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Abstract

We invent a simple method for fabricating high-aspect-ratio, hierarchical and dynamically tunable 

surface patterns by harnessing localized-ridge instabilities in gold nanofilms coated on elastomer 

substrates (a); develop a theoretical model to calculate the critical parameters (e.g. wavelength and 

amplitude) for designing the new patterns (b); and demonstrate novel applications of the patterns 

as super-hydrophobic coatings (c) and biomimetic cell-culture substrates (d) capable of on-

demand tunability.
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Topographical patterns are of fundamental importance to materials science, physics, 

chemistry and biology, impacting applications as diverse as antifouling, microfluidic device 

design, tissue engineering, and functional surface with extraordinary adhesive, wetting and 
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optical properties.[1–13]As a convenient and low-cost method, mechanical instabilities of 

thin films compressed on substrates have been intensively investigated to generate surface 

patterns, in which the most prominent examples include wrinkling, folding, creasing and 

delaminated buckling.[14–20] Despite the great promise of these instability patterns, they still 

suffer from a number of limitations:(i) The aspect ratios (i.e. amplitude over wavelength) of 

wrinkles, folds and creases are relatively small, which hinders their applications in areas that 

require high-aspect-ratio patterns such as super-hydrophobic coatings.[11, 14, 15, 19](ii) While 

delaminated buckles can have relatively high aspect ratios, the generation of delaminated 

patterns usually requires complicated fabrication processes such as micro-patterning 

adhesive regions on substrates and/or multi-step transfer of films.[10, 16, 21](iii) Most 

importantly, the morphologies of instability patterns are usually fixed in their final states 

during fabrication;[5, 22] however, in many cases it is highly desirable to be able to 

dynamically tune the morphologies of surface patterns. Since these limitations have 

significantly hampered the potential of instability patterns, it is a crucial task to invent new 

methods to generate large-area high-aspect-ratio patterns capable of dynamic tunability. 

Furthermore, hierarchy is another desirable feature for surface patterns due to the synergic 

effects of hierarchical structures across multiple length scales.[10, 23–27]

Here we report a simple method to fabricate larger-area high-aspect-ratio hierarchical 

surface patterns capable of dynamic tunability and multifunctionality. By depositing metallic 

nanofilms (i.e., gold, silver and aluminum) on a highly pre-stretched elastomer substrate and 

then relaxing the substrate in controlled manners, we can generate a rich variety of 

hierarchical patterns with feature sizes ranging from nanometers to micrometers. The 

patterns are based on a new mode of mechanical instability that combines nano-scale 

wrinkles and micro-scale localized ridges. The aspect ratio of the new patterns is much 

larger than those of wrinkles, creases, and folds. As a result, the hierarchical patterns give 

extremely stretchable (i.e., over 100% biaxial strain) super-hydrophobic surfaces with water 

contact angle over 150° and roll-off angle less than 10°.[28]Additionally, because the length 

scales of the hierarchical patterns are similar to those of physiologically cellular 

environments, the patterned surface can be used for alignment of stem cells as biomimetic 

cell-culture substrates. By simply stretching the elastomer substrate, one can dynamically 

tune the hierarchical patterns to vary the surfaces’ wettability, transmittance, and cell 

alignments on demand. In addition, we develop a theoretical model to calculate the initiation 

and evolution of localized ridges and derive scaling laws for their wavelengths, amplitudes 

and aspect ratios. The theoretical results can be used to guide future design of high-aspect-

ratio surface patterns by harnessing localized ridges.

Figure S1 illustrates the procedure for fabricating hierarchical surface patterns. A square-

shaped elastomer film, VHB acrylic 4910 with thickness of 1 mm (3M Inc., US), was 

stretched along two orthogonal in-plane directions by pre-strains of εpre1 and εpre2 which are 

defined as change in length over the undeformed length of the elastomer. Notably, either or 

both of the pre-strains were set to high values, ranging from 100% to 300%. The pre-

strained elastomer film was then sputter-coated with a thin layer of gold film (Figure S1). 

