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Wrinkling is a well-known phenomenon observed at various length scales for diverse materials. Despite a variety of research studies focusing on investigating wrinkling mechanisms and utilizing them to create surface patterns recently, wrinkling also brings about the loss of specific functional properties that were initially endowed to the thin films. For instance, wrinkling may result in the degradation of electrical and optical properties of the film; and the wrinkled films are easily delaminated. Therefore, it is still meaningful to find ways for the suppression of wrinkling on the thin film, although the relevant works are far less than those that utilize the surface instability to achieve certain structures. In this review, the approaches to restrain the emergence of wrinkles will be introduced. Following the introduction part, numerical analysis for wrinkle generation will be first discussed, by which the key parameters determining wrinkle initiation and morphology will be provided. Then, wrinkle suppression strategies by tailoring these parameters will be introduced in the following sections. This review aims to provide useful guidance for future research on alleviating surface fluctuations and achieving desired device functionality.
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INTRODUCTION
Rugged surfaces are ubiquitous in nature, with feature sizes spanning from kilometer scale for mountain ranges to the micro- and nanometer scale for biological membranes, such as animal skins, brain cortex, and leaf laminae. Usually, surface fluctuations and patterns could be generated through biological self-assembly, selective etching, and the out-of-plane bending, taking advantage of surface instabilities (Rodriguez-Hernandez, 2015). In recent years, the artificial design of surface fluctuations has been widely applied for enhanced cell adhesion (Chen et al., 2011), stretchable electronics (Kim et al., 2010) (Dai et al., 2021), and the construction of smart surfaces (Hou et al., 2019) (Zhao et al., 2018). Compared with the bottom-up approach such as self-assembly and microfabrication, which is laborious and time-consuming, the top–down approach by transforming global compressive strain into surface wrinkles is facile with low cost and has drawn increasing attention nowadays. Since the morphology of surface wrinkles could be customized by predefining the material type and structure of the system and adjusting the value and orientation of the compressive strain, dramatic theoretical and experimental efforts have been devoted to developing programable surface patterns with fine control (Xue et al., 2020).
A wrinkled surface could be spontaneously generated within a suspended ultrathin film, such as graphene, to reduce the total Gibbs-free energy (Meyer et al., 2007). More commonly, surface wrinkles emerge within a bilayer system, with a film laminated on an underlying substrate. The biological wrinkles, such as wrinkles on the skin and fruit exocarp, are caused by mechanical mismatch between the external layer (dermis or exocarp) and the inner layer (hypodermis or sarcocarp) as a result of certain chemical and biological processes (Fujimura et al., 2007) (Dai et al., 2014). For wrinkles in the synthetic bilayer system, the mechanical mismatch is mostly created by applied strain on the substrate. There are two general routes for wrinkle generation in the bilayer system (Figure 1). First, the substrate is prestretched before the deposition/coating of the top-layer film. Upon the release of the prestrain, the film is synchronously compressed by the interfacial shear stress and develops wrinkles for energy minimization (Kaltenbrunner et al., 2013). Second, for a bilayer system without initial strain, the applied tensile strain of the substrate cannot be completely transferred to the top-layer film, endowing an interfacial sliding. Upon strain release, the strain mismatch leads to a compression of the film by which surface wrinkles are generated (Jiang et al., 2014) (Lipomi et al., 2011). Wrinkles generated by uniaxial compression usually demonstrate wavelike structure, with a certain wavelength and amplitude, which are also called buckles. If the compressive strain is multiaxial or omnidirectional, the resulting wrinkle morphology could be regarded as the superposition of uniaxial buckles, which is complex with low directivity. The formation of a wrinkled structure endows stretchability to an intrinsically brittle film by accommodating the tensile strain through the flattening of wrinkles, which is significant in the design of flexible electronics (Rogers et al., 2010) (Kim et al., 2020).Moreover, the buckled surface could also be applied as optical gratings (Hu et al., 2020) and self-cleaning coatings (Pocivavsek et al., 2019), showing great potential in the design of smart devices.
