles on the applied strain can be predicted by the 

nonlinear finite mechanics. It takes the effect of strain 

on the wavelength (P) and amplitude (A) of wavy 

deformation into consideration with the following 

formulas: 

P =
𝜋h(1+𝜀𝑎𝑝𝑝𝑙𝑖𝑒𝑑)

(1+𝜀𝑝𝑟𝑒)(1+𝜀𝑎𝑝𝑝𝑙𝑖𝑒𝑑+𝜁)
1
3√𝜀𝑐

   (1) 

A = h

√
(𝜀𝑝𝑟𝑒−𝜀𝑎𝑝𝑝𝑙𝑖𝑒𝑑)

𝜀𝑐
−1

√1+𝜀𝑝𝑟𝑒(1+𝜀𝑎𝑝𝑝𝑙𝑖𝑒𝑑+𝜁)
1
3

   (2) 

where 

𝜁 =
5(𝜀𝑝𝑟𝑒−𝜀𝑎𝑝𝑝𝑙𝑖𝑒𝑑)(1+𝜀𝑝𝑟𝑒)

32
  

𝜀𝑐 =
1

4
[
3𝐸𝑠(1−𝑣𝑓

2)

𝐸𝑓(1−𝑣𝑓𝑠
2 )
]2/3   

Here h is the film thickness; Es (2.0 MPa) and Ef (75 

GPa) denote the elastic modulus of the substrate and 

the film, respectively while 𝑣s (0.48) and 𝑣f (0.27) are 

Poisson ratios of substrate and film. The εpre is the 

strain of PDMS before plasma treatment (0% for 

Plasma-Stretch and 12% for Stretch-Plasma) and 

εapplied is the strain applied to PDMS after plasma 

treatment (0 to 20% for Plasma-Stretch and 0 to 12% 

for Stretch-Plasma). The thickness of the oxidized 

layer on PDMS can be calculated by Equation 1 in the 

scenario of Stretch-Plasma with εpre=12%, εapplied=0%, 

and P=767 nm. By substituting the calculated value of 

h into Equation 2, we can derive the theoretical value 

of the amplitude of wrinkles under the same scenario. 

For the dependence of periodicity of wrinkles on 

εapplied in the range of 0% to 12%, the periodicity of 

wrinkles at 0% is set at starting point and others can 

be calculated by Equation 1. 

 

3 Results and Discussion 
In a typical bilayer film, wrinkles are formed due to 

the contrast of elastic modulus between the top rigid 

layer and the bottom elastic substrate.[13] In the case 

of plasma-treated PDMS films, the top PDMS is 

oxidized into silica oxides, which have much higher 

elastic modulus (75 GPa) than the bottom bulk PDMS 

substrate (2.0 MPa). Therefore, when a plasma-treated 

PDMS film is subjected to external compression, the 

strain on the oxide layer is smaller than that on the 

bottom elastic substrate and the interfacial stress will 

be released by forming wrinkles on the surface. In this 

work, two methods were used to reduce wrinkles on 

PDMS films by changing the plasma treatment and 

stretching sequences. We observed similar wrinkling 

behaviors on the two types of PDMS films but with 

different wrinkle orientations with respect to the 

stretching direction.  

 

3.1 Thickness-Dependent Wrinkling Behaviors 

The two strategies to induce wrinkles in PDMS films 

are illustrated in Figure 1. In Strategy I (Figure 1a), 

PDMS films with different thicknesses were pre-

stretched (pre-strain=12%) and then treated by 

oxygen plasma in a vacuum chamber (Stretch-

Plasma). In strategy II (Figure 1b), PDMS films were 

first treated by plasma and then subjected to 

mechanical strains (Plasma-Stretch). Due to the 

formation of a rigid oxide layer on the surface of the 

PDMS film, both strategies can induce one 

dimensional (1D) wrinkles but with different 

orientations.[39-41] In strategy I, when the pre-strain 

was removed, the films relaxed to their original length. 

In principle, the deformation of the top rigid oxide 

layer is smaller than that of the soft PDMS substrates 

because of the high elastic modulus of the top layers. 