The thickness of gold film can be tuned from 4nm to 31nm by varying the sputter-coating 

time from 30 s to 300 s (Figure S2). Thereafter, the pre-strains in the elastomer substrate 
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were relaxed uniaxially or biaxially. As a result, the macroscopic lateral dimensions of the 

gold film were reduced by the same ratio as the substrate (Figure S1). Remarkably, such a 

simple low-cost fabrication can generate a variety of high-aspect-ratio hierarchical patterns 

with feature sizes ranging from nanometers to micrometers.

In order to discuss the instability patterns, we first define the strains in the film and the 

substrate. Denote the lateral dimensions of the gold film along two pre-strained directions as 

L1 and L2 at the as-deposited state and as l1 and l2 at a relaxed state. The nominal 

compressive strains in the gold film are defined as εf1 = (L1 − l1)/L1 and εf2 = (L2 − l2)/L2. 

Further denote the tensile strains in the substrate at a relaxed state as εs1 and εs2. Therefore, 

the nominal compressive strains in the gold film and the tensile strains in the substrate are 

related by εf1 = (εpre1 − εs1)/(εpre1 + 1) and εf2 = (εpre2 − εs2)/(εpre2 +1). When the substrate 

is fully relaxed (i.e., εs1 = εs2 = 0), the nominal compressive strains in the gold film reach 

maximum values of εpre1/(εpre1 + 1) and εpre2/(εpre2 + 1).

We now discuss the pattern of hierarchical ridges in a gold film of 13±1 nm generated by 

relaxing a uniaxially pre-strained elastomer substrate (i.e., εpre1 = 200% and εpre2 = 0). As 

shown in Figure 1a, the as-deposited gold film on the pre-strained elastomer substrate has 

already formed a random pattern of first-level wrinkles with wavelength of 110~160 nm. We 

find that the first-level wrinkles can also form on elastomer substrates without pre-strains 

and the wavelength of the wrinkles is independent of the thickness of the gold films (Figure 

S3). These observations indicate that the first-level wrinkles are possibly caused by 

modification of the elastomer surfaces by sputtered ions.[29]Thereafter, as the uniaxial pre-

strain in the substrate is relaxed, the gold film reduces its width macroscopically by the same 

ratio as the substrate. Microscopically, when the nominal compressive strain in the gold film 

εf1 exceeds a critical value, a second level of wrinkles with wavelength much larger than 

that of the first-level wrinkles set in (Figure 1c). The wavelength of the second-level 

wrinkles can be calculated as[16, 30]

(1)

where Hf, μf and υf are the thickness, shear modulus, and Poisson’s ratio of the gold film, μs 

the shear modulus of the elastomer substrate taken to be a neo-Hookean material, and Λ = 

[1+(1+εpre1)2(1+εpre2)]/2(1 + εpre2). Taking Hf = 12.6 nm, μf = 27.4 GPa, υf = 0.44, εpre1 = 

200 %, εpre2 = 0 %, μs= 20 kPa,[31] we obtain λwrinkle ≈ 2.91 μm, consistent with the 

experimental observation (Figure 1b). Since the amplitude of the first-level wrinkle is 

relatively small (Figure 1e and f), we assume it will not significantly modify the modulus 

and thickness of the gold film.

As the nominal compressive strain εf1 further increases, the amplitude of some second-level 

wrinkles increase more dramatically than others (Figure 1c). Now the surface pattern ceases 

to follow the uniform sinusoidal shape, but features a combination of second-level wrinkles 

and localized ridges (Figure 1c, 1f, and 1g). With further increment of εf1, more ridges form 

on the surface and the amplitude of the ridges increases (Figure 1d). Once the substrate is 
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fully relaxed, a pattern of localized ridges with wavelength ~1 μm eventually develops on 

the surface (Figure S4). It should be noted that the localized-ridge instability is distinctly 

different from the period-doubling or quadrupling instability formed on substrates with 

relatively low pre-strains (i.e., εpre1<40%).[30, 32]Remarkably, the aspect ratio of the ridges 

can readily reach above 1.0 (Figure S5), much higher than those of common wrinkles, 

creases and folds. Furthermore, by sectioning the ridge patterns,[33] we find that the 

elastomer substrate deforms together with the gold film at the ridges (Figure S5). In 

addition, the first-level wrinkles maintain superimposed on the second-level ridges, giving a 

hierarchical pattern with nano-scale wrinkles and micro-scale ridges (Figure 1d).