[image: Figure 1]FIGURE 1 | Schematics of the two routes for wrinkle generation within a bilayer system.
Despite the versatile applications of surface wrinkles, in many scenarios, the emergence of wrinkles is undesirable. For example, wrinkles on human skin are considered a sign of the aging process, and wrinkles on fruit exocarp indicate the loss of freshness. Moreover, the generation of surface wrinkles could cause the reduction of optical transparency, abrasion resistance, and electronic carrier mobility, which further lead to degradation and even failure of materials and devices (Kim et al., 2016). For example, wrinkles on CVD-derived graphene greatly increase the scattering and reduce the quantum localization of charge carriers by which the charge carrier mobility is greatly reduced (Zhu et al., 2012) (Deng and Berry, 2016). To this end, it is of great significance to seek strategies for the restraint of surface wrinkles. However, the relevant study is far less than utilizing surface instabilities for wrinkle generation, and the mechanism for wrinkling suppression is seldom discussed.
In this review, the approaches for the suppression of surface wrinkles will be introduced. In Section 2, the numerical analysis of the wrinkle generation process in a two-layer system will be given, with the emphasis on the key parameters determining the initiation of wrinkles and the wrinkle amplitude and wavelength. In Sections 3–5, three different strategies for restraining wrinkles in a two-layer system will be provided, including the control of film–substrate interactions and the stiffness and thickness of the top-layer film. This review will be ended by a discussion of the challenges and prospects for further development of wrinkle suppression strategies.
NUMERICAL ANALYSIS OF WRINKLE GENERATION
Since the first analytical study on the out-of-plane bending of a compressed column in Euler’s work in the 18th century (Landau et al., 1986), the wrinkling theory has been developing continuously with transdisciplinary research, combining mechanics and materials science. In brief, wrinkling of a certain subject initiates when compressive stress reaches a critical value and further the in-plane compression is not energetically favorable compared to the out-of-plane bending. In recent years, wrinkling within a bilayer system, with a film supported on an underlying substrate, has drawn increasing attention due to its easy implementation and significant application in flexible electronics. As discussed in the previous section, the driving force for film wrinkling is the compressive load by the interfacial shear stress and could be mathematically described by several key parameters, including the strain/load needed for wrinkle initiation and the wavelength and amplitude of the wrinkles. These parameters could be mathematically calculated through the minimization of the total energy, including the elastic energy of both the substrate and the film and the bending energy of the film. Notably, the discussion is based on the prerequisite that there is no interfacial delamination and sliding so that the interfacial energy remains the same before and after wrinkling. (Song, 2015) (Hu et al., 2019), In the case of uniaxial compression, the three types of energy of the film could be described by the following equations:
Elastic energy of the film:
[image: image]
Elastic energy of the substrate:
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Bending energy of the film:
[image: image]
Energy in total:
[image: image]
where [image: image] and [image: image] are the plane-strain moduli of the film and substrate, respectively, which are determined by their corresponding elastic modulus ([image: image] and [image: image]) and Poisson’s ratio ([image: image] and [image: image]) as [image: image] and [image: image] ; [image: image] is the thickness of the film; A and λ are the amplitude and wavelength of the wrinkles, respectively; [image: image] is the total compressive strain applied by the substrate to the film, which could be the prestrain in the prestretch-release scenario or the mismatch strain in the stretch-slide scenario; [image: image] is the length of the film. The thermodynamic stability of the system necessitates the minimization of [image: image], indicating:
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The λ and A could be resolved from Eqs. 1–5 as follows:
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On the other hand, the wrinkling behavior of a substrate-supported thin film could also be analyzed by a force balance equation (Chung et al., 2011):
[image: image]
where F is the shear load on the film when wrinkles initiate; I is the moment of inertia, defined as [image: image]; w is the width of the film. By substituting the expression of λ in Eq. 6 into Eq. 8, the expression of F could be written as follows:
[image: image]
The corresponding critical shear stress [image: image] and strain [image: image] could be derived from Eq. 9, which are expressed as follows:
