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Abstract 

In this paper, shape memory effect induced initiation and evolution of surface 

patterns (wrinkles and cracks) were studied on the surface of gold/shape memory 

polystyrene (PS) bilayer, alongside with their impacts on autonomous surface wetting 

effects. Surface wrinkling was generated as a result of in-plane compression in the gold 

film where the thermal-induced shape memory effect occurred on the foundation layer. 

Cracks were generated on gold surface when the wrinkle pattern was further developed 

at a higher strain. The in-plane surface morphological bifurcation was observed when 

the crack patterns were developed perpendicular to the wrinkles direction, which is 

induced by biaxial stress transformation within the gold thin film because of the lateral 

Poisson’s effect. The experimental mechanics investigations describe the relationships 
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of the initiation/evolvement of surface morphology upon gold/shape memory PS bilayer 

with respects to various settings, such as the thicknesses of gold films, the applied strain 

on polymer layer, etc. The associated impact on surface wetting condition brought by 

the generated biaxial pattern on gold surface was studied. The water contact angle 

fluctuates within a narrow range according to the pre-strain for the samples after heating 

under the same plasma treatment times, which indicates that the biaxial pattern (cracks 

and wrinkles) in this paper have a little effect on the hydrophobicity of the gold film 

surface when the heated samples were treated by plasma for same times. After the 

surface plasma treatment, the surface hydrophilicity of the samples after post-annealing 

is significantly higher than that of the sample after deposition. And the contact angle 

decreases steadily as the air plasma treatment time is increased, the controllable surface 

hydrophobicity of gold coated PS bilayer can be achieved by tuning the plasma 

treatment time. 

Keywords:  thin film; polystyrene; wrinkle; crack; shape memory polymer 

1. Introduction 

Elastic instability induced surfaces structural transformations, associating with the 

energetic switching of the metastable state of elastic substrate under 

compression/stretching, have been recognized as an effective strategy to achieve diverse 

patterned surfaces. Based on these, numbers of potential applications have been 

exploited, such as electronic devices, sensors, hydrophobicity, elastomeric optics and 

actuators [1-10]. As one of the representative smart materials, shape memory polymers 



(SMPs) could add extra values to the smart technologies with their programmable shape 

changing characteristics, high responsively to the stimuli, large deformation, as well as 

the intrinsic giant module switching between the glassy state and rubber state [11-15]. 

The shape memory effect (SME) is the most typical characteristic of the SMPs and can 

be triggered by heating, electric field and solvent [16-24]. 

The compressive stress is exerted on the film in an autonomous manner induced by 

shape memory effect (SME) of substrate. Thus, it is able to trigger a thermal expansion 

mismatch between the film and the substrate [25-28], and form wrinkling patterns. 

Cracks were generated parallel to the pre-stretching direction induced by the lateral 

Poisson’s effect which causes a uniaxial tensile stress perpendicular to the pre-stretching 

direction in the film [29]. Cracks have been known as a kind of mechanical failure mode 

in engineering applications. Therefore, engineers and researchers usually try to avoid it 

from happening by taking various measures. Recently, researchers start to take the 

advantages of the cracks and investigate the mechanics of the films under the formation 

of microstructures such as surface wrinkles and cracks [30, 31]. Among all these 

attempts, there remains a challenge on how to generate switchable biaxial patterns on a 

bilayer system in an autonomous and controllable manner. 

Surface wettability is critical for numerous applications in self-cleaning, 

anti-contamination, micro-fluidics, lab-on-chip devices and biomedical substrates [6, 

32-36]. Changing the chemical composition and the geometric structure of the surface 

are effective approach to tune the surface wettability [37-42]. The limited attempts can 

be found on the related subject of surface wettability on SMP materials. The recent 



study of wetting property on SMP by Lv and co-workers [43], revealed an interesting 

strategy of realizing a super-hydrophobic surface with self-healing property by 

employing a mixing technique with design and oxygen plasma treatment. To achieve 

switchable wetting on the SMP surface could be promising as SMP could enable an 

autonomous switching of the associated surface morphology. 

In this work, we develop a simple strategy to autonomously change the wetting 

property of the gold/PS bilayer surface, achieve the patterned surfaces by spontaneously 

forming bi-axial wrinkle and cracks patterns. Surface plasma treatment of the gold 

coated PS substrate was used to improve the wetting performance of the surface. An 

experimental study was carried by considering the effects of films thickness and 

pre-strains applied to the surface patterns. Subsequently, surface wettability of the gold 

coated PS substrates was studied and plasma treatment on the surface of gold coated PS 

substrates was performed to study the contact angles evolution. 