While the localized-ridge instability has been reported before,[16, 17, 30, 34] the wavelengths 

λridge and the amplitudes Aridge of localized-ridge patterns have not been studied. However, 

both λridge and Aridge are critical parameters for the design of high-aspect-ratio surface 

patterns. In order to better understand the localized-ridge instability and the corresponding 

parameters, we develop a finite-element model for the film-substrate system with software 

package ABAQUS 6.11. Since the metal film is much more rigid than the elastomer 

substrate, the deformation in the film is relative small and in the elastic region. Therefore, 

we take both the film and the substrate to be neo-Hookean materials with shear moduli, μf 

and μs, undergoing plane-strain deformation.[30]The film–substrate systems are modeled 

with the hybrid quadratic elements (CPE8MH) in ABAQUS. The pseudo-dynamic method 

is adopted and a very small initial geometric imperfection is introduced into the model for 

post-buckling analysis.[30, 34] The width of the model is taken to be at least 5 times of the 

wavelengths of the initial wrinkles, while the depth of the substrate is taken to be more than 

10 times of the wavelength. The displacement-control loading condition is used to apply 

pre-strains in the substrate and then to control the relaxation of the film-substrate system. 

The vertical displacement and the shear traction are prescribed to be zero on the bottom 

surface of the substrate; and the shear traction is prescribed to be zero at the vertical sides of 

the model.

The initiation and evolution of ridges are calculated for the film-substrate system with 

various modulus ratios μf/μs and pre-strains εpre1. Figure 2a presents the modeling results of 

a film-substrate system with μf/μs = 1000 and εpre1 = 100%. The localized ridges emerge 

when a pattern of wrinkles is further compressed due to the relaxation of highly pre-strained 

substrate (Figure 2a). This is consistent with previous reports that high pre-strain of the 

substrate (i.e., εpre1 > 40 %) is required for the formation of localized ridges.[30, 34]Figure 2b 

and 2c give the calculated λridge and Aridge for film-substrate systems with substrates at the 

fully relaxed state (see Figure S6 for the finite-element calculation). It can be seen that the 

wavelengths of ridges on fully relaxed substrates approximately follow a scaling of

(2)

It is interesting to observe that the scaling of λridge is similar to that of wrinkles of thin films 

compressed on substrates, i.e., λwrinkle/Hf ∝ (μf/μs)1/3. Furthermore, the wavelength λridge 

decreases with the pre-strain εpre1, so that a higher pre-strain of the substrate induces a 

Cao et al. Page 4

Adv Mater. Author manuscript; available in PMC 2015 March 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



shorter wavelength of ridges. Remarkably, the amplitudes of ridges on fully relaxed 

substrate also follow the scaling of

(3)

Consequently, the aspect ratios of ridges on fully relaxed substrates are independent of μf/μs 

(Figure 2d). Furthermore, we find the aspect ratio of ridges is approximately linearly related 

with the pre-strain, i.e.

(4)

Therefore, while a pre-strain over 40% in the substrate is required to induce localized 

ridges,[30, 34] a pre-strain over 150%can give ridges with aspect ratios over one (Figure 2d). 

To validate the aspect ratio predicted by Eq. (4), we measure the aspect ratios of ridges 

formed on fully relaxed substrates withεpre1 = 50%~250% (Figures S5); and compare the 

experimental and theoretical results in Figure 2d. It can be seen that the theoretical 

prediction matches with the experimental results consistently. The theoretical results can be 

used to guide the design of high-aspect-ratio patterns by harnessing the localized-ridge 

instability.