As a result, the interfacial strains between them 

induce the formation of wrinkles, whose orientation 

is perpendicular to the strains. In the second strategy, 

the formed wrinkles were parallel to the stretching 

directions due to the Poisson effect-induced shrinkage 

along the lateral directions. Accordingly to the 

previous report and theoretical studies, the thickness 

of the oxide layers can be controlled by treatment 

parameters, such as exposure time, plasma strength, 
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as well as the oxygen content of the surrounding.[22, 

42] Typically in literature,[20] the treatment process 

was carried out in oxygen or airflow in a plasma 

chamber. 

To systematically study the thickness effects in 

strategy I, PDMS films with different thicknesses were 

prepared and treated by plasma under identical 

conditions. As shown in Figure 2a, wrinkles formed 

on thick PDMS films were very uniform with well-

defined long-range order, with a periodicity of ~800 

nm under a pre-strain of 12%. When the thickness 

decreased (t < 1 mm), the formed wrinkles became 

larger and nonuniform. The waveform of the wrinkles 

was nonuniform along both the wave propagation 

and lateral directions. The scanning electron 

microscope (SEM) images of PDMS films with a 

thickness of 3.05 mm after the Stretch-Plasma process 

are shown in Figure 2b. The periodicity was measured 

to be 767 nm, which was very close to the value 

measured from optical microscopy images (783 nm). 

The SEM image of the cross-section of the film reveals 

perfect sinusoidal function shape with an amplitude 

of 71 nm, which is consistent with the calculated value 

(79.8 nm). The thickness of the silicon oxide layer was 

calculated to be 5.64 nm for a 3.05 mm-thick film after 

the Stretch-Plasma strategy. Compared with the 

values in previous reports.[17, 42-46] the smaller 

thickness of the oxide layer is reasonable since air 

rather than pure oxygen was introduced during 

plasma treatment. By carefully measuring the 

periodicity using optical microscopy, we found that it 

decreased dramatically as the thickness of PDMS 

films increased to 1 mm (Figure 2c). For thick PDMS 

films (>1 mm), however, the periodicity approached a 

minimum value and remained almost constant. The 

thickness-dependent wrinkling behaviors can be 

attributed to the existence of an energy threshold to 

induce highly ordered wrinkles in classical wrinkling 

mechanics. Essentially, the film wrinkling is driven by 

the elastic potential energy obtained during stretching, 

which increases with the thickness of the PDMS films. 

When this energy is larger than the minimum energy 

in the wrinkled bilayers, the wrinkling behavior 

(wavelength and amplitude) can be well described by 

the classical wrinkling mechanics. If it is lower than 

the minimum energy, however, the classical 

wrinkling mechanics can no longer describe the 

wrinkling behavior because its derivation is based on 

energy minimization of wrinkled bilayers and the 

energy transfer between original flat states and 

wrinkled states are not taken into consideration. In 

addition, the elastic potential energy in thin PDMS 

films is too small to drive the formation of uniform, 

relatively small wrinkles. As a result, nonuniform 

wrinkles with unpredictable large periodicity occur in 

the plasma-treated thin PDMS films. 

 

3.2 Mechanochromic Responses 

Based on the thickness-dependent wrinkling of PDMS 

films, we then systematically studied the 

mechanochromic response of the prepared films 

under different strains. The thick wrinkled films 

exhibited strong structural colors due to the 

constructive interference of light at the highly ordered 

wrinkles (Figure 2d). Instead, only random scattering 

was observed in thin films due to the formation of 

large and nonuniform wrinkles. Therefore, the PDMS 

film became translucent after the pre-strain was 

released (Figure 2d). For films prepared by strategy I, 

the reflected light was viewing-angle dependent as 

shown in the digital photos in Figure 2d. Once the 

incident angle was fixed, different colors from blue to 

red were observed at different viewing angles 

(supporting video 1). The thin films only became 

translucent at different viewing angles due to the lack 

of long-range orders (Figure S-1 in ESM). Notably, by 

simply applying a mask, we could print pre-designed 

patterns and images that exhibited strong structural 

colors while the other parts remained transparent 

(Figure S-2 in ESM).  

