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ABSTRACT 

Microscale interfaces play an important role in the mechanics of material systems 

with dissimilar properties. In particular, compliant interfaces have been shown to provide 

resistance to crack propagation or accommodate the differential thermal expansion 

between dissimilar materials. In this dissertation research, compliant interfaces were 

taken advantage to address two problems in mechanics: (a) Control the details of surface 

wrinkling of soft substrates with hard coatings subjected to uniaxial compression, and (b) 

attenuate or completely eliminate the strain transfer from a load bearing substrate to an 

attached film. 

The first objective of this dissertation research was to investigate the geometry 

and material properties of a compliant interface that was employed to modify the wrinkle 

behavior of a material system comprised of a stiff film deposited onto a compliant 

substrate. In a conventional two-layer system, the wrinkle patterns, as described by their 

wavelength, amplitude and orientation are determined solely by the material properties 

and thickness of the two layers and the direction of the applied load. A compliant 

interface layer can provide the means for further control of wrinkling. Towards this goal, 

thin films were deposited via Glancing Angle Deposition (GLAD) between an 

elastomeric substrate of polydimethylsiloxane (PDMS) and a Cu thin film. The process 

parameters of GLAD were studied and calibrated to fabricate films comprised of uniform 

isotropic (nanosprings) and orthotropic (nanochevrons) Cu nanostructures with different 

geometrical parameters that controlled the effective in-plane compressive modulus of the 

GLAD films. The highly compliant Cu nanospring films served as novel means to reduce 

the physical length scale of wrinkle patterns, i.e. concurrently reduce the wrinkle 

wavelength and amplitude while maintaining the wrinkle amplitude-to-wavelength aspect 

ratio for a given applied strain. On the other hand, anisotropic Cu films comprised of 

nanochevrons with 0.5-µm pitch were shown to exhibit an anisotropy ratio of 9.3 which 

modified the wrinkle direction with respect to the principal stress direction by almost 10°. 

Thus, contrary to isotropic films in which the direction of applied stress exclusively 

dictates the wrinkle direction, this unique class of anisotropic films allowed modifying, 

for the first time, the wrinkle direction independently of the direction of the applied load. 
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Thus, a compliant interface could be used quite effectively to control the geometrical 

details of wrinkle patterns without modifying the original material system or the type of 

loading. Finally, the mechanics of surface wrinkling was taken advantage to obtain for 

the first time the effective in-plane compressive modulus of GLAD films, as their discrete 

nature prevented such measurements in the past. The in-plane compressive modulus of 

GLAD Cu films comprised of nanosprings with 0.25-μm and 0.5-μm pitch was measured 

as 500±21 MPa and 830±20 MPa, respectively, which is more than two orders of 

magnitude smaller than the Young’s modulus of a solid Cu film (120 MPa). Similarly, 

the effective in-plane compressive modulus of nanochevron Cu films with 0.5-µm pitch 

was measured as 710±10 MPa and 75.1±2 MPa along the principal material axis and its 

normal, respectively. 

The second objective of this dissertation research focused on the attenuation or 

complete elimination of strain transfer from a load bearing substrate to an attached film 

via a compliant interface. Brittle films such as thin film photovoltaics (PV) that are 

integrated with load-bearing structures can fragment and suffer from performance 

degradation while subjected to strains larger than 0.3%. A properly designed interface 

can shield a brittle PV film from structural loads while also maintaining its functional 

performance. The design of effective (reaching 100% strain attenuation) and efficient 

(minimum layer thickness to attain 100% strain attenuation) interface layers depends on 

the dimensions and mechanical properties of the substrate, the PV film and the interface 

layer. An analytical elasticity model captured the coupled effects of shear modulus and 

thickness of a compliant interface on the attenuation of strain transferred from a Carbon 

Fiber Reinforced Polymer (CFRP) laminate to a bonded PV film. Based on the results of 

this model, a series of experiments were designed and carried out by using PDMS 

interface layers with effective shear stiffness values (shear modulus over thickness) in the 

range of 0.6-48 MPa/mm, leading to 36-100% strain attenuation. After accounting for 

manufacturing effects on the effective modulus of the PDMS interface layers, a very 

good agreement emerged between the experimental measurements and the model 

predictions. Importantly, the strain attenuation achieved by the interface layer preserved 

the original fill factor of the PV film until CFRP laminate failure at 1.8% strain, whereas, 
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in the absence of a PDMS interface, the fill factor gradually decreased when the CFRP 

laminate strain exceeded 0.8%. Based on the experimentally validated analytical model, 

general strain attenuation maps were drawn to capture the coupled effects of the effective 

shear stiffness of an interface layer, and the Young’s modulus, thickness and length of an 

attached film.  
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CHAPTER 1 
 

 

 

 Introduction 

Interfaces layers play an important role in mechanical, thermal and electrical 

applications [1-3] by providing enhanced compliance and functional properties such as 

reduced electrical and thermal contact resistance. From a mechanical viewpoint, 

compliant interface layers improve the resistance to interfacial cracks and accommodate 

the differential thermal expansion between materials with different coefficients of 

thermal expansion. Sumigawa et al. [4,5] employed a 560-nm Ta2O5 nanospring film as a 

compliant interface layer between two solid bodies. This nanospring interface layer with 

Young’s modulus of 0.37 GPa removed the stress singularity at the interface crack tip. In 

cases where there was no interface layer, the normal stress was 3.5 times higher near an 

interface crack tip than the far field. Similarly, carbon nanotubes (CNTs) have been 

proposed as a thermal interface due to high intrinsic thermal conductivity [3,6]. For 

instance, compliant interface layers of CNTs with 280-µm hair-like structure were grown 

by Ge et al. [7] with effective modulus of 0.5 MPa. Antartis et al. [1] developed films of 

10-µm long Cu nanosprings, fabricated by Glancing Angle Deposition (GLAD), as a 

thermal interface layer with a 500 MPa normal stiffness that accommodated the 

significantly different coefficients of thermal expansion of Si and Cu while achieving an 

effective thermal resistance of 0.01 cm2K/W.  

The classes of compliant interface layers fabricated by GLAD in [1,4,5] were 

taken advantage of in this dissertation to control wrinkle patterns induced by the 

mechanical instability taking place in a material system comprised of a stiff film on a 

compliant substrate. Wrinkle patterns determine the surface morphology that can be 

important in a variety of applications, such as energy harvesting and surface 
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hydrophilicity [8,9]. Control of wrinkling can be facilitated by compliant interface layers 

that modify the wrinkle response of a multi-layer material system subjected to the in-

plane compression. In general, compliant interface layers control strain transfer which is 

utilized in this dissertation to control strain transfer between a brittle functional film that 

is susceptible to fragmentation [ 10 ] and a load-bearing substrate. Attenuation and 

complete elimination of strain transfer requires a systematic approach to determine the 

material and thickness of an effective and efficient interface layer, which are discussed in 

the next Sections of this Chapter. Major fraction of the content of this Chapter and the 

subsequent Chapter is derived from two publications by this author [11,12].  

 

1.1 Control of Surface Wrinkling 

Mechanical instabilities take place when a stiff thin film is deposited onto a 

flexible substrate that is subjected to in-plane compression, forming surface wrinkle 

patterns to accommodate the elastic strain energy [13-16]. An early study by Bowden et 

al. [14] demonstrated a variety of wrinkle patterns induced during cyclic heating and 

cooling of a material system comprised of a metal film on an elastomeric substrate. 

Following the same rationale, wrinkle patterns, such as stripes and herringbones, have 

been demonstrated in literature [17-21]. For instance, Lin and Yang [17] reported on one- 

and two-dimensional (stripes and herringbones) wrinkle patterns by controlling the 

biaxial loading applied to an oxidized thin surface layer on a polydimethylsiloxane 

(PDMS) substrate. 

Although wrinkle patterns can be undesirable, a variety of applications have taken 

advantage of the periodic nature of the wrinkling and utilized the aspect ratio of wrinkle 

amplitude over wavelength in stiff film-flexible substrate systems [8,22-29]. Controlling 

the wrinkle amplitude-to-wavelength aspect ratio has enabled several applications, such 

as tunable phase gratings to control light diffraction, modified surface wetting, improved 

solar cell efficiency and luminous efficiency of organic light emitting diodes (OLEDs), 

enhanced adhesion of bacteria on surfaces, new classes of flexible electronics, etc. [8,24-

32]. For example, Harrison et al. [25] controlled the wrinkle amplitude of a glassy 
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polymer film on a PDMS substrate for applications to phase gratings. The wrinkle 

amplitude made the material system act as a tunable phase grating for different light 

diffraction intensities. In a different study, Zhang et al. [26] demonstrated a transition 

from surface hydrophilicity to hydrophobicity by increasing the wrinkle amplitude-to-

wavelength aspect ratio through the applied strain. Likewise, wrinkling increased the 

energy harvesting efficiency of solar cells [8,22] and luminous efficiency of organic light 

emitting diodes (OLEDs) by increasing the aspect ratio of wrinkle amplitude-to-

wavelength [29]. Nguyen et al. [27] demonstrated different attachment responses of 

bacteria on microscale and nanoscale wrinkle patterns by controlling the thickness of a 

wrinkled film. Kim et al. [32] utilized the wrinkling behavior of CMOS circuits on a 

PDMS substrate to protect the CMOS circuits from large applied strains which were 

accommodated by wrinkling. These applications highlight the importance of controlling 

the parameters of wrinkle patterns, including the wrinkle wavelength, amplitude and 

orientation. Wrinkle patterns are controlled by the thickness and in-plane elastic moduli 

of the materials comprising a compliant substrate-stiff film system, as well as the 

direction and amplitude of the applied compressive strain: It has been shown that the 

wrinkle wavelength is determined by the thickness and the in-plane modulus of the stiff 

film, and the in-plane modulus of the compliant substrate [33]. Then, for a given material 

system, the wrinkle amplitude and orientation can be only controlled by the direction and 

amplitude of the applied compressive strain. Hence, the physical length scale of a wrinkle 

pattern, i.e. the scale of the wrinkle wavelength and amplitude, is constrained by a given 

flexible material system. 

To date, only a few works have attempted to control wrinkle patterns [22,34] 

without varying the applied load. Among them, Guo et al. [22] controlled wrinkling by 

the effective Poisson’s ratio of discontinuous mesh-type films in the range 1-4.5, which 

resulted in lateral contraction that was much larger than that of the PDMS substrate. By 

virtue of mesh-type films with different Poisson’s ratios, film wrinkling can be initiated 

at various applied strains leading to a variety of wrinkle patterns. Auguste et al. [34] 

increased the substrate confinement by making the substrate thickness close to the film 

thickness, which led to higher wrinkle amplitude-to-wavelength aspect ratios because it 

delayed the period doubling that occurs when every second wrinkle deepens at the 
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expense of its neighbors at high applied strains, Figures 1.1(c,d). However, in many 

applications it may not be possible to modify the material and/or the thickness of the 

compliant substrate or the top stiff film to control the wrinkle wavelength and/or its 

direction.  

 

  

(a) (b) 

  

(c) (d) 

Figure 1.1 (a) Mesh structures of Au films on PDMS. (b) Effective Poisson’s ratio 
( 𝜀!/𝜀" ) vs. applied strain with wrinkling regime highlighted [22]. Reprinted with 
permission from John Wiley and Sons. Cross-sectional views of the evolution of 
wrinkling to period doubling at different applied strains with substrate/film thickness 
ratios of (c) 3 and (d) 9 [34].  Reprinted with permission from Royal Society of 
Chemistry. 
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To the best of the authors’ knowledge, there is no proven approach to control the 

wrinkle amplitude, wavelength and orientation without modifying the composition or 

structure of the compliant substrate/stiff film system, and without the application of 

multiaxial loading. Therefore, viable solutions must be sought in the properties of the 

interface between the elastomeric substrate and the stiff film. In this dissertation, the 

geometric characteristics of wrinkling were modified by incorporating a compliant 

interface layer that reduces the effective stiffness of the top stiff film, while maintaining 

the electrical and thermal properties of a metal or ceramic top film. Compliant interface 

layers with different geometrical and mechanical characteristics were fabricated by 

GLAD, which is discussed in the next Subsection.   

 

1.1.1 Background in Glancing Angle Deposition (GLAD) 
GLAD is a technique that extends Oblique Angle Deposition by further 

controlling the movement of a substrate to control ballistic shadowing [1,2,35-38], Figure 

1.2(a). GLAD takes place at the shallow angle of ~85° with respect to the direction of the 

incident vapor. Atoms arriving at the target surface form small nuclei whose density and 

size depend on the wetting properties of the vapor with respect to the substrate surface. 

Once stable nuclei of a finite size form, they have a shadowing effect due to the high 

incident angle of the vapor, thus halting the growth of small nuclei in their “shadow 

region”, while the larger nuclei continue to grow, Figure 1.2(b). GLAD films have the 

advantages of low deposition temperature, direct growth onto a substrate, multimaterial 

deposition and easy integration to the next layer via a continuous capping layer [1,37]. 

The area coverage is also outstanding, depending on the substrate size that can be 

accommodated by the deposition system. Through the combination of process 

parameters, including the deposition angle, α, the rotation speed, w, and the deposition 

rate, Figure 1.2(a), a variety of nanostructures, such as nanochevrons, nanosprings, and 

nanocolumns, can be realized [35], Figure 1.3. The geometrical details of GLAD 

engineered nanostructures provide control of the film properties: mechanical, optical, 

thermal, and electrical [2,13,35-42].  
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(a) (b) 

Figure 1.2 (a) Concept of GLAD showing the deposition angle, α, and rotation speed, w, 
and (b) shadowing effect in GLAD [43]. Reprinted with permission from IEEE. 

 

In terms of optical properties [44,45], Merket et al. fabricated films of Si columns 

to increase energy harvesting in photovoltaic films. The higher porosity of Si columns 

increased their surface area for oxidation and led to a smaller open circuit voltage, which, 

in turn, increased energy harvesting [45]. The higher surface area of GLAD films has 

been also harnessed for sensing applications. Liu et al. fabricated Pt/WO3 nanorod films 

with high sensitivity to NO2 (80 ppb NO2 with a response of 1.23), which can potentially 

be used in NO2 MEMS sensors [46]. In addition, GLAD films were used in energy 

storage applications [47]. Broughton and Brett [47] reported Mn nanochevron structures 

as an electrochemical capacitor with improved specific capacitance, owing to greater 

porosity. 

GLAD films have also been employed as a mechanical material in thermal 

interfaces [1], compliant films for Li+ anodes [39,42,48], and layers to avert stress 

singularity [4,5]. Specifically, Antartis et al. [1] utilized 10-μm thick Cu nanospring films 

as a thermal interface to accommodate the thermal stress due to the mismatch of the 

coefficients of thermal expansion between a Cu heatsink and a Si substrate. The 

compliant Cu nanospring film also provided an effective thermal resistance of 0.01 

cm2K/W. Furthermore, due to their high compliance, individual 10-µm long Si GLAD 

Sample stage 

Film of nanosprings 
α  

ω  
Pitch 

β  



 7  

 

nanosprings showed no fragmentation during volumetric expansion due to lithiation [39]. 