[image: image]
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By combining Eq. 7 and Eq. 11 the expression of A could be simplified as follows:
[image: image]
For wrinkles generated in the prestretch-release scenario, the parameters A, λ, and [image: image] are sufficient to describe the emergence and property of wrinkles, which are determined by the moduli of both the substrate and the film, the thickness of the film, and the prestrain, while for wrinkles generated in the stretch–slide scenario, the critical strain for interfacial sliding [image: image] should also be noticed, which could be calculated by the shear-lag model (Jiang et al., 2014) as follows:
[image: image]
where [image: image] is the maximum shear stress for a certain bilayer interface, which is determined by the bonding manner and strength between layers. For wrinkle emergence in a stretch–slide manner, the critical initial tensile strain [image: image] should equal the sum of [image: image] and [image: image], written as follows:
[image: image]
With regard to the suppression of wrinkles, the stretch–slide mode should be taken into prioritized consideration since the prestretch-release mode is usually applied to actively prepare wrinkles. Thereafter, the [image: image] value should be tailored large enough to avoid wrinkling caused by unexpected strain (e.g., thermal expansion, solution swelling …). From Eq. 14, [image: image] increases with [image: image], which indicates that enhancing the interfacial interactions could be a strategy for wrinkle suppression by the reduced tendency of interfacial sliding and strain mismatch. On the other hand, all numerical discussion in this section is based on the prerequisite that no delamination between the film and substrate occurs. While it no longer stands when the interfacial shear stress is too low, the resulted delaminated wrinkles and folds could be greatly detrimental to the surface flatness. Therefore, the strong interfacial adhesion is significant in both scenarios for wrinkle suppression. Eq. 14 also implies that [image: image] increases with the reduction of [image: image]. On the other hand, when [image: image] is very high, which makes [image: image] higher than [image: image], the shear stress is insufficient to initiate the out-of-plane deformation of the film. Thus, wrinkling could also be avoided. Based on the aforementioned discussion, the modulus of the film plays a complicated role in wrinkle initiation, and wrinkle suppression through film modulus control could be achieved through two opposite methodologies by designing either ultracompliant or ultrastiff films. Moreover, when wrinkles have already been generated, minimization of wrinkle amplitude could also be regarded as “wrinkle suppression” by reducing surface roughness, which could be achieved by decreasing the film thickness t according to Eq. 12. Notably, from Eq. 11, reduction of substrate modulus also favors the suppression of wrinkles, while in practice, it is seldom applied because of the low cost-effectiveness and deteriorated overall flexibility of the bilayer system.
In the following section, the approaches for suppressing surface wrinkles will be introduced according to the aforementioned parameters. In Section 3, the strategies for enhancing the interfacial strength between the film and substrate will be introduced. In Section 4, the modulus control of the film for wrinkle restraint will be discussed, including the introduction of porosity within the film to mitigate lateral Poisson wrinkling, and reinforcement of the film rigidity to prevent compression induced wrinkling. In Section 5, the reduction of wrinkle amplitude through thickness control of the film will be introduced.
WRINKLE SUPPRESSION THROUGH INTERFACE MODULATION
As discussed in the last section, strong bonding between the film and underlying substrate could mitigate interfacial sliding in a bilayer system, and wrinkles are avoided through a synchronized deformation of the two layers (Wang et al., 2016) (Wang G. et al., 2021). The general ways to improve the interfacial bonding strength are as follows: 1. increasing the contact area between layers through patterning. A rough surface of the substrate could be obtained by replicating a natural/artificial template with micro/nanoscale patterns. The meandering paths among the surface render a much higher surface area than a smooth one, which could be inherited by the film after a conformal transfer or deposition (Liu et al., 2017) (Shi et al., 2018). 2. Improving the interlayer adhesion through chemical modification at the interface. Normally, the bonding between the film and substrate is the van der Waals attraction, which is long-range and weak. The introduction of certain functional groups on the substrate facilitates stronger interfacial interactions, such as covalent bonding, donor–acceptor (D–A) interactions, and hydrogen bonding. 3. The intermediate layer could be introduced to improve the adhesion strength. 4. Removal of contaminants at the interface.