2. Experimental details 

  Polystyrene (PS) SMP with a glass transition temperature ( gT
) of 60°C was used in 

this work. The mixed precursor solution (with curing agent) was cast into a Teflon mold, 

cured at 75°C for 24 hours in the oven. The PS polymer sheets with a thickness of ~ 2 

mm were achieved. The sample preparation was carried at room temperature of about 

23°C by cutting PS sheets into the rectangular samples with the lateral dimension of

40 10mm mm . Both ends of the samples were clamped with a customized tensile vise. 

The gauge length was initially set as 20 mm. The sample was heated to 85oC and 



uniformly stretched using the holder into different strains, 0%, 5%, 10%, 20% and 30%. 

Then it was cooled down to the room temperature to fix the pre-strain in the PS. Gold 

film was coated on pre-stretched PS substrates by sputter coating. The thicknesses of 

gold film were controlled by setting different coating durations, and measured using a 

profilometer (DEKTAK XT). Subsequently, the samples were placed in the oven and 

baked at 85°C for 5 minutes and then cooled down to room temperature so that the PS 

substrate could retrieve its original shape. The surface patterns were observed using a 

NIKON LV-100 up the right optical microscope.  

To examine the effects of film thickness and pre-strain on the surface morphologies, 

two experiments (each with three groups of samples) were performed. Firstly, gold films 

with different thicknesses (8 nm, 15 nm and 25 nm) were deposited on pre-stretched PS 

substrate with 5% pre-strain. Secondly, gold films with the thickness of 25 nm were 

deposited on pre-stretched PS substrate with different pre-strains (0%, 5 %, 10%, 20% 

and 30%).  

In order to investigate the influence of plasma treatment for the surface wettability, 

the samples (gold films with the thickness of 25 nm were deposited on pre-stretched PS 

substrate with different pre-strains) before heating and after heating were further treated 

in a plasma chamber with an oxygen/nitrogen ratio of 0.2 for different durations and the 

contact angle of water droplets on the surface of gold film was measured using a drop 

shape analyzer (Kruss). The conditions of the samples after deposition and the samples 

after post-annealing were considered. The samples above mentioned were cut into two 

pieces, that is, there are 6 samples to treat by plasma for different durations. The static 



water contact angles along the pre-strain were collected both with drop volumes of 3 μL. 

The average of five measurements was taken as contact angle for every sample. 

3. Results and discussion 

3.1 Shape memory induced surface wrinkling 

Fig. 1 presents the surface wrinkle morphology (induced by the shape memory 

effect) of gold/PS bilayer with different thicknesses of gold films and 5% pre-stretched 

PS after heating. Wrinkle textures which are perpendicular to the direction of pre-strain 

can be identified on the surface of all these samples. The stored strain energy generated 

by pre-stretching was released during the heating, resulting in the production of shape 

recovery and a uniaxial compressive stress in the PS substrate. In this experiment, gold 

film remained its confinement sate on the PS substrate through testing. Thus a uniaxial 

compressive stress was generated in the gold film, which can be used to account for the 

wrinkles appeared on the surface. From Fig. 1, it is clear that the density of wrinkles 

decreases and wrinkles become more apparent with an increase in the thicknesses of 

gold films. 

Previously, a linear buckling theory has been adopted to predict the critical 

wavelength of the wrinkles induced by a stiff film buckling on a compliant substrate. It 

can be expressed as [25, 44] 
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Where E and  are Young’s modulus and Poisson’s ratio, respectively. The subscripts 



of f and s represent the film and the substrate, respectively. ft
is the thickness of gold 

film. The Poisson’s ratio and the applied strain are neglected in the Eq. 1, meaning that 

the critical wavelength is independent of the applied strain. In practice, however, it is 

necessary to take the material or geometrical nonlinearity into considerations. Therefore, 

a new theory taking account of the finite and large deformations and geometrical 

nonlinearities was established to predict the buckling behavior of a stiff film coated on a 

compliant substrate. The critical wavelength of the wrinkles can be calculated using [2, 

45] 
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The average wavelengths of the wrinkles were evaluated by using Eq. 2 with the 

mechanical properties of gold film (
=78fE GPa

,
0.42f 

) and PS substrate 

(
=2.5sE MPa

,
0.5f 

at high temperature above gT
) [26]. Fig. 2 plots the wrinkle 

wavelength versus the thickness of gold film which was calculated by Eq. 2 and the 

experimental data, respectively. As shown in Fig. 2, the wrinkle wavelength increases 

linearly as the thicknesses of gold films increase. The curve of linear fitting is following 

the results predicted by the theory. 