Solid Si anodes suffer from fragmentation and delamination due to volumetric expansion 

[49]. The nanospring structure of GLAD Si anodes also resulted in higher lithiation rates 

(3.4 nm/s) that were attributed to the nanowire structure of Si nanosprings. Finally, by 

introducing a Ta2O5 nanospring film between two dissimilar materials, the stress 

singularity near the crack tip was diminished due to the compliant nanosprings [4,5].  

 

 

Figure 1.3 Film of Cu nanosprings with 4-turn coils deposited on a Si substrate. 
 

To employ mechanical GLAD films, it is necessary to understand their 

mechanical properties. Prior studies on the mechanical properties of nanoarchitected 

GLAD films focused on the out-of-plane compressive and shear moduli [1,5,50,51]. 

Using an Atomic Force Microscope (AFM), Sumigawa et al. reported the apparent 

Young’s and shear moduli of Ta2O5 films, comprised of 560 nm thick springs, as 375 

MPa and 60 MPa, respectively, [5]. Similarly, by utilizing a nanoindenter, Pique et al. 

reported the Young’s modulus of 10 GPa for TiO2 films comprised of 1.5 μm tall 

columns [50]. Antartis et al. [1] studied 10 μm thick Cu nanospring films as a thermal 

interface material with 250 MPa and 500 MPa shear and normal stiffness, respectively. 

Antartis et al. [37] also isolated single Si nanosprings and showed that the wire cross-

section is elliptical with major and minor axes ~400 μm and 200 μm, respectively. With 

the aid of MEMS devices, the stiffness of single Si nanosprings was measured to be of 
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the order of 10 N/m [37]. Kaneko et al. [51] used a nanoprobe to measure the stiffness of 

500-nm single Si nanosprings as 4.1 N/m.  

Yet, the in-plane compressive modulus of GLAD films, controlled by the 

interactions between individual nanostructures, is still unknown. The discontinuous 

nature of GLAD films prevents their removal from the growth substrate and mechanical 

testing to determine the compressive in-plane modulus. The in-plane film stiffness 

controls among others the film buckling response and is discussed in the context of 

surface wrinkling in Chapter 3 of this dissertation.  

 

1.2 Control of Strain Attenuation in Integrated Thin Film Photovoltaics 

Flexible thin film photovoltaics (PV) are comprised of brittle thin films such as 

amorphous Si (aSi). When integrated onto load-bearing systems, such as building 

structures, aerospace vehicles, satellites, and portable devices [52-58],are subjected to 

significant mechanical loads [10] as the substrate strain is fully transferred to the brittle 

film because the effective stiffness of the substrate is orders of magnitude larger than the 

stiffness of the brittle PV film. In the case of brittle aSi thin film PVs, the mechanical 

strain imposed through a composite laminate substrate has been shown to lead to 

progressive damage beyond a threshold strain. Performance has also been shown to 

degrade when PV films are subjected to relatively small strains [52,59,60], as quantified 

by the reduction of the fill factor (FF) which is the ratio of maximum power of the PV 

film to the product of the open circuit voltage with the short circuit current. In this 

context, Jones et el. [61] reported the onset of the decline of the FF at 0.75% tensile 

strain, by subjecting a PV film to bending. Antartis and Chasiotis [59] integrated aSi PV 

films with Carbon Fiber Reinforced Polymer (CFRP) laminates, and showed that a decay 

of the FF begins at substrate tensile strain of 0.8% for both cross-ply ([0°/90°]n) and ±45º 

laminates. Progressive fragmentation of the aSi layer was identified as the root cause of 

the performance degradation of the thin film PV. Notably, the ZnO Transparent 

Conducting Oxide (TCO) layer was shown to begin fragmenting at CFRP laminate 
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strains as low as 0.3%, albeit without reduction in FF but with potentially detrimental 

effects on the environmental stability of the aSi PV modules, Figure 1.4.  

 

 

Figure 1.4 Cracking of TCO ZnO on a PV film, co-cured on a 0° laminate, at a strain 
of 0.3% [59]. Reprinted with permission from Elsevier. 

 

While several studies have focused on improving the efficiency of PV films 

[62,63], there has been no systematic study to reduce or eliminate the degradation of the 

functional performance of aSi PV films due to substrate-induced strain.  Recently, Dai et 

al. [ 64 ] studied the effect of adhesive bonding of PV modules onto Glass Fiber 

Reinforced Polymer (GFRP) laminates by comparing an epoxy with a silicone adhesive. 

The authors reported no performance degradation up to 0.7% GFRP strain for 0.5-mm 

and 2.0-mm thick silicone adhesive layers, contrary to an epoxy adhesive of the same 

thickness that resulted in performance degradation of the PV module at strains equal to 

0.62% and 0.23%, respectively. Using a shear lag model and their experimental results 

the authors in [64] concluded that, for a given PV module, the shear modulus and the 

thickness of the adhesive control the transfer of the GFRP substrate strain to the PV 

module. However, the adhesive layer thicknesses utilized by Dai et al. [64] are excessive 

compared to the thickness of an unencapsulated PV module, therefore a systematic 

approach is required to determine the minimum required adhesive (interface) layer 

thickness to isolate a PV module from the substrate strain. Furthermore, Dai et al. [64] 

tested their aSi PV modules in a very limited range of substrate strains (up to 0.7%) while 
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prior reports [59,61]  have shown almost no performance degradation of aSi thin film 

PVs subjected to 0.7% strain. 

In order to address these gaps in our current capabilities to effectively and 

efficiently integrate thin film PVs onto load-bearing structures, this dissertation 

investigated the effects of thickness and mechanical properties of an interface layer on 

the strain attenuation (reduction) between a thick and stiff substrate and a brittle PV film. 

The strain isolation concept has been applied before [65-67], by taking advantage of the 

mechanics of shear lag. Lacour et al. [65] and Lu et al. [67] used a diamond-like-carbon 

(DLC) island on a PDMS substrate to provide strain isolation to a device from its 

compliant PDMS substrate. They showed that this approach works well for sub-

millimeter size islands. Likewise, Sun et al. [66] used a SiN island on a PDMS substrate 

to demonstrate strain isolation at the top of a SiN island from its deformable PDMS 

substrate.    

 In the case of PV films that are integrated onto load-bearing structures, the 

underlying structure has a high stiffness [10,52-57,59,64] with elastic modulus values in 

the range 70-130 GPa [68], therefore, strain isolation may be possible with the aid of a 

compliant interface material. Towards this goal, CNTs have been deposited [69,70] as a 

compliant interphase on different substrates [71 ,72] in the past. Daraio et al. [73] 

developed a 100-μm foam-like forest of coiled CNTs, Figure 1.5(a), and Ge et al. [7] 

fabricated hair-like CNT films with a modulus of 0.5 MPa and thickness of 280 μm, 

Figure 1.5(b). However, the high temperature growth of CNTs (>500 °C) [72,74] and the 

constraints on the type of appropriate substrates [75,76] limit the potential applications of 

this approach. Furthermore, the weak adhesion of the CNTs to a functional layer is a 

source of early failure [7]. More recently, thin compliant multifunctional interfaces, 

deposited at room temperature via GLAD, have been demonstrated by Antartis et al. 

[1,37]. In their approach, thin films of metals or ceramics were grown in the form of coil 

or chevron type nanostructures with low shear and normal stiffness as described in 

Section 1.1.1. From a practical viewpoint the GLAD film thickness is limited to ~10 μm, 

which limits the smallest effective stiffness of an interface layer that could be achieved 

by this method. The aforementioned approaches to introduce interfacial compliance must 
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be put in the context of the mechanics of the overall system. An effective compliant 

interface layer should be able to achieve a broad range of effective stiffness values. 

Moreover, candidate interface materials must facilitate direct process integration, large 

area coverage, rapid curing, low process temperature, and strong adhesion without 

interfering with the functionality of the brittle film. In this dissertation research an 

analytical model was adopted to evaluate the requirements for an effective and efficient 

interface for strain transfer control. 

 

  

(a) (b) 

Figure 1.5 (a) Forest of coil-shaped carbon nanotubes [73]. Reprinted with permission 
from Elsevier AIP Publishing. (b) Stress-strain measurements of the 280-μm tall 
carbon nanotubes [7]. Reprinted with permission from American Chemical Society. 

 

 

1.3  Research Objectives and Approach 

Based on the two problems discussed in the last two Sections, involving interface 

mechanics, this Ph.D. dissertation research aimed at: 

(a) Controlling the wrinkle pattern of a continuous stiff film on a flexible substrate via a 

compliant interface layer, Figure 1.6(a). The analytical models described in [13,33,77] 

were utilized to calculate the wrinkle wavelength, direction, and amplitude. GLAD 

interface layers comprised of coil or chevron-type Cu nanostructures were deposited, by 
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controlling the motion of the substrate during deposition, the deposition rate, and the 

deposition angle. The mechanical stiffness of the compliant interface layers was 

evaluated as a function of the process parameters. The resulting wrinkle patterns were 

evaluated, and predictions from analytical models were compared to the experimental 

results. 

(b) Imparting strain attenuation through an interface layer between a stiff substrate 

(CFRP laminate) and a brittle (PV) film, therefore to extend the maximum strain that can 

be applied to the underlying substrate before mechanical and functional damage is 

induced to the brittle film, Figure 1.6(b). An analytical model [78] was employed to 

quantify the strain attenuation as a function of the geometric and material properties of 

the interface. Polydimethylsiloxane (PDMS) was selected as the interface layer due to the 

wide range of tunable elastic moduli and thicknesses. By adjusting the ratio of silicone 

elastomer to curing agent, the elastic modulus was varied in the range 0.1-2 MPa [79,80]. 

The broad range between 33:1 and 5:1 of elastomer-to-curing agent mixing ratios was 

used to control the viscosity of uncured PDMS, which, in turn, resulted in a large range 

of effective stiffnesses for the interface layer.  

 

  

(a) (b)  

Figure 1.6 (a) Three-layer wrinkle system with interface layer of GLAD nanosprings. (b) 
Brittle film (PV film) - interface layer (PDMS) - substrate (CFRP laminate) system.  

  

1.3.1 Research Tasks 

The following tasks were carried out in this Ph.D. dissertation to achieve the 

aforementioned goals: 

CFRP Substrate 
Interface 

Film Interface 
PV 
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1.  Study the effect of GLAD process parameters, such as deposition rate, angle, and 

rotation speed, on the morphology and precision of feature definition (nanosprings 

and nanochevrons) of nanoarchitected interface layers.  

2.  Calculate the effective in-plane modulus of the interface layers to control the 

wrinkling and employ films made of GLAD as the interface layers. Build a device 

to control the uniaxial strain applied to flexible PDMS substrates before and after 

deposition of GLAD films, and evaluate the effectiveness of GLAD interface layers 

in controlling the wrinkle behavior. Extend the analytical model to the case of an 

orthotropic interface layer to study anisotropic wrinkling and design appropriate 

experiments to demonstrate anisotropic wrinkling that is controlled by the interface. 

3.  Calculate the properties of an interface layer to achieve different degrees of strain 

attenuation. Utilize the model results to design, implement, and evaluate effective 

and efficient compliant interfaces to reduce or eliminate the strain transfer and loss 

of functional performance of a PV film bonded onto a CFRP laminate. 

 

1.4 Dissertation Outline  

This dissertation consists of five chapters describing the fabrication and 

experimental measurement methods, the data analysis, and the analytical models 

developed or utilized to study the problems of wrinkling and strain attenuation due to a 

compliant interface. Chapter 2 describes the application of GLAD, including an 

evaluation of process parameters, to fabricate isotropic and anisotropic interface layers. 

The experimental methods to evaluate the materials for wrinkling and strain attenuation 

are also presented in Chapter 2.  

Chapter 3 discusses the results of the effort to control surface wrinkling. The 

effective in-plane modulus of the interface layers, and wrinkle wavelength, wrinkle 

direction, wrinkle amplitude, and the critical strain to initiate wrinkling are reported for 

two-layer and three-layer systems. The analytical model is extended for an orthotropic 

interface layer, whose stiffness matrix is experiementally parameterized and the 

predicitons are compared to the experimental results.   
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Chapter 4 focuses on strain transfer between a load bearing CFRP laminate and an 

attached thin PV film. Strain attenuation, achieved by a PDMS compliant interface, is 

predicted by an analytical model and compared to the experimental results. The PDMS 

interface layer is shown to mitigate the strain transferred to the PV film and the degree 

the latter maintains its performance efficiency. Finally, Chapter 5 presents the 

conclusions of this work and an evaluation of the results of this dissertation research vis-

à-vis the research objectives.  

This dissertation builds on two journal publications by the author [11,12]. Chapter 

3 includes material from Ref. [11]. Chapter 4 includes material from Ref. [12]. Some 

material from both journal publications is incorporated in Chapters 1 and 2. 
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CHAPTER 2 
 

 

 

  Experimental Methods 

In this Chapter, the application of the GLAD method for the fabrication of the Cu 

compliant interface layers is described, including important process parameters, such as 

deposition angle, rate, and rotation speed that determine the morphology of GLAD 

nanostructures. The latter formed interface layers for the wrinkle control. Likewise, all 

mechanical testing methods employed in this study and the methodology to measure the 

electrical performance of PV films are described in this Chapter. 

 

2.1  Fabrication of Interface Layers for Wrinkle Control 

The GLAD method was utilized to fabricate the interface layers in the two-layer 

system of a Cu thin film on a thick PDMS layer. The process parameters of GLAD, the 

deposition angle, α, rotation speed, ω, and deposition rate, shown in Figure 1.2(a), have a 

direct effect on the shape and dimensions of the fabricated nanostructures comprising the 

interface layers, and hence provide control of the structure and mechanical properties of 

the interface layers. Cu was selected for the thin film and the interface layers because of 

its high electrical and thermal conductivities that facilitate applications in flexible 

electronics, sensors and devices [81-84].  

A custom e-beam evaporator system (AXXIS, Kurt J. Lesker), Figure 2.1, was 

used to fabricate the Cu GLAD films from Cu pellets (Mueller Industries) with a purity 

of 99.99% under 5×10-8 torr vacuum. A cryopump (CRYO-TORR 8, HELIX) achieved 

high vacuum by trapping gas molecules on its cold surface (12 K). The high vacuum 

ensures a large vapor mean free path that is longer than the chamber dimensions to permit 
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ballistic shadowing of the incoming vapor flux [35,36]. For a typical system with a 

source-substrate distance of ~45 cm, an operating pressure of less than 10-3 torr is 

required to achieve a sufficient mean free path [85]. Based on the material properties of 

Cu and the position of the gold quartz crystal relative to the graphite crucible, the tooling 

factor, Z-ratio, and material density were set as 46.2, 0.437 and 8.93 g/cm3 [ 86 ], 

respectively, in the system interface. The tooling factor stands for the ratio of the rates at 

which material is deposited on the quartz crystal and substrate, and is used to account for 

variation in thickness between the films deposited on the quartz crystal and on the 

substrate. The Z-ratio is a parameter that corrects for the acoustic-impedance mismatch 

between the quartz crystal and the deposited material.   