Strategies for Wrinkle Suppression by Improving the Interlayer Strength
A scalable way to increase the contact area between layers lies in a bio-inspired design at the contact interface. Since the biological surfaces, such as leaf, flower, and animal skin, usually have a hierarchical structure with micro- and nanoscale patterns, many researchers take advantage of the patterns by casting the polymer precursors on the biological template. After curing and peeling off from the template, a polymer substrate with a bio-templated surface is prepared, and a thin film could be deposited or transferred to the patterned substrate surface to finish the bilayer preparation. Inspired by skin electronics utilizing the surface roughness of skins to increase the bio-electronics conformity, the enlarged interfacial area through templated patterning also improves the adhesion between the synthetic bilayer (Liu et al., 2022). The as-prepared bilayer structure could be applied for wide-range pressure sensing and stretchable electronics (Wei et al., 2015) (Shi et al., 2019) and utilized in the suppression of wrinkles. Lanza et al. investigated the wrinkling behavior of graphene film on both flat and rough substrates. The rough surface dramatically improves the adhesion of graphene on the substrate by which the density and amplitude of wrinkles are greatly reduced (Figure 2A) (Lanza et al., 2013). Wang et al. discussed the effects of feature size and shape of the surface asperities on the conformity of graphene adhesion and the resulted wrinkle morphology using molecular dynamics (MD) simulation. Substrate surfaces with mild perturbations and valleys are more favorable in film adhesion and wrinkle suppression than surfaces with sharper ones (Wang et al., 2018). Using a rough surface for wrinkle suppression also has some drawbacks. First, the surface roughness brings about the difficulty of the conformal transfer of the film to the substrate, with an increased tendency for gap generation. Moreover, stress concentration could be induced by the patterns at the bilayer interface, which leads to crack generation among the film. On the other hand, surface patterns could be intrinsically detrimental to the properties and performance of the bi-layer structure, just as the negative effect on the formation of wrinkles. In addition, when a film is transferred on a substrate with high-aspect-ratio patterns, undesired delaminated wrinkles, such as tents, could be generated because conformal interfacial contact is not energetically favorable (Dai and Lu, 2021). As a result, the price for wrinkle suppression may not be acceptable in practical scenarios.
[image: Figure 2]FIGURE 2 | Wrinkle suppression through modulation of the bilayer interface. (A) Wrinkle density of the graphene film on substrates with different roughness. The substrates from left to right are flat SiO2, flat HfO2, and rough HfO2, with increased initial surface roughness from left to right. Also, the resulted wrinkle density decreases from left to right. Scale bar: 1.5 μm (reproduced with permission from Lanza et al., 2013, the American Institute of Physics). (B) Schematic (left) and corresponding optical image (right) of directional airflow–assisted wet transfer of anodic aluminum oxide (AAO) film. (C) The wrinkle-free film by flow-assisted wet transfer (top) and wrinkled film by normal wet transfer (bottom) (reproduced with permission from Zhang et al., 2021, The American Chemical Society).