3.2 Formation of complex surface pattern on gold/PS bilayer 

The evolution of patterns on gold surface was characterized for the gold film with the 

thickness of 25 nm coated onto the PS substrate with different pre-strains varied from 0% 

to 30% after heating (Fig. 3). It can be found in Fig. 3 (a) that only a large number of 



horizontal and vertical cracks are randomly distributed on the surface of sample with 0% 

pre-strain. Upon heating, PS substrate expands more than gold film since the thermal 

expansion coefficient of PS substrate is remarkably different from that of the gold film. 

So the gold film is subjected to an isotropic tensile stress in plane during the heating, 

which could result in randomly distributed cracks on the surface when this stress 

exceeds the fracture strength of the gold film. 

From Fig. 3 (b) to (e), for the pre-stretched samples after heating, the biaxial 

patterned surfaces in which wrinkles are aligned perpendicularly to the pre-stretching 

direction and cracks are developed perpendicularly to the wrinkles are observed. 

Surface wrinkles perpendicular to the pre-stretching direction are generated as a result 

of in-plane compression (along the direction of pre-stretch) in the gold film where the 

pre-strain stored is released by the thermal-induced shape memory effect occurred on 

the PS substrate at the high temperature. Cracks paralleled to the pre-stretching 

direction are induced by the biaxial stress transformation within the gold thin film due 

to the lateral Poisson’s effect which causes a uniaxial tensile stress perpendicular to the 

pre-stretching direction. The in-plane surface morphological bifurcation is developed 

because the cracks perpendicular to the wrinkles direction occur when this tensile stress 

exceeds the fracture strength of the gold film. This tensile stress increases with the 

increase of pre-strain. Consequently, the density of cracks increases progressively while 

the crack spacing became narrow with the increase of pre-strains.  

The average wavelength of wrinkles was calculated using the Eq. 2 and the 

experimental data, respectively. Fig. 4 shows the plots of wrinkle wavelength versus the 



applied pre-strain. As shown in Fig. 4, the wrinkle wavelength calculated from Eq. 2 

and the experimental data do not show any significant difference. The slope of the liner 

fitting line (-0.01479) is approximately zero, which indicates that the average 

wavelength of wrinkles to remain constant with the pre-strains increased from 5% to 

30%. The results reveal that the cracks and pre-strains have negligible effects on the 

wavelength of wrinkles. 

Many researchers have established theories which enable the film fracture strength to be 

obtained from average crack spacing [30, 31, 46]. These theories can be applied to 

wrinkling-cracking phenomena induced by depositing metallic thin films onto polymers 

such as in this study. The average crack spacing can be described by [30, 31, 46]  
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Where 
* and 

* are the fracture strength and onset fracture strain of the film, 

respectively. sE
is Young’s modulus of the PS substrate, and ft

is the thickness 

of the gold film. According to Eq. 4, the crack spacing is linearly proportional to 

the tensile strain. 

The obtained experimental data of the average crack spacing as a function of 

applied pre-strain are shown in Fig. 5. It is clear that the average crack spacing is 

linearly decreased with the increase of the pre-strain. Uniaxial compressive strain 

along the direction of pre-strain was developed in the PS substrate during the 

shape recovery at a high temperature. Whereas tensile strain was perpendicular to 

the direction of pre-strain and generated by Poisson’s effect of the PS substrate. 

This tensile strain is
0.5 pre 

for the PS SMP Poisson ratio of 0.5. In this paper, 



the applied pre-strains are in a range from 5% to 30%, and the tensile strains are 

in a range from 2.5% to 15%. Fig. 6 shows the average crack density plotted 

against the tensile strain.  The Fig. 6 illustrates that there is a linearly increase in 

the average crack density. Therefore, the fracture strength of the film can be 

deduced by a linear curve fitting about these results. The fracture strength of the 

25 nm gold film was calculated to be 21.54 MPa. 

3.3 Surface wettability influenced by the bi-axially patterned surface 

Fig. 7 (a) shows the snapshots for the water droplets on the surface of gold films with 

25 nm thickness deposited on the PS with 0% pre-strains before heating and after 

heating for the different plasma treatment times. Fig. 7 (b) represents the evolution of 

water contact angle with the increase of the plasma treatment times for samples of gold 

films with 25 nm thickness coated on PS substrates with 0% pre-strain. Fig. 7 (b) 

indicates that it is possible to achieve the tunable hydrophilicity of the surface by using 

the plasma treatment. Plasma treatment is often used to change the chemical 

composition of the surface and to improve the surface wettability [37-39]. As for the 

samples after deposition, the contact angle reduces from 81° (untreated) to 57° after 30 

seconds of plasma treatment. Subsequently, with the further increase of the plasma 

treatment time, the contact angle only shows a slight decrease to 41°. The surfaces of 

samples with 0% pre-strain after deposition have no clear patterns, and there no changes 

of the surface pattern were observed before and after plasma treatment. Therefore, the 

increase of hydrophilicity is caused by the changes of surface chemical compositions 



due to the plasma treatment. 