We next discuss the hierarchical patterns generated in gold films of 13±1nm by relaxing 

biaxially pre-strained elastomer substrates (i.e., εpre1 = εpre2 = 200 %). The first-level 

wrinkles with wavelength of 110~160 nm also develop in the as-deposited gold film on 

biaxially pre-strained elastomer substrate (Figure 1a). The biaxial pre-strains in the substrate 

are relaxed either sequentially or simultaneously along the two orthogonal pre-strained 

directions (Figure S1).[16, 35]During sequential relaxation of the substrate, the pre-strain in 

one direction (i.e. εpre1) is first relaxed, so that a pattern of second-level ridges develop on 

the film (Figure 3a). When the pre-strain in the other direction is relaxed subsequently, the 

pattern of parallel ridges will be deformed as an effective layer with thickness higher than 

the film, leading to a pattern of third-level ridges orthogonal to the previous second-level 

ridges (Figure 3b–d). When the pre-strain in the second direction is fully relaxed, the 

wavelength of the third-level ridges reaches around 8 μm and the amplitude 2~4 μm, much 

larger than those of the second-level ridges.

On the other hand, simultaneously relaxing the substrate generates a hierarchical surface 

pattern significantly different from the sequentially-relaxed one. As the biaxial pre-strains 

are relaxed simultaneously, second-level wrinkles and ridges develop along different 

directions (Figure 3e). The intersection of two ridges generates a vertex with a sharp tip 

(Figure 3e). Under further compression, the ridges are buckled and collapsed, which also 

induces more sharp vertices (Figure 3f and g). As the biaxial pre-strains are fully relaxed, 

the surface is featured with a pattern of buckled ridges together with sharp vertices almost 

evenly distributed on the surface (Figure 3g). Similar patterns have also been generated in 

other metallic films such as silver and aluminum by simultaneously relaxing biaxially pre-
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strained substrates, demonstrating the generality of our method (Figure S8a and b). It is 

interesting to note that these hierarchical patterns of ridges generated on highly pre-strained 

substrates (200%) are drastically different from the hierarchical folds caused by moderate 

film-substrate mismatch strain (~8%) reported before.[36] The contrast indicates that the 

magnitude of pre-strains in the substrates plays an important role in generating instability 

patterns.

Furthermore, since these high-aspect-ratio hierarchical patterns are generated on compliant 

elastomer substrates, they can be dynamically tuned by simply stretching the elastomer 

substrates along the pre-strained directions. Stretching the substrate will reduce the 

amplitude of the ridges and increase their wavelength, thereby reducing the aspect ratio of 

the pattern (Figure S7). However, once the stretched substrate is relaxed again, the previous 

high-aspect-ratio hierarchical pattern can be restored. In addition, as long as the applied 

strains on the substrate are significantly lower (e.g.,100%) than the pre-strains, the gold film 

can maintain its integrity over multiple stretch-relaxation cycles in applications, leading to 

dynamic tunability of the hierarchical patterns.

A combination of high aspect ratio, nano-micro-hierarchy, dynamic tunability, and giant 

stretchability promises extraordinary functions of the new surface patterns. We next discuss 

the application of the new patterns as biomimetic cell-culture substrates to present dynamic 

topographical cue to the culture of stem cells. The study of cell behavior in response to 

surface topography has important implications in tissue engineering and regenerative 

medicine.[37–43] Native extracellular matrix abounds with nano-micro-scale topographical 

features that vary over time.[44]Existing works on cell behaviors in response to surface 

topography are mostly based on surface patterns that are fixed over time.[5, 42, 45–47] A 

recent study reported that varying wrinkles on polydimethylsiloxane (PDMS) can control 

stem cell alignments, but the wavelength of the wrinkles is ~27.2 μm and the aspect ratio 

only ~0.184.[7]However, patterns with higher aspect ratios and multi-scale biomimetic 

topography can potentially provide a microenvironment to enhance cell alignment, increase 

cell density on scaffold and improve cell-cell contact.[48, 49]

Here we show that the high-aspect-ratio hierarchical patterns can dynamically tune the 

alignment of stem cells by reversibly stretching and relaxing the substrate. A gold film of 

13±1 nm was deposited on a uniaxially pre-strained elastomer substrate (i.e. εpre1 = 100 % 

and εpre2 = 0). Human mesenchymal stem cells (hMSC) were cultured on the gold film at 