The introduction of strong interlayer bondings also leads to a dramatically improved adhesion force. A simple way to achieve this goal is through a hydrophilic treatment of the substrate, including UV illumination, O2 plasma cleaning, and treatment with strong oxidant, before deposition of the film (Efimenko et al., 2005) (Bodas and Khan-Malek, 2006). The hydrophilic treatment could usually generates an oxygen-rich layer on the polymer surface, which facilitates the adhesion of the top-layer film in the wet transfer process or film deposition by solution coating. Moreover, a polymer-assisted metal deposition strategy, which is an intermediate layer with strong interactions with both the substrate and the film, is introduced at the bilayer interface, and a dramatically improved stress transfer could be achieved (Yu et al., 2014) (Li P. et al., 2019) (Rhee et al., 2019). By grafting a self-assembled 3-mercaptopropyltrimethoxysilane (MPTMS) layer on the PDMS substrate, the deposited Au film could be tightly anchored to the substrate by the strong Au–S covalent bond. The resulted bilayer is scratch-resistant and wrinkle-free even after the release of a 100% prestrain (Guo et al., 2016). Li et al. deposited a poly (methacrylic acid) (PMAAc) layer on the PDMS surface before a PEDOT-PSS film is deposited. The methyl groups in pristine PDMS are substituted by carboxyl groups, which dramatically enhance the adhesion of the PEDOT-PSS layer through hydrogen bonding (Li G. et al., 2019). Increased interfacial adhesion by the ionic bond and coordination bond has also been reported (Wang et al., 2011; Wang et al., 2013). Moreover, a spatially controlled wrinkling of the graphene film could be achieved through chemical modification at specific regions, by which wrinkles only form in the weakly bonded unmodified area (Hallam et al., 2015) (Li et al., 2020).
Strategies to Eliminate Wrinkles Within CVD-Derived 2D Materials
2D materials, such as graphene and transition metal dichalcogenides (TMDs), could be prepared in a large area through chemical vapor deposition (CVD) (Cai et al., 2018). Despite significant applications in electronic and optoelectronic devices, the electronic and optical properties of 2D membranes could be deteriorated with wrinkles generated during the growth and transfer process. During the cooling process after the high-temperature CVD growth, the mismatch of the thermal expansion coefficient (CTE) between 2D materials and metal substrates causes an unsynchronized deformation, and the residual stress from the substrate could trigger the wrinkle formation of 2D membranes (Zhu et al., 2012) (Deng and Berry, 2016). Tremendous efforts have been devoted to minimizing this detrimental wrinkling. Except for the selection of the catalytic substrate with similar CTE to the resulted 2D membranes (Lee et al., 2014) and the reduction of growth temperature for less strain mismatch (Wang M. et al., 2021), which are susceptible to degrade the film quality, a milder approach lies in the modification of the graphene–substrate interface. Valerius et al. irradiated the iridium (Ir) substrate with 500 eV He + plasma before the CVD growth of graphene. The intercalated He + ion dramatically increases the delamination energy between graphene and the Ir substrate, and graphene wrinkles could be prevented (Valerius et al., 2019). Mun et al. improved the conformity between the Cu foil substrate and CVD-derived graphene through a preliminary hot pressing of the substrate. The resulted graphene demonstrates a smooth morphology with a minimized batch-to-batch difference in carrier transport properties (Mun et al., 2015). On the other hand, in the wet transfer process of the CVD-derived 2D materials to the targeted substrate, droplets are spontaneously trapped at the membrane-substrate interface for the minimization of elastic energy of the membrane, the van der Waals interaction–related interfacial energy, and the surface tension–related energy of the droplet (Sanchez et al., 2018) (Rao et al., 2021). After the evaporation of droplets, wrinkles form due to the confinement of droplet fringes. To tackle this issue, a directional airflow (Figures 2B,C), or the introduction of organic liquid with low surface tension could promote a quick removal of the droplets and facilitate a smooth lamination of the membrane and substrates (Zhang et al., 2021) (Kim et al., 2016) (Liu et al., 2019). Deposition of a titanium layer onto the target substrate facilitates a wrinkle-free transfer of graphene through strong Ti-O-C chemical bonding, while the conductive Ti layer restricts the application of the transferred film (Lee et al., 2017) (Park et al., 2015).