The most significant reduction of the contact angle is achieved for the samples (with 

a minimum contact angle of 15°) after post-annealing, followed by only 30 seconds of 

plasma treatment. Many cracks randomly distributed on the surface of the samples after 

post-annealing (as shown in Fig. 3 (a1)). After plasma treatment, however, the surface 

hydrophilicity of the samples after post-annealing is significantly higher than that of the 

sample after deposition. It can be concluded that the combined effect of plasma 

treatment and surface topography greatly enhances the surface hydrophilicity of the 

surface.  

The effects of the plasma treatment durations and pre-strains on the water 

contact angle for samples of gold films with 25 nm thickness coated on PS 

substrates with different pre-strain after heating were investigated, and the results 

are shown in Fig. 8. The surfaces of samples with 0% pre-strain show many 

arbitrary distributed cracks (as shown in Fig. 3 (a1)). The surfaces of samples 

with pre-strain from 5% to 30% exhibit the biaxial patterns in which wrinkles are 

aligned perpendicularly to the pre-stretching direction and cracks are developed 

perpendicularly to the wrinkles. And the wavelength of wrinkles and the number 

of cracks increase linearly with the increase of pre-strain. As is illustrated in the 

Fig. 8, it can be seen that the water contact angle is hardly changed as the 

pre-strain increase from 0% to 30% for the samples under the same plasma 

treatment times. The changes of surface topography induced by different 

pre-strain in here play a negligible effect on the hydrophobicity of the film 



surface when the heated samples were treated by plasma for same times. For the 

samples with same pre-strain, the water contact angle decreases sharply with the 

plasma treatment time increased to 30 s. It can be found that the contact angle 

decreases steadily as the air plasma treatment time is increased, and the 

hydrophobicity of the film surface can be controlled by tuning the plasma 

treatment time.  

4. Conclusions 

The spontaneous generation of bi-axial surface patterns consisting of wrinkles and 

cracks was achieved upon the gold/PS bilayer. When the SME of PS was triggered by 

heating, the uniaxial compression stress was generated in the gold film, thus yield a 

surface wrinkling. Quantitative characterizations of the wrinkle morphology suggested 

that the wrinkle wavelength increased linearly as the thicknesses of gold films increases. 

It had also been found that the cracks and pre-strains had insignificant effects on the 

development of wrinkles. Crack patterns had been observed as they originated and 

developed in parallel to the pre-stretching direction, which were induced by the lateral 

Poisson’s effect. The lateral morphological bifurcation of surface pattern holds the 

potential of creating biaxial heterostructure surface. The wetting property was assessed 

on the biaxial patterned surface. The water contact angle is hardly changed as the 

pre-strain increase for the samples after heating under the same plasma treatment times. 

It indicates that the biaxial pattern (cracks and wrinkles) in this paper play a negligible 

effect on the hydrophobicity of the gold film surface when the heated samples were 



treated by plasma for same times. After the surface plasma treatment, the surface 

hydrophilicity of the samples after post-annealing is significantly higher than that of the 

sample after deposition. And the contact angle decreases steadily as the air plasma 

treatment time is increased, the controllable surface hydrophobicity of gold coated PS 

bilayer can be achieved by tuning the plasma treatment time. 
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Figure captions: 

 

Fig. 1. Optical micrographic images of shape memory induced wrinkling on gold/PS 

with various thicknesses of gold films (a) 8 nm, (b) 15 nm, (c) 25 nm and 5% pre- 

stretched PS after heating 

 

 

 

 

 

 

Fig. 2. The average wavelength of the wrinkles versus the thickness of gold film. 
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Fig. 3. Optical micrographic images of the occurrence of surface pattern on gold/PS 

bilayer with (a) 0%, (b) 5%, (c) 10%, (d) 20%, (e) 30% pre-strain. And the thickness of 

gold film is 25 nm. 
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Fig. 4. The average wavelength of the wrinkles versus the applied pre-strain. 

 

 

 

 

 

 

 

Fig. 5. The average crack spacing versus the applied pre-strain. 



 

Fig. 6. The average crack density versus the tensile strain. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

  

Fig. 7. (a) Snapshots for the water droplets on the surface of gold coated PS after (1) 

deposition; (2) post-annealing for different plasma treatment times. (b) Water contact 

angles versus plasma treatment time. 
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Fig. 8. Water contact angle versus pre-strain under the different plasma treatment 

times. 

 

 