 

 

Figure 2.1 E-beam evaporator system (AXXIS, Kurt J. Lesker). 
 

Compared to other physical vapor deposition methods such as sputtering, e-beam 

evaporation provides highly directional deposition and therefore repeatable and accurate 

definition of the geometry of GLAD nanostructures [85-88]. Dick et al. [88] reported that 

sputtering has a larger flux angle distribution along the wafer due to its reduced 

directionality, which can lead to non-uniform shadowing. A custom 6” sample stage was 

controlled by the instrument software to define the deposition angle and azimuthal 
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rotation of the substrate. The deposition temperature, which is defined as the temperature 

of the substrate was measured as 35±5 °C for the entire duration of one deposition (~1.5 

hr) by using temperature indicating labels (Omega Engineering, Inc.) A higher deposition 

temperature had a significant effect on the morphology of GLAD films due to higher 

diffusion of the Cu atoms [89], since higher atom mobility suppresses the shadowing 

effect. Sumigawa et al. [89] showed that GLAD nanostructures grown at progressively 

lower substrate temperatures suffered less from atomic diffusion, and resulted in well-

defined shapes, Figure 2.2.   

Herein, for the aforementioned pressure and temperature deposition conditions, 

we evaluated the effect of deposition angle, deposition rate, and substrate rotation speed, 

on the geometry and shape of grown GLAD nanostructures. 

 

 

Figure 2.2 Cu nanostructures deposited at substrate temperatures 253 - 453 K [89]. 
Reprinted with permission from American Vacuum Society. 
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The deposition angle, α, i.e. the angle between the incident flux and the substrate 

normal, Figure 1.2(a), controls the growth angle, β, which is the angle between a growing 

nuclei and the substrate normal [35]. Based on experimental observations, N

ieuwenhuizen and Haanstra [90] were the first to utilize the tangent rule model: 

𝑡𝑎𝑛𝛼 = 2𝑡𝑎𝑛𝛽 (2.1). 

Later, Tait et al. [91] reported on a ballistic model by using the shape of a disc to 

represent the average trajectory of a large number of atoms that have limited surface 

diffusion when arriving at the substrate:  

𝛽 = 𝛼 − 𝑎𝑟𝑐𝑠𝑖𝑛	 0
1 − 𝑐𝑜𝑠𝛼

2 3 (2.2). 

 

These simple geometrical models that were put forth in the past to relate α and β 

[90,91], did not take into account the material properties and, therefore, often failed to 

capture the correct growth angle, β [92]. For instance, Lintymer et al. [92] compared the 

growth angle, β, of Cr nanocolumns with predictions by Equations (2.1) and (2.2). The 

value of β of Cr nanocolumns deposited on a Si substrate only fitted each model at certain 

range of the deposition angle. Because of the lack of a universally accurate model, an 

experimental campaign was launched in this dissertation research to evaluate the feature 

geometry for different values of α. The growth angle, β, of Cu nanochevrons was 

evaluated from SEM images as a function of the deposition angle, α, and the results are 

presented and discussed in Chapter 3. 

While columnar growth takes place at an angle β, a continuous slow substrate 

rotation produces nanosprings whose pitch is given by [35]: 

𝑃 = 	
𝑅
𝜔 (2.3), 

where P is the pitch [Å], R is the actual deposition rate [Å/s], and ω is the azimuthal 

rotation speed [revolutions/s]. The actual deposition rate, namely the deposition rate in 

the direction of the substrate normal, is much smaller than the vapor flux (nominal 
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deposition rate) measured by the quartz balance, installed ~10” above the crucible in the 

e-beam evaporator, and depends on α. The actual deposition rate vs. deposition angle 

(85°, 86° and 87°) was measured from SEM images of Cu nanochevrons for a nominal 

deposition rate of 10 Å/sec and the results are provided in Chapter 3. Henceforth by 

deposition rate we refer to the nominal deposition rate. For all GLAD films, the highest 

deposition rate available in the AXXIS system of 10 Å/s was selected, because slower 

deposition rates suffered from strong diffusion effects and resulted in fused 

nanostructures. By controlling α, P, R and ω, discrete films comprised of nanosprings and 

nanochevrons were fabricated. The geometric versatility of such nanostructures provided 

a large range of effective elastic properties for the interface layers used to control 

wrinkling in Chapter 3. 

 

2.2 Mechanical Testing 

Uniaxial tension tests were conducted to determine the elastic modulus of 

freestanding PV films, CFRP laminates, and PDMS films. The tests on PDMS and PV 

films were performed with the Bose ElectroForce 3200 Series III Test Instrument at the 

strain rate 10-4 s-1. A speckle pattern was spray-painted with an airbrush on the PDMS 

and PV specimens, Figure 2.3(a), to calculate the strain fields via Digital Image 

Correlation (DIC) from optical images obtained during testing (Sony DFW-X10 CCD 

camera with Pentax C32500KP lens) at 1 fps. CFRP laminates were tested for their 

longitudinal elastic modulus, using an Instron 4483 mechanical testing machine at the 

strain rate 10-4 s-1. A speckle pattern was deposited onto the CFRP laminates, to obtain 

the strain field via DIC and calculate the elastic modulus and Poisson's ratio. CFRP 

laminates with bonded PV films (with and without a PDMS interface) were also tested 

using the same methodology. For those test specimens, a speckle pattern was deposited 

on the side of the laminate to obtain the CFRP strain field via DIC, while a second CCD 

camera with a high magnification objective (30×) was used to take real-time images of 

the surface of the PV film that was co-cured with the CFRP laminate. The second CCD 

camera with a VZM™ 450i lens (Edmund Optics, Inc.) was integrated on a multi-axis 
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stage with a micrometer to accurately focus on the specimen surface. The inherent 

speckle pattern of the PV film, Figure 2.3(b), was used to calculate the uniaxial strain 

field via DIC. The same optical images provided real-time observation of the 

fragmentation of the ZnO and aSi layers of the PV film. To highlight the fragmentation 

lines, the PV film was also illuminated at a 30º angle with a 15-Watt light source, which 

was turned off when measuring the photovoltaic FF. The results of the strain 

measurements from the PV film and CFRP laminate were then used to calculate the strain 

attenuation. 

To evaluate the effect of the interface layer on wrinkling, the PDMS substrate was 

pre-stretched by 10% via a screw-driven, unidirectional mechanical loading device, 

Figure 2.4, before depositing the nanostructured GLAD films and the solid Cu films. 

After deposition, the PDMS substrate was released in 0.25% strain increments via a fine 

screw on the loading frame. The easy integration of the loading stage device with the 

deposition chamber allowed for control of the loading direction with respect to the 

resulting orientation of the GLAD films, which enabled the study of the effect of GLAD 

film orientation on wrinkling, which is described in Chapter 3. The wavelength, angle, 

and amplitude of the wrinkle patterns were measured with a 3D Laser Scanning Confocal 

Microscope (Keyence VK-X1000).  

 

  

(a) (b) 

Figure 2.3 Speckle pattern on the gauge section of (a) 52-μm thick PV film. (b) Inherent 
speckle pattern of PV film. 
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Figure 2.4 Mechanical stage to pre-stretch PDMS films before GLAD deposition and 
release them after deposition.  

 

 

2.3 Measurement of PV Fill Factor 

The PV full modules (7.6-cm long) cured onto the CFRP laminate were wired to 

obtain the fill factor (FF) during mechanical loading. Two 30 W light sources served as a 

stable light source. The PV module was modeled as an ideal diode assuming no losses 

from bulk resistance and junction leakage, according to Morgan et al. [93]. The total 

current, I, and voltage, V, under a constant light source are related as:  

𝑙 𝑛(𝐼#$ − 𝐼) = 𝑙𝑛𝐼% +
|𝑒|𝑉
𝛾𝑘&𝑇

 (2.4), 

where IL, e, T, kB are the short circuit current, the magnitude of the electronic charge, the 

absolute temperature, and the Boltzmann constant, respectively. The diode factor, g, and 

the reverse diode saturation current, I0, were obtained by a circuit of two multimeters and 

one resistance substitution box with |(|)
*+!,

≫ 1 [93], as shown in Figure 2.5.  

1 cm 

PDMS Film 

Precision Screw Mechanical Clamp 
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 Figure 2.5 Calculation of diode factor and reverse diode saturation current by fitting the 
voltage and current in the range |(|)

*+!,
≫ 1 as indicated by the red line above. The diode 

factor and the reverse diode saturation current were used to plot the I-V curves of a PV 
film module. 
 

Following the methodology by Morgan et al. [93], the I-V characteristic curves 

were then plotted via:  

𝐼 = 𝐼% C1 − 𝑒𝑥𝑝	(
|𝑒|𝑉
𝛾𝑘&𝑇

)F + 𝐼#$  (2.5). 

where Isc is the short circuit current. 

Finally, FF was calculated as: 

𝐹𝐹 =
𝐼-.𝑉-.
𝐼/0𝑉%0

 (2.6), 

where Voc is the open circuit voltage, and 𝐼-.	and 𝑉-. are the voltage and current on the 

I-V characteristic curve at the practical maximum power. Voc and Isc were measured for 

I→0 and V→0, respectively. The FF of the PV modules was measured in their as-

received form and after they were integrated onto CFRP laminates to confirm that no 

damage was induced during specimen preparation and curing. 
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2.4 Summary 

The GLAD method, employed to fabricate compliant interface layers for wrinkle 

control was presented and discussed. The GLAD parameters utilized to control the 

geometry and dimensions of GLAD nanostructures, and therefore influence their 

mechanical properties of the resulting films were also presented. Uniaxial tension 

experiments performed to measure the elastic modulus of the materials in the wrinkle and 

the strain transfer problems were discussed. Uniaxial tension experiments were also used 

to measure the strain for the evaluation of strain attenuation. The methodology by 

Morgan et al. [93] to characterize the performance of PV films was described. Finally, a 

custom mechanical loading stage device was built to curry out the wrinkling experiments.  
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CHAPTER 3 
 

 

 Control of Wrinkling through Interface Engineering 

A new approach is presented in this Chapter to control surface wrinkling without 

modifying the applied loading and the composition or the structure of a stiff film-

compliant substrate system. Cu and PDMS are employed as the stiff film and compliant 

substrate, respectively. Herein we are taking advantage of nanoarchitected films 

fabricated by GLAD to deposit interface layers comprised of coiled or chevron-type Cu 

nanostructures, such as nanosprings or nanochevrons. The optimal process parameters of 

GLAD, including the deposition rate, deposition angle, and rotation speed, are identified 

in order to fabricate the isotropic and orthotropic compliant interface layers, which, in 

turn, are used to control the overall wrinkle behavior of a composite, comprised of a stiff 

top film and an elastomeric substrate. The experimental results are presented along with 

the formulation and the closed form solution of an analytical model adopted from 

literature and further modified for the purposes of this research. The isotropic wrinkle 

behavior is modeled with the aid of the analytical models by Allen [33] and Lejeune et al. 

[77]. In addition, the analytical model by Yin et al. [13] is extended and utilized to 

simulate the anisotropic wrinkle behavior. Importantly, as part of the experimental effort 

to characterize the wrinkle behavior of two- and three-layer systems, the effective in-

plane compressive modulus of GLAD interface layers is quantified for the first time as a 

function of their geometric features. 

3.1 Experimental Methods   

3.1.1 Process Parameters for GLAD Nanostructures 

The effect of deposition angle, α, deposition rate, and rotation speed, ω, on the 

dimensions and geometry of GLAD nanostructures was studied under the fabrication 

conditions described in Section 2.1. 



 25  

 

Cu nanochevrons fabricated on a seeded substrate with different values of 

deposition angle, α, are shown in Figure 3.1. For a normal incidence deposition rate of 10 

Å/sec, the actual deposition rate was measured to be 1.68 Å/sec, 1.58 Å/sec, and 1.46 

Å/sec for α of 85°, 86°, and 87°, respectively via SEM imaging of the resulting films. The 

growth angle, β, increased for higher values of α. It was measured as 81.4°, 82.8°, and 

83.6° for α of 85°, 86°, and 87°, respectively, from SEM images. Moreover, the 

separation between nanochevrons increased with α due to the increasing shadowing effect 

between nanochevrons. As described in the next Section, α was selected to be 86° 

because it produced the finest nanostructures. Large deposition angles led to excessive 

shadowing which halted the growth of some GLAD nanostructures, Figure 3.1(c). 

 

   

(a) (b) (c) 

Figure 3.1 Seeded Cu nanochevron films deposited at 10 Å/sec and deposition angle, α, 
(a) 85°, (b) 86°, and (c) 87°. The nanochevron structure in the red bod in (c), was 
terminated during deposition. 

 

As shown by Equation (2.3), GLAD nanostructures with different geometries can 

be fabricated by controlling the pitch. To that effect, the deposition rate and speed, ω, 

were used to control the pitch. For finite rotation speeds, the pitch of nanosprings 

decreased with increasing ω. The resulting Cu films transitioned from nanosprings to 

nanocolumns when ω changed from 0.025 to 20 rpm at the same deposition rate, Figure 

3.2. For instance, ω = 0.025 rpm and ω = 0.01 rpm produced a pitch of 0.38 µm and 0.95 

µm, respectively, Figures 3.2(a) and 3.2(b). The different structure resulted in 

compressive different stiffness for a given film thickness [38,94,95]. The coil diameter of 
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the same nanospring structures was measured to be 0.76 µm and 1.8 µm for ω = 0.025 

rpm and ω = 0.01 rpm, respectively. Smaller coil diameter led to larger separation 

between nanostructures, which, in turn, influences the interaction between individual 

nanostructures. Finally, the nanosprings transitioned to nanocolumns, Figure 3.2(c), when 

the pitch became negligible for ω = 20 rpm. 

The same conclusion was drawn by increasing the deposition rate. As shown in 

Figure 3.3, under the same rotation speed, ω, the pitch became twice as large when the 

deposition rate was doubled, as also expected from Equation (2.3), because the higher 

deposition rate reduced the amount of time for atoms to diffuse after arriving on the 

substrate. These nanospring films were employed as isotropic interface layers.  

With zero rotation speed, slanted columns can be made, Figure 3.4(a), and the 

growth angle, β, was directly controlled by the deposition angle, as discussed in Section 

2.1.1. Furthermore, nanochevron structures were fabricated by periodically applying 180° 

step rotations, e.g. Figures 3.4(b) and 3.4(c). The pitch can be controlled by the 

deposition rate or time (this dissertation). For the same deposition rate, the pitch 

increased from 0.25 µm, Figure 3.4(b), to 0.5 µm, Figure 3.4(c), by doubling the 

deposition time per segment. The nanochevron films are anisotropic, which was taken 

advantage of in this dissertation. 

Alternatively, square nanospring structures comprised of slanted columns were 

fabricated by periodically rotating the sample stage by 90°, Figure 3.5. The pitch of 

square nanosprings was controlled by either the deposition rate or the deposition time 

(this dissertation). 
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(a) 

 

(b) 

 

(c) 

Figure 3.2 Cu films deposited at α = 86°, deposition rate of 10 Å/sec and ω equal to (a) 
0.01 rpm, (b) 0.025 rpm, and (c) 20 rpm.  