37°C for 2 days while maintaining the substrate at the pre-strained state. On the flat gold 

film, the hMSC were randomly orientated (Figure 4a and c). When the pre-strain in the 

substrate was relaxed and the hMSC cultured further for 2 days, the hMSCs elongated and 

aligned along the hierarchical ridges, with the long axis of their nuclei seldom deviating 

more than ~15° from the ridge direction (Figure 4b and c). The hMSC alignment is 

consistent with previous findings of cell alignments on PDMS nanogratings.[47]Zyxin has 

been identified as one of the molecular players involved in the underlying mechanism of 

altering the focal adhesion remodeling of hMSC in response to the nanogratings.[50]In 

addition, the random and aligned orientations of the hMSC could be repeatedly manipulated 

by simply stretching and relaxing the substrate (Figure 4c). Furthermore, since the 

dimensions of the hMSC extend beyond 10 μm in both the short and long axes and the 
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wavelength of the ridges is ~1 μm, the cells grow across multiple ridges in the current study. 

This could be significantly different from the case in Ref 7, where cells may grow within 

wrinkles with wavelength of ~27.2 μm.

The new patterns can also be used as stretchable coatings capable of superhydrophobicity 

and tunable wettability and transmittance. We generated the pattern by simultaneously 

relaxing biaxially pre-strained substrates (Hf = 13 ± 1 nm and εpre1 = εpre2 = 250 %), so that 

the resultant pattern, combining nano-scale wrinkles, high-aspect-ratio micro-scale ridges 

and sharp vertices, potentially mimicked the surface structures of superhydrophobic 

leaves.[1] To enhance its hydrophobicity, the as-deposited gold film was also 

hydrophobilized by (heptadecafluoro-1,1,2,2-tetrahydrodecyl) trichlorosilane, prior to 

relaxing the substrate.[9]Figure 5a shows that water drops placed on the pattern have an 

average static contact angle of 162° and roll-off angle of 2°, indicating the pattern indeed 

gives a super-hydrophobic coating. Video S1 further supports that water drops placed on the 

patterns can easily roll off under small tilting angles of the surface. In addition, we biaxially 

stretch the fully relaxed substrate and then place water drops on the deformed pattern. 

Remarkably, when the biaxial strain in the substrate is within 100%, the static contact angle 

of water drop is kept above 150° and roll-off angle below 10° (Figure 5a), meaning that the 

new super-hydrophobic coating is extremely stretchable. While many previous studies 

attempted to create superhydrophobic surfaces using thin-film instabilities;[10, 11, 16] to our 

knowledge, such a combination of high contact and low roll-off angles and giant 

stretchability have not been achieved.

If the substrate is biaxially stretched beyond 100% strain, the contact angle of water drops 

would quickly decrease to 124° (Figure 5a) while the roll-off angle increases to 90°, due to 

significant diminishment of the hierarchical pattern (Figure S7). Notably, this dramatic 

variation of contact and roll-off angles can be controlled by simply stretching the substrate, 

leading to coatings with dynamically tunable wettability. Furthermore, while the as-

deposited gold film is optically semi-transparent, the patterned surface is non-transparent 

due to the absorption of incident light by the hierarchical structure. Similarly, the 

transmittance of the hierarchical structure can be tuned from 0.2% to 54.3% by biaxially 

stretching the substrate (Figure 5b). To demonstrate the generality of the current method, we 

further show that other metallic films such as silver on highly pre-strained elastomer 

substrates can also give similar superhydrophobicity and tunable wettability (Figure S8c).

In summary, we demonstrate a simple low-cost method to generate high-aspect-ratio 

hierarchical surface patterns. The new patterns are achieved by harnessing the wrinkling and 

localized-ridge instabilities of gold films coated on highly pre-strained elastomer substrates. 

The high aspect ratio and nano-micro-hierarchy of the new patterns lead to extraordinary 

functions including biomimetic cell-culture substrates and stretchable super-hydrophobic 

coatings. Mechanical stretch of the elastomer substrate can vary the surface patterns, thereby 

tuning cell alignment, wettability, and optical transmittance of the surfaces on demand. We 

further develop a theoretical model to calculate the initiation and evolution of localized 

ridges in film-substrate systems with various modulus ratios and pre-strains. We find that 

the wavelength and amplitude of the ridge patterns follow the same scaling law and the 

aspect ratio of the ridges is linearly related to the pre-strain. The experimental and 
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theoretical results presented here will guide future design of novel surface patterns by 

harnessing mechanical instabilities.