WRINKLE SUPPRESSION THROUGH FILM STIFFNESS CONTROL
According to the discussion in Section 2, the film stiffness in the bilayer system could dramatically influence the formation and morphology of wrinkles. For the suppression of wrinkles, the film could be designed to be either ultracompliant, by which the interfacial shear stress could be adapted by the in-plane deformation instead of the out-of-plane bending, or ultrastiff, by which the interfacial shear stress is insufficient to initiate the wrinkling. Both ideas have been applied in practical wrinkle suppression. To this end, the stiffness modulation strategies could be divided into two categories, which will be discussed in this section.
Compliance Improvement to Increase Wrinkling Threshold
From Eq. 11, the critical strain for wrinkling increases with the compliance of the film in the bilayer system. Ji et al. developed a bilayer system with photo-responsive poly (p-aminoazobenzene) (PAAB) film supported by the PDMS substrate. Upon visible light illumination, a photoisomerization process of the PAAB film is initiated, by which the modulus decreases dramatically by its change in configuration. The initial wrinkling caused by the transfer process could be facilely eliminated by the photoisomerization process through a light-triggered spontaneous stress release (Figure 3A). (Ji et al., 2016) However, the application of the strategy by chemically modifying a continuous film is limited. Compliance improvement is more commonly achieved by a topological design of the film, which will be introduced in this part.
[image: Figure 3]FIGURE 3 | Wrinkle suppression through film stiffness modulation. (A) Mechanism of the photoisomerization process of the PAAB film (top) and the reversible light-triggered de-wrinkling (bottom) (reproduced with permission from Ji et al., 2016, The American Chemical Society). (B) Unstretched (top) and stretched (bottom) AuNM-PDMS electrode, with lateral Poisson’s wrinkles suppressed with large tensile strain (reproduced with permission from Wang et al., 2019, Wiley-VCH). (C) Mechanism of buckle suppression of the CNT film through graphene hybridization. (D) Comparison between a CeG-based strain sensor and a CNT-based strain sensor in detecting a strain by finger bending (reproduced with permission from Shi et al., 2016, Wiley-VCH).
The optimization of human–machine interfacing necessitates improved flexibility and stretchability of electronic devices. Despite versatile strategies to achieve stretchability, the tensile stretch in the axial direction is usually accompanied by a lateral contraction due to the ubiquitous Poisson effect, by which wrinkles could be unavoidably generated. The Poisson wrinkles could be detrimental to the performance of flexible devices, by deteriorated electrical properties, increased optical haze, and reduced durability caused by interfacial delamination (Drack et al., 2015) (Yunusa et al., 2018). The basic idea to tackle this issue is to make the in-plane deformation more mechanically and energetically favorable than the out-of-plane wrinkling. While the compressive stiffness and bending stiffness usually varies synchronously for a continuous film, it is difficult to minimize Poisson’s wrinkling by mere material selection. To this end, the topological design of the film is adopted as an efficient strategy to suppress lateral Poisson’s wrinkles.
Through numerical simulation, Yan et al. claimed that Poisson’s wrinkles could be restrained by perforation near the center of the film within the bilayer system, through the modification of the local stress field, and the effect could be influenced by the position, radius, shape and spatial distribution of the holes (Yan et al., 2014). Furthermore, research using molecular dynamics (MD) modulation by the same group validated that introduction of rigid elements near the lateral edges of the stretched film also favors the suppression of lateral Poisson’s wrinkles (Yan et al., 2016). Li, Luo, and collaborators simulated the stress distribution of polymer-supported rigid films with versatile topologies using finite element (FE) and MD modeling and supposed optimized surface topologies for wrinkle suppression. These results provided useful guidance in the design of flexible electronics (Li et al., 2017) (Luo et al., 2017).