 28  

 

  

(a) (b) 

Figure 3.3 Cu nanospring films deposited at ω = 0.025 rpm, α = 86° and deposition rate 
(a) 5 Å/sec, and (b) 10 Å/sec. 

 

The deposition angle and deposition rate were calibrated and used in the next 

Section to fabricate isotropic and orthotropic interface layers for the wrinkle control. 
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(a) 

 
(b) 

 
(c) 

Figure 3.4 (a) Cu slanted columns deposited at 10 Å/sec. Cu nanochevron films 
deposited at 10 Å/sec with (b) 0.25 µm and (c) 0.5 µm pitch. The deposition angle, α, 
was 85° in (a) and 86° in both (b) and (c). 
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Figure 3.5 Square Cu nanosprings deposited at α = 86°, deposition rate 10 Å/sec, and 
0.5-µm pitch.  

 

 

3.1.2 Deposition of Solid and Nanostructured Interface Layers 
Uniaxial strain was applied to PDMS substrates in all experiments presented in 

this Chapter. A 2-mm thick PDMS film served as the substrate, synthesized by mixing a 

silicone elastomer with curing agent (SYLGARD 184, Dow Corning, Midland, MI) at 2:1 

ratio and then degasing for 25 min. Upon mixing, PDMS was oven-cured at 165°C for 2 

days to achieve maximum stiffness [80]. Solid Cu films and discrete Cu GLAD films 

were deposited via electron beam (e-beam) evaporation on the PDMS substrate. To 

ensure strong adhesion between PDMS and the Cu films, the PDMS surface was treated 

with oxygen plasma (Harrick Plasma PDC-32G) for 3 min (18 W, 700 mTorr) after the 

PDMS film was pre-stretched by the loading stage. Then, a 10-nm Ti layer, serving as an 

adhesion layer between PDMS and Cu, was deposited by an AJA DC Sputtering System. 

A 0.5-μm solid Cu cap layer, serving as the top solid film that induces wrinkling, 

was deposited at the deposition rate of 10 Å/sec, ω = 20 rpm, and α = 20°. The top solid 

cap layer thickness was kept the same in all test specimens, while nanosprings and 

nanochevrons with a pitch of 0.25 μm or 0.5 μm and total height of 2.0 μm were 

deposited using the process parameters in Table 3.1. As described in Section 3.1.1, the 

deposition angle, α, and normal deposition rate were selected to be 86° and 10 Å/s, 
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respectively. To study the effect of the interface layer with respect to the top film 

thickness as well as the entire Cu film thickness (top solid layer + interface), solid Cu 

films of 0.5 μm and 2.5 μm were also deposited at α = 0° and α = 20°. Shown in Figures 

3.7(a,b), Cu nanospring films with small pitch (0.25 μm) and small coil diameter (0.46 

μm), and large pitch (0.5 µm) and large coil diameter (0.89 μm) were fabricated for ω = 

0.038 rpm and ω = 0.019 rpm and constant deposition rate, respectively. Increasing ω 

resulted in smaller pitch, as expected from Equation (2.3). As deduced from Figures 

3.7(a,b), larger coil pitch also resulted in increased intertwining between adjacent Cu 

coils, and, therefore, higher film cohesion and stiffness, as will be shown in a later 

Section. Cu nanosprings with helical coils resulted in roughly in-plane isotropic films. On 

the other hand, chevron-like nanostructures produced orthotropic films. The latter were 

grown by periodically applying a 180° step rotation to the substrate. The time interval 

between 180° step rotations controlled the chevron pitch, Figure 3.7(c-i). In nanochevron 

films, the principal stress direction, θp, with respect to the principal material axis, x, of the 

interface layer, Figure 3.6, was controlled by positioning the unidirectional, screw-driven 

mechanical loading stage built for this study at an angle 𝜃p with respect to the deposition 

direction, Figures 3.6 and 2.4. Then, the sample stage was periodically positioned at 𝜃p 

and 180°+𝜃p to produce nanochevron structured films.  

 

 

Figure 3.6 A single nanochevron with its material axes aligned with the x and y axes. 
The principal material axis is aligned with the x axis. 

x (also the principal 

material axis) y 
θp  
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(a) (b) 

  

(c) (d) 

  

(e) (f) 

(Figure 3.7 continued) 
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(g) (h) 

 

 

(i) (j)  

Figure 3.7 Cu nanospring films with (a) 0.25-μm and (b) 0.5-μm pitch and a 0.5-μm 
solid Cu cap layer. Cu nanochevron films with 0.25-μm pitch and principal stress 
direction at: (c) 0°, (d) 45°, and (e) 90° with respect to the principal material axis. Cu 
nanochevron films with 0.5-μm pitch and principal stress direction at: (f) 0°, (g) 20°, (h) 
45°, and (i) 90° with respect to the principal material axis. All nanochevron films are 
terminated with a 0.5-μm solid Cu cap layer. (j) Schematic of loading stage positioned 
on the sample stage of the e-beam evaporator. 

 

 

 

 

Vapor 

direction 

𝜃p 

Principal stress 

direction  
PDMS 
Film 

Sample stage  
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Table 3.1 Process parameters for solid and nanostructured Cu films. 

Film 
structure 

Pitch height 
(μm) 

Rotation speed 
(rpm) 

Deposition 
angle (°) 

Deposition rate 
(Å/s) 

Solid N/A 20 0 10 

Solid N/A 20 20 10 

Springs 0.25 0.038 86 10 

Springs 0.5 0.019 86 10 

Chevrons 0.25 0 86 10 

Chevrons 0.5 0 86 10 

 

3.2 Analytical Problem Formulation  

3.2.1 Wrinkling of Isotropic Two- and Three-layer Material Systems 
The wrinkle response of an isotropic two-layer system comprised of a thick 

substrate with modulus Es and thickness ts, covered with a thin film with modulus Ef and 

thickness tf, such that ts >> tf, and Es << Ef, Figure 3.8(a), is governed by the Föppl–von 

Kármán equation that describes the deflection w of a thin flat plate attached to an infinite 

substrate under plane-stress conditions [96]: 

𝐷1
𝑑2𝑤
𝑑𝑥2 +

(2𝜈13𝐷1 + 𝐷4)
𝜕2𝑤

𝜕𝑥3𝜕𝑦3 + 𝐷3
𝜕2𝑤
𝜕𝑦2

− ℎ𝑏 Q
𝜕
𝜕𝑥 0𝜎!!

𝜕𝑤
𝜕𝑥 + 𝜎!"

𝜕𝑤
𝜕𝑦3 +

𝜕
𝜕𝑦 0𝜎""

𝜕𝑤
𝜕𝑦 + 𝜎!"

𝜕𝑤
𝜕𝑥3S

= 𝑞𝑏	

(3.1), 

where w is the deflection of the film, b and h = tf are the width and thickness of the film, 

respectively, 𝐷1 = 𝐷3 = 𝐸5∗𝐼5 = 𝐸5∗
78"

13
 are the flexural rigidities of the film in x and y 
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directions, respectively, 𝐷4 =
78"

4
𝐺5,13 is the torsional rigidity and Gf,12 the in-plane shear 

modulus of the film. If is moment of inertia of the film, Figure 3.8(a), 	

𝑞 = −𝑤𝐾/		is the normal traction between the film and the substrate, 𝐾/ =
:#∗;
3
	 is the 

transverse stiffness of the substrate as it responds to the sinusoidal deflection of the film 

[97], n is the wavenumber, ν12 is the Poisson’s ratio, and E* = E/1-ν2. For isotropic films, 

D1 = D2.  

In the case of uniaxial compression, Equation (3.1) is reduced to: 

𝐷1
𝑑2𝑤
𝑑𝑥2 − ℎ𝑏𝜎!!

𝑑3𝑤
𝑑𝑥3 = 𝑞𝑏	 (3.2). 

and wrinkling is controlled by the normal stress, σxx, which is also the principal stress. In 

this study, all experiments were carried out under uniaxial compression. Therefore, 

henceforth the direction of the applied force is referred to as the principal stress direction, 

see also Figure 3.8(c). 

Herein, the problem formulation by Allen [33] for an isotropic two-layer system 

is adopted. In this formulation the in-plane shear tractions and displacements are not 

considered. As a result, any bending moments in the film caused by the in-plane shear 

traction at the interface are omitted because the film is much thinner than the substrate. 

When the critical strain for wrinkling is reached, the film deflection w is described by a 

sinusoidal function, Equation (A2). After w is entered into Equation (3.2), the critical 

wavenumber,	ncr, for which wrinkling initiates can be found by minimizing sxx with 

respect to n, which is then is used to calculate the wrinkle wavelength, l, from ncr = 2π/l. 

The solution of Equation (3.2), for the wrinkle wavelength, l, critical strain, ec, and 

wrinkle amplitude, w0, as reported by Allen [33], is provided in Appendix A2 by 

Equations (A3b), (A4), and (A6), respectively. In this problem formulation, the wrinkle 

wavelength is determined by the material properties and the thickness of the two layers. 

Namely, for a fixed two-layer material system, the wrinkle wavelength, λ, is also fixed, 

Equation (A3b), and only the wrinkle amplitude, w0, can be varied by controlling the 
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applied compressive strain, e, Equation (A6). From Equation (A6), the wrinkle 

amplitude, w0, can be related to the critical strain, ec, as: 

𝜀! = 𝜀 − "!#"!

$!
		 (3.3). 

 

The average value for ec for each sample type was calculated by using the experimental 

data for l and w0 in Equation (3.3) for different values of the applied strain, e. 

 

  

(a)  (b)  

 

 

 

 

 

(c)  

Figure 3.8 (a) Bilayer and (b) trilayer wrinkling with isotropic constituent layers. (c) 
Trilayer material system with orthotropic interface layer between an isotropic substrate 
and an isotropic top solid film. sxx, syy, and sxy are in-plane stress components defined by 
the x and y axes, s1 and s2 are the principal stresses, and θp and θ are the principal stress 
direction and the wrinkle direction, respectively, with respect to the principal material 
axis, x. 

Instead of modifying the top film material or thickness, as commonly done for a 

hard film-compliant substrate system to control the wrinkle pattern [22,34], a compliant 
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interface layer can provide an alternative means to modify the wrinkle wavelength, 

amplitude and orientation while maintaining the properties and thickness of the main 

material system constituents, namely the elastomeric substrate and the solid top film. This 

results in a three-layer system that includes an interface layer with thickness ti, such that 

ts >> ti ~ tf , and modulus, Ei, Figure 3.8(b), where the subscript i corresponds to the 

interface material. The wrinkle behavior can still be described by the Föppl–von Kármán, 

Equation (3.1), with the same assumptions as in the case of a two-layer system. The 

problem formulation by Lejeune et al. for a three-layer system under uniaxial 

compression is adopted to obtain an analytical solution [77, 98]. For a three-layer system, 

Lejeune et al. [77] provided analytical solutions to Equation (3.1) by considering three 

simplified model cases that evaluate the role of the interface layer in the mode of 

wrinkling. Determination of the appropriate simplified model case is based on a 

comparison of Ei with Es, followed a calculation of the smallest critical strain, ec, to 

initiate wrinkling. In this study, both the interface layer and the top solid film are stiffer 

than the substrate, Es < (Ef, Ei), therefore, the stiffness of the interface layer practically 

contributes to the stiffness of the top solid film and wrinkles together with the top film as 

a composite layer. For this reason, the interface layer and the top solid thin film are 

treated as a composite layer and are included in the problem solution with the effective 

stiffness of the composite layer.  Following the solution by Lejeune et al [77] for an 

isotropic trilayer system under uniaxial compression, the governing differential Equation 

(3.1) can be solved by modeling the top two layers as a composite layer, namely the 

stiffness of the interface material contributes to the stiffness of the top solid film [77]: 

𝐷0,1
𝑑2𝑤
𝑑𝑥2 − ℎ𝑏𝜎!!

𝑑3𝑤
𝑑𝑥3 = 𝑞𝑏 (3.4), 

where h=ti+tf is the total thickness of the top film and the interface layer, Dc,1 is the 

flexural rigidity of the composite layer, calculated as the sum of the individual flexural 

rigidities of the top film and the interface layer as: 
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𝐷0,1 = 𝐸<∗𝐼< + 𝐸5∗𝐼5 =
𝑏ℎ4

12 𝐸0 (3.5), 

where Ii and If are the moment of inertia of interface layer and the top film, respectively, 

calculated after finding the bending neutral axis of the composite layer, Z, as:  

𝐼< = 𝑏X (𝑧 − 𝑍)3𝑑𝑧
=%

>
 (3.6a). 

and 

𝐼5 = 𝑏X (𝑧 − 𝑍)3𝑑𝑧
=%?=&

=%
 

(3.6b). 

and Ec is the effective bending modulus of the composite layer, which can be calculated 

via the second equality in Equation (3.5). Similarly, the critical wavenumber,	ncr, for 

which wrinkling is initiated can be found by minimizing sxx with respect to n in Equation 

(3.4). The solution for ec, l, and w0, is given by Equations (A8), (A9), and (A6), 

respectively. Similarly to a two-layer system, ec is related to the applied strain, e, through 

Equation (3.3). In this solution, all three layers wrinkle, as determined by the simplified 

model selection procedure described in Lejeune et al. [77] for Es < Ef, Ei and the smallest 

critical strain for wrinkling initiation, ec, calculated by Equation (A9).  

 

3.2.2 Modeling the Wrinkling Behavior with an Orthotropic Layer  

The solution for wrinkling of a three-layer system described in the previous 

Section was developed for isotropic materials. GLAD can also be used to fabricate 

orthotropic films comprised of nanochevrons. A wrinkle model for an orthotropic solid 

layer on an isotropic substrate has been derived for a two-layer system by Yin et al. [13] 

through the Föppl–von Kármán governing equation, Equation (3.1). Based on their work, 

Equation (3.1) could be used to describe the deflection of a two-layer system comprised 

of an isotropic substrate and an orthotropic top film under plane stress conditions. In this 
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case, the flexural rigidities, D1 and D2, of the orthotropic layer in x and y directions, 

respectively, are given by:    

𝐷1 = 𝐸5,1∗ 𝐼5,1	 (3.7), 

and 

𝐷3 = 𝐸5,3∗ 𝐼5,3	 (3.7b), 

where Ef,1 and Ef,2 are the elastic moduli of the top film in x and y directions, If,1 and If,2 

are the moment of inertia of the top film in x and y directions. Using Equations (3.8), and 

later Equations (3.9) and (3.13), Yin et al. [13] derived a solution, Equations (3.14)-

(3.15), for a two-layer system comprised of an orthotropic film on an isotropic substrate. 

In this formulation, similarly to the Föppl–von Kármán theory for an isotropic material 

system described by Equation (3.1), the in-plane shear traction, in-plane displacement, 

and the bending moment caused by the in-plane shear traction are neglected. 