The dependence of wavelength of reflected light on 

the detection angle can be precisely predicted by the 

Bragg’s Law (Figure 2e).[47, 48] The pathway 

difference of two neighboring incident and reflected 

beams is highlighted as red-dashed and blue-dashed 

lines, respectively. Based on the incident geometry 

and ray optics,  the light pathway differences for the 

incident and reflected beams that occur on two 

neighboring wrinkles can be derived as  d*cos25 and 

d*cosƟ, respectively. Then, the derived Bragg’s 

equation can be described by kλ=nd(cos25-cosƟ), 

where k is the reflection order, λ is the wavelength of 

incident light, n is the refractive index of the medium 

(n=1 for air), d is the periodicity of wrinkles on the 

surface of PDMS films, and Ɵ is the detection angle. 

Constructive or destructive interference occurs when 
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k is an integer or half-integer, respectively. Based on 

the derived Bragg’s Law and d values (767 nm for 

Stretch-Plasma) measured by SEM images (Figure S-3 

in ESM), the wavelength of reflection can be precisely 

predicted. The reflection spectra were measured 

based on the geometry shown in Figure 2e. The 

grazing angle was set as 25o and reflection spectra 

were collected by varying detection angle Ɵ. As Ɵ 

increased, the wavelength of reflected light had a red-

shift from 250 nm (Ɵ=55o) to 850 nm (Ɵ=105o) in 

strategy I. Interestingly, we found that the reflectance 

had the highest intensity in the visible range, which 

was consistent with the brilliant structural colors on 

the PDMS films. Due to the high quality of wrinkles 

on the PDMS films, the second-order diffraction was 

also observed at a short wavelength, as shown in 

Figure 2f and highlighted in Figure S-4a in ESM. In 

Figure 2g and Table S-1 in ESM, the measured peak 

positions coincide well with the predicted values at 

both first and second diffraction orders. They have 

quasi-linear dependence on detection angle Ɵ. In 

strategy II, we observed a similar thickness-

dependent wrinkling behavior when the plasma-

treated PDMS films were subjected to strains (Figure 

3a). As shown in Figure 3b, the periodicity was 1.15 

µm in strategy II with an applied strain of 20%. PDMS 

films without pre-strain were still transparent after 

plasma treatment. Mechanical strains would induce 

structural colors due to the formation of periodic 

wrinkles on the surface (Figure S-5 in ESM). In Figure 

3c and Table s2, the wavelength of reflected light 

increased with the detection angles. Due to the larger 

periodicity of wrinkles in Strategy II than that in 

strategy I, the reflected peaks increased more 

dramatically with increasing Ɵ (Figure S-4b in ESM). 

Such a difference in the dependence is also evidenced 

by the larger slope in the λ-Ɵ curve in strategy II 

(Figure 3d).  

To investigate how mechanical strain affects the 

periodicity and optical properties, we investigated the 

evolution of wrinkles upon post-stretching of a film 

prepared using Strategy I. As shown in Figure 4a, the 

contrast of wrinkles decreased when the strain 

increased, indicating the shrinkage of wave 

amplitude of wrinkles. Meanwhile, the density of 

cracking and dislocation became larger due to the 

mismatch between local strain and the applied strain. 

Therefore, the structural color on the film surface 

gradually disappeared when the strain increased to 12% 

(insets in Figure 4a). It is interesting to point out that 

mechanical strains could only induce a decrease in the 

peak intensity instead of peak shift during the 

stretching process (Figure 4b). The post-buckling of 

PDMS films, when subjected to an applied strain, 

could be well explained by the finite deformation 

mechanics and fit well with the values predicted by 

Equation 1. In Strategy I (εpre=12%), increasing εapplied 

from 0% to 12% leads to a 7.8% change in the 

periodicity and the amplitudes of wrinkles should 

decrease, which is consistent with our observations 

and measurements (Figure 4c). Such a small change in 

the periodicity results in a negligible shift in the peak 

position of the diffraction, which leads to almost 

invariant structural color in response to mechanical 

strain. For thick PDMS films treated by strategy II, 

they were still transparent after treatment (Figure S-

6a in ESM). Mechanical strains increased the 

amplitude of wrinkles based on the dark-field optical 

microscopy images in Figure S-6a in ESM. The 

reflectance of thick PDMS film after plasma-stretch 

treatment increased gradually as the strain increased 

from 0% to 20% (Figure S-6b and S-6c in ESM). Post-

strains induce the decreases or increases in the 

amplitude of wrinkles in Strategy I and II, 

respectively. And, no noticeable shift in reflection was 

observed upon different post-strains. The optical 

microscopy images of PDMS films after Stretch-

Plasma (Figure 5a) reveal that the amplitude of 

wrinkles decreased as the applied strain increased, 

which reduced the scattering of light on the surface. 