Experimental Section

Fabrication of hierarchical surface patterns

The hierarchical surface patterns were fabricated using an elastomer film (VHB 4910, 3M 

Inc., US) and a thin layer of gold film. The VHB film was cut into square substrates with 

dimensions of 5cm by 5cm. Thereafter, the substrate is stretched along two orthogonal in-

plane directions to specified pre-strains of εpre1 and εpre2. The pre-strained elastomer 

substrate was then sputter-coated with a layer of gold film using Vacuum Sputter Coater 

(Denton Desk IV, USA) for 30s, 60s, 100s or 300s. After coating, the pre-strained sample 

was relaxed uniaxially or biaxially following Figure S1.

Characterization of the morphology of hierarchical surface patterns

To characterize the surface patterns, we performed scanning electron microscope (SEM) and 

atomic force microscope (AFM) on the prepared samples. The SEM images were obtained 

with 2000–50000 magnifications, 3–20 kV beam, and 10–12 mm working distance (FEI 

XL30 SEM-FEG, USA). The AFM images were taken in tapping mode with Digital 

Instrument as dimension 3100, Bruker, Germany. The software used for data acquisition and 

analysis is NanoScope Analysis (Bruker, Germany). To determine the wavelength of the 

ridges, we performed two-dimensional fast Fourier transform of SEM images of ridge 

patterns using MATLAB (Figure S4). To measure the amplitude of the ridges, we used 

either AFM images of ridge patterns (Figure 1e) or SEM images of cross-section of ridge 

patterns (Figure S5). The amplitude was calculated as an average of amplitudes of over 10 

ridges.

Sample preparing and measurement of water contact angle

The super-hydrophobic hierarchical films were prepared by immersing the as-deposited 

gold/silver/aluminum films into the saturated vapor of (heptadecafluoro-1,1,2,2-

tetrahydrodecyl) trichlorosilane for at least 2 hours and then relaxing the biaxial pre-strains 

in the elastomer substrate simultaneously. The static contact angles and roll-off angles were 

measured using a Ramé-Hart goniometer equipped with a dispensing needle. A water 

droplet (5 μL) was firstly generated by the manually dispensing needle close to sample 

surface. The sessile droplet was formed by moving the substrate to slowly approach the 

droplet. The water drops were gently removed by compressive air to dry the film surface for 

repeated contact angle experiments. The contact angle was analyzed and calculated 

automatically by the software embedded in Ramé-Hart goniometer. For each data point in 

the figures, at least five drops at different locations were measured and the mean values and 

stand derivations were calculated. The roll-off angles were captured by tilting the stage very 

slowly until water droplets (10 μL) started rolling on the sample surface.

Transmittance measurement

The transmittance of gold film on elastomer films are measured using a UV-VIS-NIR 

Spectrophotometer (Shimadzu UV-3600, USA) at a wavelength of 550 nm in visible range.
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Human mesenchymal stem cell culture

Bone marrow–derived hMSCs were provided by Tulane University Health Sciences Center. 

Cells were cultured in α-minimum essential medium with 20% fetal bovine serum and 1% 

penicillin/streptomycin at 37 °C and 5% CO2. The 4–6th passages of hMSCs were used in 

this study. Before cell seeding, the film was sterilized with 70% ethanol and coated with 

bovine skin collagen solution (Sigma Aldrich, USA) at 20μg/cm2. Cells were seeded on 

relaxed gold-sputtered elastomer film at 5000 cells/cm2 after pre-stretch. The sputtering time 

was either 100s or 200s and the pre-strain was 0%, 100% or 200%. For dynamically 

switching patterns in situ, cells were cultured on one pattern for 2 days before a custom-

designed stretcher was used to change the pattern from flat to patterned or vice versa.