Epidermal electronics, which could be seamlessly adhered to human skin, show significant promise in health monitoring due to the efficient signal transduction between the human body and electronic device (Kim et al., 2011) (Chung et al., 2019). However, the ultrahigh stretchability of human skin could bring about not only cracks in the axial direction but also wrinkles and even delamination due to the lateral Poisson compression, which greatly deteriorates the reliability and durability of sensing. In order to mitigate lateral Poisson’s wrinkle in epidermal electronic devices, Wang et al. developed a gold nanomesh-poly (dimethylsiloxane) (AuNM-PDMS) electrode with ultrahigh mechanical compliance, which could be tightly adhered to human skin. With a mesoporous kirigami structure, the AuNM-PDMS film demonstrates a wrinkle-free surface even with a compressive strain of 100% owing to its superior capability for the in-plane deformation (Figure 3B). The AuNM-PDMS film could be used as the electrode of a capacitive sensor and demonstrates stable performance during 1,000 stretching–releasing cycles with 100% strain (Wang et al., 2019).
Stiffness Reinforcement for Wrinkle Suppression
According to Eqs 11 and 12, the increase of film modulus within the bilayer system leads to lower critical strain and higher wrinkling amplitude, which is unfavorable for wrinkle suppression. Nevertheless, the critical wrinkling stress [image: image] also increases with film modulus (Eq. 10). When [image: image] becomes higher than maximum shear stress [image: image], wrinkling of the film can no longer be initiated. To this end, reinforcement of film stiffness could be an effective approach in wrinkle prevention.
For the strengthening of mechanically compliant polymers, the strategy of embedding rigid particulates into the polymer matrix is widely applied. Hendricks and Lee reinforced a PDMS-supported polyelectrolyte multilayer film by incorporating silica nanoparticles within it. Wrinkles generated by cyclic thermal stress could be efficiently mitigated after the addition of nanoparticles, with surface roughness decreased by three orders compared with a wrinkled film without reinforcement (Hendricks and Lee, 2007). Birman also validated the effect through the addition of stiff nanoinclusions to an epoxy film on buckle prevention through a numerical analysis. The reinforcement effects could be lost when the compressive stress is so high by which an interface failure between the nanoinclusions and matrix could be generated (Birman, 2019).
The membrane comprising randomly overlapped carbon nanotubes (CNTs) is highly conductive and flexible and could maintain some electrical conductivity even with a 200% tensile strain, which is highly suitable for wide-range strain sensing. However, upon the release of strain, the CNT membrane develops wave-like buckles, leading to deteriorated sensitivity and reliability in cyclic strain sensing. Shi et al. tackled this issue by an in situ CVD growth of graphene among the nanoporous CNT template. The resulted CNT-decorated graphene (CeG) demonstrated a leaf-like structure, with CNT and graphene seamlessly hybridized; the periodic buckles of the CNT film under cyclic stretch are prevented (Figure 3C). Moreover, the CeG film demonstrated a monotonic and linear electromechanical response within 20% strain, rather than a minor resistance peak around 0% strain for the pristine CNT film, which shows greatly improved reliability in recording small strains (Figure 3D). (Shi et al., 2016) They further optimized the CeG structure by substituting the random CNT film with the cross-stacked CNT film, with two aligned CNT arrays stacked in the orthogonal direction. The cross-stacked CNT-graphene hybrid demonstrates anti-wrinkling behavior along both aligned directions, with strain sensitivity increased by 5–10 times due to increased interlayer stress transfer (Shi et al., 2017).
DECREASE OF FILM THICKNESS FOR REDUCED WRINKLE AMPLITUDE
According to Eqs 6, 11, and 12, the onset strain for wrinkle formation does not rely on film thickness, while the amplitude and wavelength of wrinkles are proportional to the film thickness. Therefore, it is a facile strategy to control the wrinkle morphology by tailoring the thickness of the film within a bilayer structure, which can be further applied in building smart surfaces (Li et al., 2013) (Zhao et al., 2018). For mitigation of surface roughness caused by wrinkling, a film with limited thickness is favorable. For the heterogeneous bilayer system, it is feasible to control the film thickness by tuning the operating parameters in the deposition or coating process. On the other hand, the exposure of polymeric elastomers to environmental hazards, such as ozone and UV radiation, could trigger the oxidation on the elastomer’s surface, and a stiff surface layer could be generated (Efimenko et al., 2005). Upon manual or environmental strain of the elastomer, wrinkles emerge on the rigid top layer, which could cause a deteriorated performance of the polymer. In the following discussion, the ways to control the thickness of the oxidation layer in polymeric elastomers will be introduced.