As a result, the pattern on the surface disappeared 

gradually (insets in Figure 5a) and the transmittance 

increased accordingly (Figure 5b and 5c). In the 

Plasma-Stretch process, however, the dependence is 

the opposite. Stretching increased the amplitude of 

wrinkles and the pattern became more translucent 

(Figure S-6d and S-6e in ESM). The transition of 

microstructures and consequent development in 

optical properties are highly reversible. The original 

states will recover by simply releasing the applied 

strains, which can be observed in supporting Video 2.  

Based on the controllable optical properties of PDMS 

films and the flexible preparation processes, we 

further demonstrate that the thickness-dependent 

wrinkling of PDMS films can be used to prepare smart 

optical devices with desirable mechanochromic 
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responses. By simply applying a mask, we created 

arbitrary images on the surface of PDMS films. As 

shown in Figure 6a, a complex pattern was printed on 

the surface of a PDMS film using the Plasma-Stretch 

strategy. Upon stretching, the transparent PDMS film 

exhibited brilliant and uniform structural colors. 

Thanks to the photomask, only the exposed areas 

were oxidized by plasma, giving rise to well-defined 

patterns under external strains. The created images 

showed different colors by varying the viewing 

angles. The transition was quite sensitive and quick 

(See supporting Video 3). For a thin PDMS film, it 

became translucent under applied strains (Figure 6b). 

In Figure 6c, three letters were printed on a thick 

PDMS film using the Stretch-Plasma strategy with the 

help of commercial stencils. They exhibited different 

colors under various illumination conditions as well 

as different viewing angles. The scheme on the left of 

Figure 6c illustrates how those pictures were taken. 

Interestingly, there were color gradients if a point 

light was applied (Figure 6d). This phenomenon is 

typical in structural colors based on Bragg's theorem 

due to the variance in the pathway difference of 

incident light. On the other hand, if the patterns were 

illuminated by directional light, uniform 

monochrome patterns were observed and could be 

tuned continuously across the visible range from blue 

to red by lowing the viewing angle (Figure 6e). This 

effect could be ascribed to the increasing pathway 

difference and subsequently red-shift of the reflected 

peak. Figure 7a demonstrates the complementary and 

reversible coloration process by sequentially treating 

PDMS films with strain and plasma. The first and 

second plasma treatments were run with and without 

strain and mask, respectively. In a typical process, the 

PDMS substrate was first stretched along its length 

and plasma treatment was carried out under a 

commercial mask. When the pre-strain was released, 

uniform wrinkles were formed with perpendicular 

alignment to the stretching direction. Therefore, a 

positive pattern could be observed under incident 

plane 1 (Figure 7b). The uniform colors indicate the 

high quality of orders on a large length scale. During 

the second plasma treatment, the mask was removed 

and PDMS was treated by the same condition as the 

first treatment. In this process, the remaining surface 

of the PDMS substrate was oxidized to form a thin, 

rigid film. When the film was subject to the pre-strain 

again, the patterns that were formed in the first 

plasma treatment disappeared. Meanwhile, uniform 

wrinkles were formed with the same alignment to the 

stretching direction at the areas that were treated by 

the second plasma. As a result, a negative pattern 

came into view gradually in incident plane 2 (Figure 

7c).  

 