In the present work, Equation (3.1) was utilized to describe the three-layer system 

in Figure 3.8(c) by treating the orthotropic interface layer and the isotropic top solid layer 

as one composite layer. This composite layer is not orthotropic, because it lacks 

symmetry along the z-axis. The lack of an x-y plane of symmetry would lead to an out-of-

plane curvature during compression, which is mediated by the large thickness of the 

PDMS film and does not affect the formation of wrinkling. Hence, to simplify the 

analysis, the composite layer was assumed to be “in-plane orthotropic”. The approach by 

Lejeune et al. [77] was adopted to calculate the stiffness and the flexural rigidity of the 

composite layer, Cij and Dci, respectively. In this approach, for example, Dc,1 replaces D1 

in Equation (3.1). In the three-layer system, both the orthotropic interface layer and the 

isotropic top film contribute to the wrinkle behavior since both layers are stiffer than the 

substrate. Therefore, a 2D stiffness matrix is used to represent the composite of the two 

layers: 
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[
𝜎!!
𝜎""
𝜎!"

\ = [
𝐶11 𝐶13 0
𝐶31 𝐶33 0
0 0 2𝐶@@

\ [
𝜀!!
𝜀""
𝜀!"

\	  (3.8), 

where 		𝐶13 =	𝐶31 = 𝜈0,13𝐶11  and sij and eij are the in-plane stress and strain in the 

composite layer. C11 and C22 are the stiffness of the composite layer under uniaxial 

tension/compression in x and y direction, respectively, and νc,12 and C66 are the Poisson’s 

ratio and the shear modulus of the composite layer. We identify the material axes of the 

interface layer with the x and y axes, namely the principal material axis of the 

nanochevron interface layer is aligned with the x-axis, Figure 3.8(c). C11, C22, and ν12 can 

be calculated by using the rule of mixtures and considering isostrain condition for the top 

film and the interface layer [77]: 

𝐶11 	= 𝐸5∗
𝑡5

𝑡5 + 𝑡<
+ 𝐸<,1∗

𝑡<
𝑡5 + 𝑡<

         
(3.9a), 

𝐶33 	= 𝐸5∗
𝑡5

𝑡5 + 𝑡<
+ 𝐸<,3∗

𝑡<
𝑡5 + 𝑡<

         
(3.9b), 

𝜈0,13 	= 𝜈5,13
𝑡5

𝑡5 + 𝑡<
+ 𝜈<,13

𝑡<
𝑡5 + 𝑡<

 (3.9c), 

where E* = E/1-ν2, e.g. 𝐸<,1∗ 	= Ei,1/1-𝜈<,133 . Ei,1 and Ei,2 are the effective elastic moduli of 

the interface layer in x and y directions, respectively, and νf,12 and νi,12 are Poisson’s ratios 

of top film and the interface layer, respectively. Both Ei,1 and Ei,2 are unknown and will 

be obtained from the experimental wrinkle patterns. Towards this goal, the solution 

approach by Lejeune et al. [77], as described in Section 3.2.1, was utilized to find Ei,1 and 

Ei,2, which then can be used to calculate C11 and C22 since both the interface layer and the 

top solid film are stiffer than the substrate. When the composite layer is subjected to 

uniaxial compression in x or y direction, only its stiffness C11 or C22, and the flexural 

rigidity Dc,1 or Dc,2, respectively, have an effect on the material response, because the 

material axes are aligned with the x and y coordinates. Hence, the solution approach by 

Lejeune et al. [77] could be used to calculate the flexural rigidity of the composite layer 
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in x and y directions, Dc,1 and Dc,2, respectively. In this solution approach, the flexural 

rigidity of the composite layer is the sum of the individual flexural rigidities of the top 

film and the interface layer: 

𝐷0,1 = 𝐸<,1∗ 𝐼<,1 + 𝐸5∗𝐼5,1 =
𝑏ℎ4

12 𝐸0,1 
        

(3.10a), 

	𝐷0,3 = 𝐸<,3∗ 𝐼<,3 + 𝐸5∗𝐼5,3 =
𝑏ℎ4

12 𝐸0,3 
        

(3.10b), 

where the subscripts 1 and 2 correspond to the x and y axes, Ii and If are the moment of 

inertia of the interface layer and the top film, respectively, which can be calculated 

through Equations (3.6a) and (3.6b), and Ec,1 and Ec,2 are the effective bending moduli of 

the composite layer in x and y direction, respectively. In addition, the torsional rigidity of 

the composite layer, Dc,3, is given by: [96]: 

𝐷0,4 =
𝑏ℎ4

3 𝐺0,13 (3.11), 

where Gc,12 is effective in-plane shear modulus of the composite layer. After calibrating 

Ei,1, and Ei,2 experimentally, C11, C22, and νc,12 can be calculated via Equations (3.9a)-

(3.9c) and C12 via the condition 		𝐶13 =	𝐶31 = 𝜈0,13𝐶11 . Finally, Gc,12 and C66 can be 

calibrated experimentally after Dc,1, Dc,2, C11, C22, and C12 are known, as described at the 

end of this Section.   

The material axes and the directions of sij and eij in Equation (3.8) are aligned 

with the x and y axes. If the principal stresses, s1 and s2 do not align with the material 

axes, sij can be transformed via [99]: 

[
𝜎!!
𝜎""
𝜎!"

\ = `
𝑐𝑜𝑠3 𝜃. 𝑠𝑖𝑛3 𝜃. −𝑠𝑖𝑛 2𝜃.
𝑠𝑖𝑛3 𝜃. 𝑐𝑜𝑠3 𝜃. 𝑠𝑖𝑛 2𝜃.

𝑠𝑖𝑛 𝜃. 𝑐𝑜𝑠 𝜃. −𝑠𝑖𝑛 𝜃. 𝑐𝑜𝑠 𝜃. 𝑐𝑜𝑠 2𝜃.
a C
𝜎1
𝜎3
0
F	         

(3.12), 
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where θp is the principal stress direction with respect to the principal material axis that is 

identified with the x-axis in Figure 3.8(c). A uniaxial stress results in a wrinkle pattern in 

the form of stripes, and the deflection w(x,y) can be described by [13]: 

𝑤(𝑥, 𝑦) = 𝑤% 𝑐𝑜𝑠[𝑛(𝑥𝑐𝑜𝑠𝜃 + 𝑦𝑠𝑖𝑛𝜃)]	
        

(3.13), 

where θ is the wrinkle direction that is defined to be perpendicular to the stripes of the 

wrinkle pattern and is measured relative to the x-axis, Figure 3.8(c). By inserting 

Equations (3.10)-(3.13) into Equation (3.1), the principal stress can be written as [13]:  

𝜎1 = −
𝐸/∗
2 + (𝑛ℎ)

4𝐸A
12

e1 − (1 − 𝜁) 𝑠𝑖𝑛3(𝜃 − 𝜃.)g𝑛ℎ
	

        
(3.14), 

where 𝜁 = s1/s2 is the stress biaxiality and Eθ is given by: 

𝐸A = 12(𝐷0,1 	𝑐𝑜𝑠2 𝜃

+ 𝐷0,3 	𝑠𝑖𝑛2 𝜃 + e2𝐷0,1 + 𝐷0,4/4g 𝑠𝑖𝑛3 𝜃 𝑐𝑜𝑠3 𝜃)/𝑏/ℎ4	
        

(3.15), 

Eθ can be understood as the effective bending modulus at angle θ, since Eθ = Ec,1 when θ 

= 0°. 

The critical wavenumber,	ncr, and the corresponding wrinkle wavelength, l, can be found 

by minimizing s1 with respect to n as: 

𝑛0B =
1
ℎ 0
3𝐸/∗

𝐸A
3
1
4
 

        
(3.16a), 

𝜆 =
2𝜋
𝑛0B

 
        

(3.16b). 

 

Likewise, the critical wrinkle direction, θcr, can be found numerically by 

minimizing s1 with respect to θ, namely θ = θcr when wrinkling begins. From Equations 
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(3.15) and (3.16), it can be shown that the flexural and torsional rigidities of the 

composite layer determine the wrinkle wavelength and wrinkle direction. The principal 

stress s1 can be related to the applied strain, e, via Equations (3.8) and (3.12) [100]:  

𝜎1 = (𝑐𝑜𝑠2 𝜃. 𝐶11+𝑠𝑖𝑛2 𝜃.𝐶33

+ 2𝑐𝑜𝑠3 𝜃. 𝑠𝑖𝑛3 𝜃.𝐶13 + 4𝑐𝑜𝑠3 𝜃. 𝑠𝑖𝑛3 𝜃.(𝐶@@)) e		 (3.17). 

 

The critical strain, ec, can be found by inserting Equation (3.16a) and Equation 

(3.17) into Equation (3.14). According to Equation (3.15), the torsional rigidity of the 

composite layer, Dc,3, has an effect on the material response when the principal stress is 

not aligned with a material axis. In this case, Gc,12 can be found through Equations (3.11) 

and (3.14)-(3.16) by measuring the wrinkle wavelength and angle. Similarly, once Gc,12, 

C11, C12, and C22 have been determined, C66 can be calculated through Equations (3.14)-

(3.17) by using the experimentally obtained value of ec, and the measured wrinkle 

wavelength and angle. Furthermore, by using Equation (A12), ec can be related to e 

through the wrinkle wavelength along the principal stress direction, l1, and the wrinkle 

amplitude, similarly to Equation (3.3), as: 

𝜀! = 𝜀 − "!#"!

$1
! 		 (3.18). 

 

 

3.3  Effect of Isotropic Interface Material on Wrinkle Pattern 

In the case of an all-isotropic material system, Figure 3.8(b), solid Cu films with 

0.5 µm and 2.5 µm thickness were deposited at 0° and 20° e-beam incidence, as well as 

2.0-µm nanospring films with circular coils and 250-nm or 500-nm pitch, which were 

capped with a 0.5-µm thick solid layer deposited at 20° e-beam incidence. The Young’s 

modulus of PDMS serving as the substrate was measured as 8±0.02 MPa (Figure A.1). 
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The Poisson’s ratios of Cu and PDMS were assumed as 0.35 and 0.499, respectively 

[101-104]. The Poisson’s ratio of the Cu nanospring and the nanochevron films was 

assumed to be zero due to the discrete nature of the nanostructures comprising the films. 

All PDMS films listed in Tables 3.2 and 3.3 were first subjected to 10% uniaxial 

tensile strain with the aid of the device shown in Figure 2.4, before deposition or surface 

treatment took place. After completion of the deposition process, the applied tensile strain 

was gradually reduced in 0.25% increments to induce compressive strain to the top Cu 

layer. The PDMS specimens with solid Cu films deposited at 0° e-beam incidence served 

as reference specimens to validate the experimental approach by calculating the modulus 

of bulk Cu from the geometric parameters of the wrinkle pattern, which were obtained 

via a 3D laser scanning confocal microscope, e.g. 3.10(a). Consecutive confocal 

microscopy images similar to Figure 3.9(a) were obtained while unloading the PDMS 

substrate in 0.25% strain increments and cross-sections along the direction of the applied 

force in Figure 3.9(a) were extracted to measure the wrinkle wavelength and amplitude. 

A sequence of such cross-sections is shown in Figure 3.9(b) for Specimen #1 in Table 

3.2. For two-layer specimens comprised of a PDMS substrate and a solid Cu solid film, 

Equations (A3a) and (A3b) were used to extract the in-plane modulus of the Cu film from 

the measured λ. The average wavelength of the two types of specimens with a solid Cu 

film layer with thickness 0.53 μm and 2.5 μm, Specimens #3 and #4 in Table 3.3, was l = 

53.9±0.5 μm and l = 255.2±2 μm, respectively, Figure 3.9(c). For 0.53-μm and 2.5-μm 

solid Cu films fabricated at 0° e-beam incidence the in-plane modulus was derived from 

experimental wrinkle data as 119±3 GPa and 120±3 GPa, respectively, which is in 

agreement with literature reports for solid Cu films and provides validation of the 

accuracy of the experimental procedure utilized in this study [101,105]. For solid Cu 

films deposited on PDMS at 20° e-beam incidence, Specimens #5 and #6 in Table 3.3, 

the measured wrinkle wavelength was l = 47.1±1 μm and l = 235.1±3 μm for 0.5-μm 

and 2.5-μm thick films, respectively, Figure 3.9(c). Consistently for both 0.5-μm and 2.5-

μm thick films, the extracted in-plane compressive modulus averaged 94±6 GPa. Such a 

reduction in the in-plane modulus of the solid Cu films with e-beam incidence angle is 

expected, as larger deposition angles gradually result in less coherent Cu films eventually 
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forming isolated islands (which are taken advantage of to grow nanosprings and 

nanochevrons) and, therefore, these films have a reduced effective in-plane modulus 

[35,36]. Finally, ec was extracted from the applied strain and the measured wrinkle 

amplitude and wavelength, by applying Equation (3.3), as the average value at different 

applied strains that are plotted in Figure 3.10(a). For Cu films deposited at 0° e-beam 

incidence angle, ec = 0.097%, whereas for films deposited at 20°, ec = 0.11%. The higher 

ec for films deposited at 20° e-beam incidence is consistent with the lower in-plane 

modulus of those films compared to the Cu films deposited at normal e-beam incidence. 

As shown in Figure 3.9(c), when a Cu nanospring interface layer is inserted 

between the PDMS substrate and the Cu solid film, l is reduced from 235.1±3 μm to 

73.1±0.4 μm if 2 μm of the 2.5-μm total film thickness are replaced by a Cu nanospring 

film with 0.5-μm pitch (Specimen #2). Likewise, l is further reduced to 65.2±0.3 μm for 

a Cu interface of nanosprings with 0.25-μm pitch (Specimen #1). Using Equations (A8a) 

and (A8b), the effective in-plane compressive modulus, Ei, of the Cu nanospring films 

with 0.25-μm and 0.5-μm pitch was calculated as 500±21 MPa and 830±20 MPa, 

respectively. This is strictly the effective compressive modulus of the nanostructured 

GLAD films in the particular range of compressive strains, and is due to the mechanical 

interactions between the compressed nanostructures in the GLAD films. As shown in 

Figures 3.9(b) and 3.13(b), the wrinkle wavelength remained constant during incremental 

compression by 0.25%, which, by virtue of Equations (A3a) and (A3b), shows that the 

interface layer modulus remained constant during the entire compression and wrinkling 

process.  The larger wrinkle wavelength in Specimen #2 compared to Specimen #1, 

Figures 3.7(b) and 3.7(a), respectively, stems from the stronger interaction between the 

nanosprings in Specimen #2, thus leading to larger effective in-plane compressive 

modulus and, in turn, larger ec values (0.168% vs. 0.156% for Specimens #2 and #1, 

respectively) as computed via Equation (3.3). Graphically, the experimental data plots in 

Figure 3.10(a) show that a compliant interface layer could be used as an effective means 

to tune ec. Tables 3.2 and 3.3 provide a summary of all experimental parameters and the 

measured and extracted quantities for the test specimens discussed in this Section. 
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Table 3.2 PDMS specimens with a 2.0-µm thick Cu nanospring interface layer followed 
by a 0.5-μm solid Cu film deposited at 20° (2.5 μm total thickness). 

Specimen 
# 

Deposition 
angle (°) 

Pitch 
(μm) 

Wrinkle 
wavelength 

(μm) 

In-plane 
compressive 
modulus of 
interface 

(MPa) 

Critical 
strain 
(%) 

1 86 0.25 65.2±0.3 500±21 0.156 

2 86 0.5 73.1±0.4 830±20 0.168 

 

 

Table 3.3 PDMS specimens with solid Cu films deposited at 0° and 20° e-beam 
incidence. 