The oxidization layer on the elastomer is generated by the exposure of the elastomer to radiation and hazardous chemicals. From the engineering level, surface oxidation could be mitigated by decreasing exposure time and radiation intensity/hazard concentration. Moreover, the introduction of protection layers could also slow down the emergence and development of the oxidation layer (Cooper et al., 2008). For elastomers utilized in the oxidative environment for the long term, Park et al. raised two approaches to limit the thickness of the oxidation layer. The first approach is through a combinative treatment of UV/ozone and oxygen plasma, which could generate a viscoelastic intermediate layer between the rigid oxidation layer and matrix. In addition, compared with continuous exposure to the oxidative source, by which the thickness of the oxidation layer increases monotonically with time, intermittent treatment with O2 plasma for a short period of time (eg:1 min) could generate a rigid oxidation layer with finite thickness (Figure 4), which serves as an effective barrier layer for the further penetration of reactive species. Therefore, the depth of the oxidation layer will no longer expand with further exposure to the oxidative source. Although the rigidity increase also contributes to the increase of wrinkle amplitude, its influence (power number: [image: image]) is much lower than the decrease in thickness (power number: 1) from Eq. 7 (Park et al., 2010).
[image: Figure 4]FIGURE 4 | Wrinkle suppression through film thickness control. (A) Schematics of the comparison between the development of the surface oxide layer by continuous and intermittent O2 plasma treatment. (B) Elemental distribution of C, O, and Si with depth, indicating the formation of a SiO2-based rigid oxide layer. (C) Wavelength of the generated wrinkles with the number of intermittent O2 plasma treatments. The wavelength becomes stable after six cycles of treatment, indicating that the thickness of the rigid layer no longer increases (reproduced with permission from Park et al., 2010, The Royal Society of Chemistry).
CONCLUSION AND PROSPECTS
Although wrinkling is no longer regarded as detrimental in materials science, there is still great motivation in developing efficient wrinkle suppression strategies for optimized performance of electronic and optical devices. To this end, the strategies for wrinkle suppression in various scenarios are introduced in this review in order to provide some helpful guidance in this field. From the numerical analysis of wrinkle generation and development, we picked up key parameters determining the threshold for wrinkle initiation and the morphology of resulting wrinkles. To increase the critical strain for wrinkling, the interface property and stiffness of the thin film within the bilayer system could be tailored. Moreover, the reduction of wrinkle amplitude could also be regarded as wrinkle suppression, which could be achieved through the decrease of film thickness. Through various material modification and structural design methodologies, the aforementioned parameters could be facilely tuned, and improved anti-wrinkling performances are achieved.
Further development of anti-wrinkling strategies lies in the balance between wrinkle suppression performance and maintenance of the intrinsic functionalities in a specific system since the suppression of wrinkles is always at the expense of some degradation of other properties. For example, the stiffness reinforcement of films usually leads to reduced stretchability and optical transparency, and modification of the interface between the metal film and elastomer could decrease the electrical conductivity of the film. Moreover, surface patterning could induce the formation of folds and delaminated wrinkles and the inhomogeneous stress distribution which leads to stress concentration and cracking. The state-of-the-art anti-wrinkling strategies should be comprehensively evaluated before being adopted in a certain system and further optimization of the strategies that minimize the side effect to the intrinsic material properties is still waiting to be carried out. Sustained and coordinated efforts from mechanics, materials science, and mechanical engineering should be further devoted in this field to address this challenge and eventually achieve optimized anti-wrinkling performance.
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