4. Conclusions 
In summary, we report a remarkable thickness-

dependent wrinkling behavior of PDMS films by 

using the typical Stretch-Plasma and Plasma-Stretch 

processes. This nonlinear dependence of wrinkling on 

substrate thickness originates from a barrier for the 

perturbation energy in the derivation of the classic 

nonlinear finite mechanics and hence separates the 

wrinkling mechanics into two regimes. For thick 

PDMS films, uniform wrinkles with periodicity 

comparable to the wavelength of visible light were 

formed when the plasma-treated PDMS films were 

subjected to interfacial strains. In this regime, the 

wrinkles formation can be precisely predicted by the 

classic nonlinear finite mechanics. In the case of thin 

PDMS films, the formed wrinkles were nonuniform 

with lots of dislocations. And, it was found that the 

periodicity of wrinkles decreased as the film thickness 

increased in the second regime. Based on these new 

understandings, we have achieved brilliant structural 

colors and pre-designed colorimetric responses to 

mechanical stimuli on plasma-treated PDMS films by 

controlling the substrate thickness. Owing to the high-

quality order of the wrinkles and their considerably 

small size, bright and uniform structural colors with 

angle-dependent properties were observed on thick 

PDMS films (>1 mm). For thin PDMS films, only a 

translucent-transparent transition was observed, 

whose transmittance could be tuned by applied 

strains. Thanks to these unique thickness-dependent 

optical properties, we have developed several 

intriguing mechanochromic devices via the flexible 

stretch-plasma treatment. Various patterns could be 

easily printed on PDMS films. The thickness-

dependent and mechano-responsive optical 

properties are expected to further diversify the 

potential applications of bilayer films in anti-

counterfeiting devices, smart windows, wearable 

electronic devices, display, and pressure sensors. 
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Figure 1. Schematic illustration of the fabrication processes. a). PDMS films with different thicknesses are pre-stretched and then treated 

by plasma.The release of pre-strain will induce wrinkles, which are perpendicular to the direction of pre-strain. b). PDMS films are firstly 

treated with plasma and then stretched, which will induce parallel wrinkles to the strain direction due to the Poisson effect. 

 

 

 
 

Figure 2. a) Optical microscopy images of PDMS films after Stretch-Plasma. b) SEM images of a thick (3.05mm) PDMS film and cross-

section (bottom). c) Dependence of averaged periodicity on the thickness of PDMS films. d) Digital images of PDMS films with different 

thicknesses and viewing angles. e) Illustration of geometry for reflectance measurement (top) and numerical calculation (bottom). f) 

Reflectance of PDMS films measured by varying Ɵ shown in (e) (bottom). g) Dependence of peak position on detection angle Ɵ. PDMS 
film was treated by Stretch-Plasma. The thickness of PDMS film in (f) is 3.05 mm. 
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Figure 3. a) Optical microscopy images of PDMS films of different thicknesses under a strain of 20%. b) Dependence of averaged 

periodicity on the thickness of PDMS films. c) The reflectance of a PDMS film measured by varying Ɵ. d) Dependence of peak position 
on detection angle Ɵ. PDMS film was treated by Plasma-Stretch. The thickness of PDMS film in (b) is 3.60 mm. 

 

 

Figure 4. Mechanochromic properties of a PDMS film after Stretch-Plasma treatment. a) Optical microscopy images of a thick (3.05mm) 

PDMS film. Insets illustrate the optical transitions of the PDMS film at different stretching stages. Scale bars in insets: 5 mm. (b) Mechano-

responsive reflectance of the PDMS film. c). Dependence of periodicity and peak positions of reflection on applied strains. The predicted 
values of periodicity are plotted in c based on nonlinear finite mechanics (See numerical calculation in the experimental section). 
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Figure 5. Mechano-responsive optical properties of PDMS films after Stretch-Plasma treatment. a) Optical microscopic images of thin 

(0.30mm) PDMS. Inset illustrates the optical transitions of PDMS films at different stretching stages. Scale bars in insets: 5 mm. (b) 

Mechano-responsive transmittance of the PDMS film. c) Dependence of periodicity and transmittance of the thin PDMS film on applied 
strains. 

 

 

Figure 6. Flexible fabrication processes for encryption and mechanochromic films. Photos of thick (a) and thin (b) PDMS films under 

Plasma-Stretch treatment. Images were taken according to the geometry in (a). c) Schematic illustration of the PDMS under Stretch-

Plasma treatment. d) Photo of a PDMS film after releasing the pre-strain, which was taken in the incident plane 1 under point light source. 
e) Photo of the PDMS film taken in the incident plane 2 after releasing the pre-strain. 
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Figure 7. The combination of plasma treatment and stretch gives rise to complementary mechanochromic response and information 

encryption. a) Fabrication process and schemes illustrating the complementary and reversible coloration-discoloration transition. b) Photos 

of the fabricated PDMS film taken in the incident plane 1 right after releasing the pre-strain. c) Photos of the same PDMS film taken in 

the incident plane 2 when subjected to additional stretching along the length of the film. The viewing angle (Ɵ) from top to bottom 
increased. For all patterns and letters on thick PDMS film, structural colors were dependent on viewing angles.  