Specimen 
# 

Deposition 
angle (°) 

Thickness 
(μm) 

Wrinkle 
wavelength 

(μm) 

Elastic 
modulus 
(MPa) 

Critical 
strain (%) 

3 0 0.53 53.9±0.5 119±3 0.097 

4 0 2.5 255.2±2 120±3 0.096 

5 20 0.5 47.1±1 94±6 0.115 

6 20 2.5 235.1±3 94±4 0.114 
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(a)  (b)  

 
(c)  

Figure 3.9 (a) 3D topography of a PDMS specimen with a 0.5-μm solid Cu film on a 2.0-
μm interface layer comprised of Cu nanosprings with 0.25-μm pitch (Specimen #1 in 
Table 3.2), obtained with a 3D laser scanning confocal microscope. The 3D topography 
corresponds to 1% compressive strain. The arrows point to the direction of uniaxial 
compression. (b) Sequence of wrinkle profiles obtained while unloading Specimen #1 in 
0.25% strain increments. (c) Measured wrinkle wavelength of the Cu films listed in 
Tables 3.2 and 3.3, with and without a nanospring interface layer. 
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(a) 

 
(b)  

Figure 3.10 (a) Critical strain calculated from measured wrinkle amplitude and 
wavelength values, and (b) wrinkle amplitude of Cu solid films with and without an 
interface layer. Conversion of part of the solid Cu film into a Cu nanospring film 
greatly reduces the wrinkle amplitude. See Tables 3.2 and 3.3 for specimen details. 
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Based on the results shown in Figure 3.9(c), it is deduced that l could be (a) 

increased by adding a compliant interface layer while maintaining the thickness of the 

0.5-µm thick solid Cu film (Specimens #3, #5 vs. Specimens #1, #2) that may be serving 

as the electrical or data conduit on a flexible electronics substrate, or (b) significantly 

reduced by substituting 2 µm of a 2.5-µm thick solid Cu layer (Specimens #4, #6) with a 

Cu nanospring film, while still maintaining high electrical conductivity through a 0.5-µm 

top solid Cu layer. In the latter case, large portion of the original solid layer becomes very 

compliant and l decreases by about 70%, while ec increases by about 50%, Figure 

3.10(a). Thus, the insertion of a compliant interface layer provides an additional means to 

control the wrinkle wavelength and amplitude, Figures 3.9(c) and 3.10(b). In general, 

without modifying the composition or thickness of the top solid film in a two-layer 

system, wo can only be tuned by the applied strain, as inferred from Equation (A6). For a 

given applied compressive strain to a two-layer system, l is determined by the material 

properties of the substrate and the top film, Equation (A3a), and wo is controlled by ec 

and l, Equation (A6). On the other hand, in a three-layer system, wo could be further 

controlled by the compliant interface layer, Figure 3.10(b). For instance, under 1% 

uniaxial compressive strain, wo is reduced by a factor of 3.6 (7 μm vs. 1.9 μm) when 2.0 

µm of the 2.5-µm thick Cu layer are substituted by an interface layer of Cu nanosprings 

with 0.25-μm pitch (Specimen #1 vs. #6). Notably, for a given applied strain, the 

compliance of the interface reduced the physical length scale of the wrinkle pattern while 

maintaining the same aspect ratio wo/λ (0.03) by reducing both λ (from 235.1 μm to 65.2 

μm) and wo (from 7 μm to 1.9 μm) by the same factor of 3.6. On the other hand, the 

insertion of a 2.0-µm thick interface of Cu nanosprings with 0.25-μm pitch (Specimen 

#1) to an originally 0.5-µm thick Cu film on a PDMS substrate (Specimen #5) increased 

the physical length scale of the wrinkle pattern while maintaining the same value of wo/λ 

(0.03) by increasing both λ (from 47.1 μm to 65.2 μm) and wo (from 1.4 μm to 1.9 μm) by 

the same factor of 1.4. For solid Cu films without an interface, both λ and wo increase 

with Cu film thickness, as deduced from Equations (A3b) and (A6), respectively, and, as 

commonly done in prior works, the physical length scale of a wrinkle pattern is tuned by 

modifying the top film thickness [27]. Therefore, the compliance of interface layer 
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provides additional means to control the physical length scale of the wrinkle pattern 

without modifying the total thickness ti+tf. 

 

3.4 Control of Wrinkling through an Anisotropic Interface 

In the case of an isotropic interface of nanosprings discussed in Section 3.3, the 

wrinkle direction coincided with the direction of uniaxial compressive stress, e.g. Figure 

3.9(a). In a two-layer system comprised of an orthotropic film and an isotropic substrate, 

the orientation of the wrinkle pattern is dictated by the principal stresses and the material 

anisotropy [13]. However, due to manufacturing constraints, the vast majority of solid 

films deposited on substrates are isotropic. This practical material constraint can be 

eliminated by introducing an anisotropic interface layer to control the wrinkle direction. 

Towards this goal, PDMS specimens with an orthotropic Cu interface layer comprised of 

nanochevrons were fabricated via GLAD, Figures 3.7(c-i), with their details provided in 

Table 3.4. These specimens were uniaxially loaded at different angles with respect to the 

principal material axis with the aid of the stretching device shown in Figure 2.4 and the 

geometrical definitions in Figures 3.6 and 3.7(j). 

As described in Section 3.2.2, the analytical solution to this problem requires the 

in-plane moduli of the anisotropic interface layer, i.e. Ei,1 and Ei,2. In order to simplify the 

solution to this problem, the orthotropic interface layer and the isotropic solid cap layer 

were treated as a single composite layer, forming a bilayer system with the isotropic 

PDMS substrate. Then, Equation (3.1) can be used to solve this problem. Ei,1 and Ei,2 

were calculated as follows: First uniaxial compression was applied in 0° and 90° 

directions with respect to the principal material axis. For Specimens #10 and #13 with 

0.5-μm pitch, l was measured to be 70.4±0.3 μm and 50.7±0.1 μm, respectively, Figure 

3.11. Then, the effective in-plane compressive modulus, Ei, of the nanochevron interface 

layers in Specimens #10 and #13 was extracted through Equations (3.10a), (3.15), (3.16a) 

and (3.16b) as 710±10 MPa and 75.1±2 MPa, respectively. The lower modulus in the 90° 

direction is due to the larger separation between individual nanochevrons in this direction 

as also deduced by comparison of Figures 3.7(f) and 3.7(i). The critical strain for  
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Table 3.4 PDMS specimens with a 2.0-µm thick interface layer comprised of 
nanochevrons, followed by a 0.5-μm solid film deposited at 20° angle (2.5-μm total 
thickness). 

Specimen # 7 8 9 10 11 12 13 

Pitch 

(μm) 
0.25 0.25 0.25 0.5 0.5 0.5 0.5 

θp (°) 0 45 90 0 20 45 90 

λ (μm) 63.1±0.2 56.2±0.1 49.5±0.1 70.4±0.3 68.1 ±0.2 59.3±0.2 50.7±0.1 

In-plane 
compressive 
modulus of 
interface 

(MPa) 

Ei,1 = 

420±5 
 

Ei,2 = 

50.1±3 

Ei,1 = 

710±10 
  

Ei,2 = 

75.1±2 

ec (%) 0.147 0.134 0.117 0.163 0.158 0.139 0.12 

Wrinkle 
direction 

w.r.t 
principal 

stress 
direction (°) 

0 7.1±0.2 0 0 4.5±0.1 9.6±0.3 0 

 

Specimens #10 and #13 was calculated as ec = 0.163% and ec = 0.12%, respectively, by 

applying Equation (3.3) to the experimental data and averaging for different applied 

strains, Figure 3.12(a). Similar testing procedures applied to Specimens #7 and #9 with 

interface layers comprised of nanochevrons with 0.25-μm pitch, yielded λ = 63.1±0.2 μm 

and λ = 49.5±0.1 μm, respectively, which were used to extract the effective in-plane 

compressive modulus, Ei, in 0° and 90° directions as 420±5 MPa and 50.1±3 MPa, 

respectively. The corresponding critical strains were calculated as ec = 0.147% and ec = 

0.117% through Equation (3.3) and the experimental measurements. Similarly to 
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isotropic nanospring films, nanochevron films with smaller pitch (0.25 µm) had lower Ei 

than nanochevron films with 0.5 µm pitch. Finally, according to the wo vs. e plot in 

Figure 3.12(b), films of Cu nanochevrons with 0.25-μm pitch, Specimen #9, possessed 

the lowest wo due to the smallest Ei, also leading to the smallest l, when the principal 

stress was oriented at 90° with the respect to the principal material axis. For the four 

specimen cases (#7, #9, #10, #13) discussed so far in this Section, the principal stress was 

applied at 0° and 90° with respect to the principal material axis and the wrinkle direction 

was always parallel to the principal stress direction.  

 

 

Figure 3.11 Wrinkle wavelength of specimens with nanochevron interfaces, Table 3.4, 
as a function of principal stress direction, measured with respect to the principal 
material axis, θp. The principal material axis of the chevrons is aligned with the x-axis 
as shown in the inset. The dashed lines show the calculation of l through Equations 
(3.16a) and (3.16b) after calibration of the effective in-plane compressive modulus. 
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(a)   

 
(b) 

(Figure 3.12 continued) 
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(c) 

Figure 3.12 (a) Critical wrinkling strain calculated from measurements of w0 and λ at 
different applied strain values, and (b) effect of applied strain on w0 in a three-layer 
system with Cu nanochevrons as the interface layer. (c) Effective bending modulus of 
composite films, Ec, as function of 𝜃p. For reference, the effective bending modulus of 
the composite films comprised of isotropic nanospring interface is given by the dashed 
lines.  

 

Based on the aforementioned measurements, the anisotropy ratio, Ei,1/Ei,2, of 

nanochevron interface films with 0.25-μm and 0.5-μm pitch is equal to 8.4 (420/50.1) and 

9.5 (710/75.1), respectively. Higher values of Ei,1/Ei,2 result in stronger anisotropy: By 

using Equations (3.10a) and (3.10b), the anisotropy ratio of the effective bending 

modulus of the combined Cu nanochevron/top solid films, Ec,1/Ec,2, was calculated as 2 

and 2.7 for nanochevrons with 0.25-μm and 0.5-μm pitch, respectively, Figure 3.12(c). 

Higher ratios of Ec,1 /Ec,2 enable further control of the wrinkle direction. For instance, the 

projected wrinkling response for Ec,1 /Ec,2 = 5 and Ec,1 /Ec,2 = 10, as calculated through 

Equations (3.14)-(3.16), is plotted in Figure 3.13. 
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direction. The wrinkle topography of a specimen with θp=45°, as obtained with a 3D 

scanning laser confocal microscope, is shown in Figure 3.14(a). Similar 3D surface 

topographies were obtained while unloading the PDMS substrate in 0.25% strain 

increments, and the wrinkle profiles along the principal stress direction were extracted 

and shown in Figure 3.14(b). Experiments for θp = 45° resulted in l = 56.2±0.1 μm and l 

= 59.3±0.2 μm for 0.25-µm and 0.5-µm chevron pitch (Specimens #8 and #12), 

respectively, Figure 3.11. Note that these values for l correspond to the wrinkle 

wavelength along the wrinkle direction. Importantly, for θp = 45° the wrinkle direction, θ, 

deviated from the principal stress direction by θwp = 7.1±0.2° and θwp = 9.6±0.3°, 

respectively, Table 3.4, where θwp = θ-θp. For the same principal value of θp, the larger 

anisotropy ratio, Ec,1 /Ec,2, of Specimen #12 resulted in larger θwp compared to Specimen 

#8 as a result of the combined effect of principal stress and material anisotropy. In 

addition, Equations (3.11) and (3.14)-(3.16) provide the means to calculate the effective 

in-plane shear modulus of the composite Cu film, Gc,12, from measurements of λ and θ. 

For composite Cu films comprised of a solid top film and an interface of nanochevrons 

with 0.25-µm and 0.5-µm pitch (Specimens #8 and #12), Gc,12 was found to be equal to 

762±10 MPa and 930±20 MPa, respectively.  

Finally, the stiffness matrix of the composite layer (solid Cu film /nanochevron 

Cu film), Equation (3.8), can be constructed through Equations (3.9a)-(3.9c) once the 

effective in-plane compressive modulus of the interface layer, Ei, and its shear modulus, 

C66 have been found. With respect to the latter, the value of ec, calculated from 

experimental measurements for θp = 45° by using Equation (3.18), is entered into 

Equation (3.14)-(3.17) to calculate the in-plane shear modulus of the composite layer, 

C66. The stiffness matrix of the composite Cu film comprised of Cu nanochevrons with 

0.25-µm pitch was then calculated as: 

k𝐶<Cl = [
21.8 1.5 0
1.5 21.4 0
0 0 10.1

\ 	GPa	 (3.19), 

while for the composite Cu film comprised of Cu nanochevrons of 0.5-µm pitch: 
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k𝐶<Cl = [
22 1.6 0
1.6 21.5 0
0 0 10.5

\ 	GPa	 (3.20). 

 

 

Figure 3.13 θwp vs. θp for an isotropic interface of nanosprings (Ec,1/Ec,2 = 1), and 
orthotropic interfaces comprised of 2-μm Cu nanochevrons with 0.25-μm pitch (Ec,1 

/Ec,2 = 2) and 0.5-μm pitch (Ec,1/Ec,2 = 2.7). The dashed lines are the calculation of θwp 
through Equations (3.14)-(3.15) after calibration of the effective in-plane modulus of 
the nanochevrons. The curves for Ec,1 /Ec,2 = 5 and Ec,1 /Ec,2 = 10 were calculated by 
only increasing the value of Ec,1. The prediction of the calibrated model for θp = 20° 
agrees well with the experimental measurement (Specimen #11) pointed by the arrow. 

 

The flexural and torsional rigidity of the composite layer, Equations (3.10a), 

(3.10b), and (3.11), can be input into Equations (3.14) and (3.15) to calculate θ, which is 

measured relatively to the x axis. If an orthotropic interface is introduced, θ will deviate 

from θp depending on the anisotropy ratio of the effective bending modulus of the 

composite layer, Ec,1 /Ec,2. Figure 3.13 shows several cases of θwp = (θ-θp) vs. θp. In the 

case of an isotropic composite layer Ec,1 /Ec,2 = 1 and the wrinkle direction, θ, is dictated 

only by θp. The insertion of an orthotropic interface allowed for further tuning of the 

wrinkle direction that is determined by both the principal stress and the material 
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anisotropy. Under uniaxial loading, θ deviated from θp when the anisotropy ratio of the 

composite layer, Ec,1 /Ec,2 = 2, whereas θ = θp for an isotropic material. Similarly, when θp 

is close to one of the material axes, namely θp≈0° or θp≈90°, θ is mainly dictated by θp 

and the material anisotropy has a small effect on θ. For the experimental case of Ec,1 /Ec,2 

= 2.7, θwp assumes its largest value at θp = 52°. Although in the present study, Ec,1 /Ec,2 = 

2.7, larger values of θwp are possible for higher anisotropy ratios, Ec,1 /Ec,2. As shown in 

Figure 3.13, θwp was estimated to increase to as much as 28.5° for Ec,1/Ec,2 = 10.  