Cell staining, Imaging, and Quantification of nuclear orientation angle

Cells were fixed with 4% paraformaldehyde at room temperature for 30 min before 

permeabilized with 1% triton X-100 (Sigma Aldrich, USA) and stained for F-actin with 

FITC-phalloidin (Invitrogen, USA) and nuclei with DAPI (Invitrogen, USA) for another 30 

min. Three sets of images across each sample were taken using Nikon Eclipse TE2000-U 

fluorescence inverted microscope for green (F-actin) and blue (nuclei) channels. Cell 

alignment was analyzed by measuring the orientation angle of the long axis of the nuclei 

relative to the ridge direction (in the case of patterned surface) or any direction (in the case 

of flat surface) using NIH ImageJ software. More than 50 nuclei were analyzed in each 

image. The frequency distribution of >100 nuclear orientation angles was plotted with 

GraphPad Prism software and Guassian fits were created for the distributions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Evolution of hierarchical surface pattern of gold film on uniaxially pre-strained 
elastomer substrate
The thickness of the gold film is 13±1 nm and the uniaxial pre-strain in the substrate is 

200%. SEM images (top panel low resolution, bottom panel high resolution) of the gold film 

under nominal compressive strains of 0% (a), 5% (b), 20% (c) and 67% (d). The scale bars 

are 10 μm in top panels and 2 μm in bottom panels of (a)–(d). AFM image (e) of the first- 

and second-level wrinkles and second-level localized ridge on the gold film, and a cross-

section (f) of the AFM image. The amplitude of the second-level localized ridge is 

significantly larger than those of adjacent second-level wrinkles. The scale bar is 2 μm in (e)
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Figure 2. Evolution of localized ridges with the relaxation of uniaxially pre-strained substrate, 
and the wavelengths, amplitudes and aspect ratios of the ridges calculated by finite-element 
model
The calculated evolution of the ridges in a film-substrate system with shear modulus ratio 

μf/μs = 1000 and pre-strain εpre1 = 100 % (a). The contour in (a) represents the maximum in-

plane principal strain. The calculated wavelengths (b), amplitudes (c) and aspect ratios (d) 

of ridges on fully relaxed substrates as functions of μf/μs and εpre1. The experimentally 

measured aspect ratios of ridges match consistent with the prediction from the calculation.
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Figure 3. Evolution of hierarchical surface pattern of gold films on biaxially pre-strained 
elastomer substrates
The thickness of the gold film is 13±1 nm and the biaxial pre-strains in the substrates are 

200%. SEM images (top panel low resolution, bottom panel high resolution) of gold film on 

a substrate under sequential relaxation with εf1 = 67% and εf2 = 3% (a), 20% (b), 50% (c) 

and 67% (d). SEM images (top panel low resolution, bottom panel high resolution) of gold 

film on a substrate under simultaneous relaxation with εf1 =εf2 = 5% (e), 30% (f), 50% (g) 

and 67% (h). The scale bars are 10 μm in top panels and 2 μm in bottom panels of (a)–(h).
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Figure 4. Dynamically tuning stem-cell alignment on the hierarchical pattern by uniaxially 
stretching and relaxing the elastomer substrate
Optical microscopic images of stem cells on flat (a) and hierarchically patterned (b) 

surfaces. Stem cells are randomly oriented on the flat gold film, but aligned along the ridges 

of the hierarchical pattern. The distribution of the nuclei orientation of stem cells on the gold 

film on relaxed or stretched substrate (c). By relaxing or stretching the substrate, one can 

reversibly generate or eliminate the hierarchical surface pattern, thereby aligning stem cells 

or randomizing their orientations on demand.
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Figure 5. Super-hydrophobicity, tunable wettability and transmittance of the hierarchical 
pattern of gold film on biaxially pre-strained substrate with simultaneous relaxation
The thickness of the gold film is 13±1 nm and the biaxial pre-strains in the substrates are 

250%. The static contact and roll-off angles of water drops on the pattern as functions of the 

biaxial compressive strain in the gold film or tensile strain in the substrate (a). The 

transmittance of the pattern on substrate as a function of the biaxial compressive strain in the 

gold film or tensile strain in the substrate (b).
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