 

 
  

(a) (b) 

Figure 3.14 (a) Topography and (b) wrinkle profile of 2.0-μm thick Cu interface 
comprised of Cu nanochevrons with 0.5-μm pitch with θp = 45° (Specimen #12). The two 
black arrows point to the principal stress direction.  

 

Finally, a validation experiment was carried out with Specimen #11 which was 

comprised of a Cu nanochevron interface layer with 0.5-μm pitch, subjected to 

compressive stress at θp = 20°. In this case, θwp was measured to be 4.5±0.1° which 

compared well with the value of 4.7° that was predicted by the analytical model in 

Equation (3.14), by using the measured flexural and torsional rigidity of the composite 

layer, given in Equations (3.10a), (3.10b), and (3.11), Figure 3.13. 
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3.5 Conclusions 

A compliant interface layer between a soft substrate and a stiff thin film was 

shown to provide effective control of the wrinkle wavelength, amplitude and direction. 

The GLAD method was utilized to fabricate isotropic (films of nanosprings) and 

orthotropic (films of nanochevrons) interface layers with control of the effective 

compressive film modulus through the pitch of the nanostructures. The compliant 

interface provided a novel means to modify the physical length scale of the wrinkle 

pattern while maintaining the same wrinkle amplitude/wavelength aspect ratio for the 

same applied strain. Orthotropic Cu nanochevron films with 0.25-μm and 0.5-μm pitch 

were shown to have substantial anisotropy ratios of 8.4 and 9.5, respectively, which were 

utilized to modify the wrinkle direction by as much as 9.6±0.3° with respect to principal 

stress direction. Modifications to the nanochevron pitch would further increase the 

anisotropy ratio and, thus, the wrinkle anisotropy. The prediction by an analytical model, 

calibrated with experimental measurements from the wrinkle patterns of three-layer 

material systems with an orthotropic interface, was in good agreement with the 

experiment.  

An important novelty of the present work are the first of their kind measurements 

of the effective in-plane compressive Young’s moduli of isotropic (nanospring) and 

orthotropic (nanochevron) GLAD films, which were shown to depend on the nanospring 

or nanochevron pitch that controlled the intertwining between individual nanostructures 

and, hence, their mechanical interactions. The Cu nanochevron films demonstrated a 

strong effect of material anisotropy on the directional modulus, with the effective in-

plane compressive modulus measured to be 710±10 MPa and 75.1±2 MPa along the 

principal material directions. 
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CHAPTER 4 
 

 

 

 Strain Attenuation via Interface Engineering 

In this Chapter, a comprehensive design approach is employed through a detailed 

multilayer elasticity model, originally developed by Li et al. [78], to calculate the coupled 

mechanical property and layer thickness design space of an interface material that could 

attenuate or completely eliminate the strain transfer from a stiff Carbon Fiber Reinforced 

Polymer (CFRP) laminate to a thin film PV module, while also maintaining the energy 

harvesting performance of the PV film at large substrate strains. Such an interface would 

also extend the maximum CFRP laminate strain before the functionality of the PV film 

begins to decline or microcracking occurs in the PV film. The strain attenuation achieved 

by PDMS as the interface layer and the performance evaluation of the PV film are 

determined experimentally. An analytical model developed by Li et al. [78] is extended 

for the case of an orthotropic substrate. All model parameters, including the properties of 

the anisotropic CFRP laminate, are derived and provided in Appendices B1 and B2. The 

combined effect of thickness and elastic properties of the material system is quantified in 

the form of strain attenuation maps, and the results of a comprehensive experimental 

study are discussed and compared to model predictions.   

 

4.1 Analysis and Experimental Methods  

4.1.1 Material Selection and Fabrication 
The PV film modules (PT15-300), manufactured by Iowa Thin Film Technologies 

Inc. (Ames, IA), were comprised of a 1-µm conductive ZnO layer (TCO), 1-µm aSi, a 

Kapton insulation and an Al substrate. They were bare PV films without the 
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encapsulation that is added to protect against the elements. The composite substrate was a 

unidirectional [0°]8 CFRP laminate assembled from prepreg (DA 409U/G35 150 

unidirectional carbon fibers) [106] and cured on a hot plate.  

PDMS was selected as the interface material because of its tunable mechanical 

properties and the ability to cast in different thicknesses, which met the requirements set 

by the analytical model in this study. By varying the ratio of the silicone elastomer-to-

curing agent from 33:1 to 5:1, the initial elastic modulus can be controlled in the broad 

range of 0.1-2 MPa [107,108]. Furthermore, control of the PDMS film thickness provides 

a broad range of values for the effective compliance of the PDMS interface layer. 

Notably, PDMS (i) can be directly cast or spin-coated onto the back side of the PV film 

without affecting its functionality, (ii) provides large area coverage and a flat surface for 

direct attachment of other materials, (iii) is electrically insulating, and (iv) can withstand 

a broad range of service temperatures. The schematic in Figure 4.1 shows the three-layer 

material system, with E, G, n and t being the elastic modulus, shear modulus, Poisson’s 

ratio and layer thickness, respectively. The subscripts 1, 2 and 3 correspond to the CFRP 

laminate, the PDMS interface material and the PV layer, respectively.  

PDMS was synthesized by mixing different ratios of silicone elastomer-to-curing 

agent (SYLGARD 184, Dow Corning, Midland, MI) followed by degasing for 25 min. 

The PV film was attached to a Si wafer with the TCO side facing the Si wafer to spin 

coat PDMS on the back side of the Al substrate. The spinning rate is determined by the 

viscosity of PDMS, which, in turn, depends on the ratio of the silicone elastomer-to-

curing agent [109,110]. After spin-coating, the PDMS layer was cured together with the 

unidirectional [0°]8 CFRP laminate on a hot plate at 80°C and for 4 hr. The CFRP 

prepreg was already pre-cured under light pressure on a hot plate at 180°C for 4 hr. For 

improved adhesion, all CFRP specimens were polished with a grinder-polisher 

(ECOMET 3, BUEHLER, Inc.) before attached to the uncured PDMS layer to ensure 

good adhesion. Thus, the PDMS layer also served as the adhesive between the CFRP 

laminate and the PV film. In the absence of the PDMS interface, the PV film was co-

cured directly with the prepreg resulting in good adhesion until failure at strains as high 

as 1.7%.  
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(a) (b)   

Figure 4.1 (a) Schematic of (symmetric half) three-layer structure. (b) Integrated PV 
film-PDMS-CFRP laminate test specimen. The yellow tabs provide gripping for 
mechanical testing. The 7.6 cm long PV module shown in (b) is a full length PV 
module, while the 2.6 cm segment of the full length PV module shown in the same 
figure is a unit PV cell. 

 

 

4.1.2 Analytical Problem Formulation 
In order to evaluate the interface material parameters resulting in a reduction of 

the uniaxial tensile strain applied to the CFRP laminate across the interface material, the 

strain attenuation, ∆𝜀(1E4),!!, between the CFRP laminate and the PV film is defined as a 

metric: 

∆𝜀(1E4),!! =
𝜀1,!!u"G=( − 𝜀4,!!u"G=(?=)

𝜀1,!!u"G=(
× 100	(%) ( 4.1), 

where the layer thicknesses t1 and t2 are defined in Figure 4.1(a), and 𝜀<,!! is the uniaxial 

strain in layer i.   

The stresses and strains in the three-layer stack in Figure 4.1 were calculated 

analytically following the 2D problem formulation by Li et al. [78]. Plane strain 

conditions were assumed since the lateral dimensions of the test specimens were much 

larger than the thickness of the PV film, the CFRP laminate and the PDMS. Furthermore, 

x 

CFRP, 𝐸1,!,𝐺1,!" , 𝜈1,!H , 𝑡1 

Interface Material, 𝐸3,𝐺3, 𝜈3, 𝑡3 

y 

s 

PV Film, 𝐸4,𝐺4, 𝜈4, 𝑡4 

x 

 

2 cm 
z 

2.6 cm 7.6 cm 
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structural bending was neglected because of the much larger thickness and stiffness of the 

CFRP laminate compared to the other layers. Perfect bonding between all layers was 

assumed. The PV and PDMS were considered as isotropic, and the CFRP substrate was 

treated as orthotropic, as described in Appendix B1. Finally, all materials were 

considered as linearly elastic in the relatively small range of strains applied in this 

problem (<2%). Based on these assumptions and symmetry conditions, the boundary 

conditions in this problem are:    

𝜏1,"!u!G> = 0	(𝑠𝑦𝑚𝑚𝑒𝑡𝑟𝑦	𝑝𝑙𝑎𝑛𝑒) 

	𝜏1,"!u"G> = 0	(𝑓𝑟𝑒𝑒	𝑠𝑢𝑟𝑓𝑎𝑐𝑒) 

𝜎4,""u"G=(?=)*=" = 0 

X 𝜎1,!!
=(

>
|
!GI3

𝑑𝑦 = 𝑆𝑡1 

X 𝜎3,!!
=(?=)

=(
|
!GI3

𝑑𝑦 +X 𝜎4,!!
=(?=)?="

=(?=)
|
!GI3

𝑑𝑦 = 0 

(4.2), 

where s and t are the tensile and shear stress in each layer, S is the stress applied to the 

CFRP laminate, and L is the length of the PV film. 

An analytical solution for the stress fields in the CFRP laminate, the PDMS 

interface layer, and the PV film is then obtained and given in Equations (4.3), (4.4) and 

(4.5), respectively, by solving the differential equations for force equilibrium, and using 

the boundary conditions in Equation (4.2) along with the interface stress and strain 

compatibility conditions, as described by [78]:  

𝜏1,"! = 𝑃1𝑠𝑖𝑛ℎ𝑛1𝑥𝑠𝑖𝑛𝑏1𝑦 

𝜎1,!! =
𝑃1𝑏1
𝑛1

𝑐𝑜𝑠ℎ𝑛1𝑥𝑐𝑜𝑠𝑏1𝑦 + 𝐸 
( 4.3), 
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𝜎1,"" = −
𝑃1𝑛1
𝑏1

𝑐𝑜𝑠ℎ𝑛1𝑥𝑐𝑜𝑠𝑏1𝑦 + ℎ1(𝑥) 

 

𝜏3,"! = 𝑠𝑖𝑛ℎ𝑛3𝑥(𝑀𝑠𝑖𝑛𝑏3𝑦 + 𝑁𝑐𝑜𝑠𝑏3𝑦) 

𝜎3,!! =
𝑏3
𝑛3
𝑐𝑜𝑠ℎ𝑛3𝑥(𝑀𝑐𝑜𝑠𝑏3𝑦 − 𝑁𝑠𝑖𝑛𝑏3𝑦) + 𝐹 

𝜎3,"" = −
𝑛3
𝑏3
𝑐𝑜𝑠ℎ𝑛3𝑥(𝑀𝑐𝑜𝑠𝑏3𝑦 − 𝑁𝑠𝑖𝑛𝑏3𝑦) + ℎ3(𝑥) 

( 4.4), 

 

𝜏4,"! = 𝑃4𝑠𝑖𝑛ℎ𝑛4𝑥𝑠𝑖𝑛𝑏4(𝑡1 + 𝑡3 + 𝑡4 − 𝑦)	

𝜎4,!! = −
𝑃4𝑏4
𝑛4

𝑐𝑜𝑠ℎ𝑛4𝑥𝑐𝑜𝑠𝑏4(𝑡1 + 𝑡3 + 𝑡4 − 𝑦) + 𝐺	

𝜎4,"" =
𝑃4𝑛4
𝑏4

𝑐𝑜𝑠ℎ𝑛4𝑥𝑐𝑜𝑠𝑏4(𝑡1 + 𝑡3 + 𝑡4 − 𝑦) + ℎ4(𝑥) 

( 4.5). 

 

The longitudinal strain in each layer is then calculated from generalized Hooke's law:  

𝜀1,!! = �
𝑃1𝑏1
𝑛1

𝑐𝑜𝑠ℎ𝑛1𝑥𝑐𝑜𝑠𝑏1𝑦 + 𝐸

− 𝜈1,!"∗ �−
𝑃1𝑛1
𝑏1

𝑐𝑜𝑠ℎ𝑛1𝑥𝑐𝑜𝑠𝑏1𝑦 + ℎ1(𝑥)��
1
𝐸1,!∗

 

𝜀3,!! = (
𝑏3
𝑛3
𝑐𝑜𝑠ℎ𝑛3𝑥(𝑀𝑐𝑜𝑠𝑏3𝑦 − 𝑁𝑠𝑖𝑛𝑏3𝑦)

− 𝜈3∗ 0−
𝑛3
𝑏3
𝑐𝑜𝑠ℎ𝑛3𝑥(𝑀𝑐𝑜𝑠𝑏3𝑦 − 𝑁𝑠𝑖𝑛𝑏3𝑦)

+ ℎ3(𝑥)3)
1
𝐸3∗

 

( 4.6). 
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𝜀4,!! = (−
𝑃4𝑏4
𝑛4

𝑐𝑜𝑠ℎ𝑛4𝑥𝑐𝑜𝑠𝑏4(𝑡1 + 𝑡3 + 𝑡4 − 𝑦) + 𝐺

− 𝜈4∗ 0
𝑃4𝑛4
𝑏4

𝑐𝑜𝑠ℎ𝑛4𝑥𝑐𝑜𝑠𝑏4(𝑡1 + 𝑡3 + 𝑡4 − 𝑦)

+ ℎ4(𝑥)3)
1
𝐸4∗

 

 

The functional forms of the parameters E, F, G, M, N, h1, h2, h3, n1, n2, n3, P1, and 

P3 in Equations (4.3)-(4.6) are provided in Appendix B2.  

 

4.2 Determination of Layer Properties 

The thickness and mechanical properties of the CFRP laminate, the PDMS 

interface layer and the PV film were determined and served as inputs to the analytical 

model. The uniaxial modulus of each layer was determined via uniaxial tensile testing as 

described in Section 2.2.1. PDMS films with different mixing ratios (Silicone 

elastomer/Curing agent) from 33:1 to 5:1 were cast and cut into the form of long strips 

with dimensions 19×5×2 mm (L×W×T) to obtain the small-strain tensile modulus of 

PDMS, E2. Individual strips of PV films with dimensions 50×2 mm (L×W) were also 

tested to obtain the effective modulus of the PV film, E3. Example stress-strain curves of 

the PV film and the CFRP laminate are shown in Figures 4.2(a) and 4.2(b). The initial 

slope of each curve represents the elastic modulus, E3 = 10.4±0.1 GPa and E1,x = 

82.8±1.5 GPa, respectively. n1,xz was calculated as 0.22 from the ratio of the normal 

strains in z and x direction, which were computed via DIC.  
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(a) (b) 

 Figure 4.2 Stress-strain curves of a (a) PV thin film and (b) a unidirectional [0°]8 
CFRP laminate. 

 
PDMS coatings with various elastic moduli and thicknesses, serving as the 

compliant interface layer were designed as guided by the analysis in Section 4.1.2 and 

applied via spin coating onto the back side of the PV film. The PDMS layer thickness that 

was measured after curing with the aid of a Scanning Electron Microscope (SEM) was 

controlled by the spin coater rotational speed as shown in the plot in Figure 4.3(a). 

Furthermore, stress-strain curves of PDMS specimens for the three different mixing ratios 

of silicone elastomer-to-curing agent were obtained and given in Figure 4.3(b). In the 

present application, the PDMS layer is subjected to a small range of strains (<2%) which 

are controlled by the CFRP laminate strain, therefore, the initial elastic modulus of 

PDMS is relevant to our calculations. Thus, the relevant PDMS modulus values were 

determined by linear fitting the experimental stress-strain curves of pure PDMS films in 

the strain range 0.3-0.9%, which is the range of the mean tensile strain that the PDMS 

interface layers experienced between their top (PV side) and bottom surfaces (CFRP 

laminate side) in the present experiments. For mixing ratios of 5:1, 10:1 and 33:1 the 

elastic moduli of PDMS were measured as 0.87±0.008, 0.46±0.006, and 0.1±0.002 MPa 

respectively. These elastic moduli were used in all calculations in this dissertation 

research.  
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(a) (b) 

Figure 4.3 (a) Spinning speed vs. cured PDMS layer thickness and (b) stress-strain 
curves of freestanding PDMS films with different mixing ratios of silicone elastomer-
to-curing agent. 

 

Table 4.1 Measured properties of the PV module film and the CFRP laminate. 

 Thickness (μm) Elastic modulus 
(GPa) Poisson’s ratio 

PV film (with 

supporting layers) 
52±0.05 10.4±0.1 0.3±0.001 

Composite laminate 1900±4 E1,x = 82.8±1.5 n1,xz= 0.22±0.003 

 

 

4.3 Determination of Parameter Space for Interface Layer Properties 

The solution for the longitudinal strain in Equation (4.6) provides a tool to design 

an interface material that reduces the strain transfer from the CFRP laminate to the PV 

film. However, the complexity of equations for 𝜀<,!! does not readily lead to an obvious 

design strategy. From the structure of the longitudinal strain solution in Equation (4.6) 

and the mechanics of the problem the mechanical properties and geometrical parameters 

(layer thickness) that influence the value of ∆𝜀(1E4),!! in Equation (4.1) were identified. 
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In the case of uniaxial loading that was considered in this study, parametric calculations 

were carried out to evaluate the relative contribution of the mechanical properties and the 

layer thicknesses given in Figure 4.1(a) to ∆𝜀(1E4),!!. With the material properties and 

thickness for the CFRP and the PV module serving as a starting point, Table 4.1, first G2 

and t2 were varied systematically to calculate the longitudinal strain in the three layers via 

Equation (4.6). The results showed that ∆𝜀(1E4),!! scales in an inverse manner with the 

effective shear stiffness of the PDMS interface layer, G2/t2. Assuming isotropic 

mechanical behavior for PDMS one can further write: J)
=)
= :)

3=)(1?n))
. Therefore, to 

simplify the presentation of our results, E2/t2 was used as the control parameter, after 

substituting ν2 = 0.499 for all PDMS compositions. The results presented in the next 

Sections are the same if G2/t2 was used as the control parameter. Similarly, by varying the 

properties of the PV module layer in Equation (4.6) it was shown (Appendix B3) that E3 

and t3 both increase ∆𝜀(1E4),!! and their combined effect can be captured by the effective 

longitudinal stiffness of the PV layer, E3t3.  

The aforementioned design parameters for the PDMS interface agree with the 

results reported by Dai et al. [64] who used a shear lag model to calculate the strain 

transferred across an adhesive. Their shear lag model did not include the properties of the 

substrate, which for all practical purposes can be considered as perfectly rigid. The elastic 

solution adopted in this study allows taking into account the thickness and uniaxial 

modulus of the CFRP substrate too. The longitudinal strain solution in Equation (4.6) can 

provide insights into the role of E1,x and t1. A parametric study, carried out by varying E1,x 

and t1 in the calculation of ∆𝜀(1E4),!!, showed that E1,x and t1 begin to matter when E1,xt1 ≈ 

E3t3. If the CFRP laminate acts as load-bearing and E1,xt1 is several orders of magnitude 

larger than E3t3, then E1 and t1 have no effect on ∆𝜀(1E4),!! . It can be also shown 

(Appendix B3) that for :"="
:(,,=(

≥ 0.51, a reduction in E1,xt1 begins to decrease ∆𝜀(1E4),!!, 

because of the increased relative stiffness of the PV module compared to the CFRP 

laminate. Given the large thickness and uniaxial modulus of the CFRP laminate used in 

the present study, Table 4.1, it is :"="
:(,,=(

= 0.0034	 ≪ 	0.51, therefore, order of magnitude 

changes to the term 𝐸1,!𝑡1  would have no practical effect on strain attenuation in the 
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present study. Thus, for all practical purposes only the term E3t3 was treated as a control 

parameter, albeit not varied herein because a commercial PV module with fixed thickness 

and mechanical properties was utilized. 

For the material system at hand, E3t3 = 540.8 MPa·mm as calculated from the data 

in Table 4.1 for the given PV module. Different values for E2/t2 were then entered into 

Equation (4.6) to calculate ∆𝜀(1E4),!! in the range 0% and 100%. The resulting range of 

E2/t2 values served as a guide to prepare a series of test specimens with E2/t2 values 

approximately ranging from 0.6 to 48 MPa/mm. As shown in Figure 4.4(a), for this range 

of E2/t2 values, ∆𝜀(1E4),!!	between 23% and 100% could be theoretically achieved for the 

2.6-cm long unit PV cell shown in Figure 4.1(b). 

For the same E2 and t2, ∆𝜀(1E4),!!	scales inversely with the PV film length, L. As 

shown in Figure 4.4(b), smaller values of E2/t2 are required to achieve the same strain 

attenuation in longer PV films. For instance, for a 3.6-cm long PV film, E2/t2 = 0.6 

MPa/mm results in 100% strain attenuation, whereas for a 7.6-cm long PV module, the 

strain attenuation is reduced to 81% for the same value of E2/t2. In order to gain further 

perspectives, strain attenuation maps were constructed for a short, 2.6-cm unit PV cell 

and a long, 7.6-cm (full length) PV module, Figures 4.5(a,b), for different values of E3t3 

and E2/t2. These strain attenuation maps can be used for PV modules with different 

properties from those in the present study. The strain attenuation maps depend on the PV 

film length because Equation (4.6) contains its length through the boundary conditions 

given in Equation (4.2). The strain attenuation reported in the maps in Figures 4.5(a,b) is 

calculated at the mid-point along each PV film, e.g. Figure 4.4(a). As pointed out with 

dashed lines in Figures 4.5(a,b), for the same value of E3t3 = 540.8 MPa·mm, as 

determined by the properties of the given PV module in Table 4.1, the full PV module 

(7.6 cm) would require a more compliant or a thicker interface layer, as defined by the 

ratio E2/t2, to achieve 80% strain attenuation (star point) at the mid-span of its length, 

compared to the shorter (2.6 cm) unit PV cell. Specifically, E2/t2 = 0.59 MPa/mm for the 

7.6-cm full PV module, compared to E2/t2 = 4.9 MPa/mm for the 2.6-cm unit PV cell. 

This translates into 8.3 times more compliant or thicker interface layer for the full PV 
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module compared to the unit PV cell. Similar correlations can be derived from Figure 

4.4(b) for other PV film lengths. 

 

 

(a)  

(Figure 4.4 continued) 
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(b) 

Figure 4.4 (a) Strain attenuation for E3t3 = 540.8 MPa·mm for a 2.6-cm long unit PV 
cell, Figure 4.1(b). (b) Strain attenuation as a function of PV module length. The units 
of E2/t2 are MPa/mm. 
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(a) 

 

(b)  

Figure 4.5. Strain attenuation map for a (a) 2.6-cm long unit PV cell, and a (b) 7.6-cm 
long full length PV module. The strain attenuation in the mid-span of the length of 
each PV film is plotted. Darker shades designate larger strain attenuation. The star 
symbol marks the same percentage of strain attenuation (80%) for the two PV film 
lengths. 
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4.4 Experimental Evaluation of Strain Attenuation 

In the absence of a PDMS interface, strain measurements via DIC showed zero 

strain attenuation between the PV film and the CFRP laminate. Because E1,xt1 is several 

orders larger than E3t3, the strain in the CFRP laminate is fully imposed onto the PV film. 

Complete strain transfer takes place under the condition of perfect bonding, which was 

verified by the fact that the strain on the CFRP laminate side was identical to that on the 

PV film side until CFRP laminate failure. 

Insertion of the PDMS interface layer provided strain attenuation that depended 

on the interface layer properties. Tables 4.2 and 4.3 list the details of the PDMS interface 

layers in the specimens prepared for the purposes of this study, with E2/t2 values ranging 

between 0.6 and 48 MPa/mm. The specimens in Table 4.2 were comprised of 2.6-cm 

long PV films, which is the length of a unit PV cell, and were used only for strain 

attenuation measurements. In the specimens listed in Table 4.3, the PV modules were 7.6 

cm long which is the length of a full PV film module and the shortest PV film that could 

be easily wired to obtain the FF. These specimens were used for concurrent strain 

attenuation and FF measurements. Specimen #10 served as the control to verify that the 

strain measured on the CFRP laminate and the PV film was the same until failure of the 

laminate. Indeed, using full field strain measurements via DIC the strain was confirmed 

to be the same on the CFRP laminate and the PV film (i.e. 0% strain attenuation). 

Furthermore, fragmentation initiated in the PV film at ~0.8% strain, which agrees with 

Antartis and Chasiotis [59] for the onset of fragmentation in the aSi layer. Fragmentation 

was virtually complete at 1% strain, as shown in Figure 4.6. 

In the presence of a PDMS interface layer, the measured ∆𝜀(1E4),!!	ranged from 

36% to 100% as summarized in Tables 4.2 and 4.3. The smallest value of ∆𝜀(1E4),!!	was 

recorded for the minimum value of t2=18 µm (smaller values resulted in poor adhesion 

between the PV and the CFRP laminate) and the maximum value of E2 that was attained 

for 5:1 mixing ratio of silicone elastomer-to-curing agent. This is consistent with the 

effect of the ratio E2/t2 described in Section 4.1.2. Examples of the strain measured on the 

CFRP laminate vs. the PV module side are plotted in Figure 4.7 for different strain 
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attenuation values. For instance, in the case of Specimen #13 the strain in the PV module 

remained zero in the entire test until CFRP laminate failure at 1.76% strain. Similarly, a 

114-µm thick PDMS layer in Specimen #12 resulted in 81% strain attenuation: the strain 

in the CFRP laminate reached 1.6% while the strain in the PV film was only 0.31%, 

without any signs of aSi fragmentation. Specimens that were loaded and unloaded before 

failure were inspected and no detachment between the PV module and the CFRP 

laminate was detected. 

 

Table 4.2 Measured strain attenuation for a unit PV cell with 2.6 cm length and 
different PDMS layers. 

Specimen # 1 2 3 4 5 6 7 8 9 

Silicone-to-
curing agent 

ratio 
33:1 33:1 33:1 10:1 5:1 5:1 5:1 5:1 5:1 

PDMS elastic 
modulus (MPa) 

0.1 0.1 0.1 0.46 0.87 0.87 0.87 0.87 0.87 

PDMS 
thickness (μm) 

114 67 15 51 69 39 34 26 18 

E2/t2 
(MPa/mm) 

0.9 1.5 6.5 9 13 22 26 33 48 

Peak tensile 
strain (%) 

1.1 1.2 1.3 0.9 1.3 0.9 0.7 0.9 1.1 

Measured 
strain 

attenuation 
(%) 

100 100 100 81 67 58 52 45 36 
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Table 4.3 Measured strain attenuation for a full PV module with 7.6 cm length and 
different PDMS layers. 

Specimen # 
10 

(Control) 
11 12 13 

Silicone-to-curing 
agent ratio 

None 

33:1 33:1 33:1 

PDMS elastic 
modulus (MPa) 

0.1 0.1 0.1 

PDMS thickness (μm) 67 114 154 

E2/t2 (MPa/mm) 1.5 0.9 0.6 

Ultimate tensile strain 
of CFRP laminate (%) 

1.6 1.1 1.6 1.8 

Measured strain 
attenuation (%) 

0 67 81 100 

 

 

    

(a) (b) (c) (d) 

Figure 4.6 Fragmentation of Specimen #10 subjected to tensile strain: (a) 0%, (b) 
0.79%, (c) 1%, and (d) 1.58%. The specimen was loaded in the horizontal direction. 
Visualization of the fragmentation cracks requires high magnification optical 
microscopy and oblique angle illumination to highlight the hairline cracks. 
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Figure 4.7 Experimental tensile strain in the PV layer vs. the CFRP laminate for strain 
attenuation 0% (#10), 67% (#11), 81% (#12), and 100% (#13). The numbers in 
parentheses correspond to the specimens listed in Table 4.3. 

 

As predicted by the theoretical model, the PV film elastic modulus, thickness and 

length controlled the strain attenuation. For instance, Specimens #5-9 had the same 

elastic modulus but gradually decreasing thickness, which resulted in gradually 

decreasing strain attenuation from 67% to 36%. On the other hand, Specimen #3 with 

comparable thickness to Specimen #9 but 8.7 times lower elastic modulus provided 100% 

strain attenuation. A similar conclusion is drawn by comparing the strain attenuation 

provided by Specimens #5 and #2 which had comparable PDMS layer thickness and the 

resulting strain attenuation scaled inversely with the elastic modulus of PDMS. The nine 

specimens in Table 4.2 demonstrate the coupled role of thickness and elastic modulus on 

the effective shear stiffness of the PDMS layer, while also demonstrating the robust 

control of strain transfer by the PDMS interface. 

 

4.5 Experimental Results vs. Analytical Model Predictions 

The effective shear stiffness, E2/t2, of the PDMS interface vs. strain attenuation is 

plotted in Figure 4.8(a) and compared with the model predictions by Equations (4.1) and 
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(4.6). The model predictions closely followed the trend of the experimental strain 

attenuation data, but also consistently underestimated the strain attenuation by 10-35%. 

For instance, for E2/t2 = 12.6 MPa/mm, the experimental strain attenuation was 67% 

compared to a predicted value of 60%. The systematic difference between the model and 

the experimental predictions may originate in several experimental and modeling sources. 

Among them are the model assumptions, specifically not accounting for the effect of 

bending, which depends on the ratio E3t3/E1,xt1. This effect is expected to be rather small 

because the combined contribution of the interface and the PV layers to the shift of the 

neutral axis of the integrated structure, Figure 4.1(a), is small due to the much larger 

modulus and thickness of the CFRP laminate. 

The difference between the experimental measurements and the model predictions 

shown in Figure 4.8(a) is more likely to originate in the uncertainty in the elastic modulus 

values of the PDMS layer as integrated between the CFRP laminate and the PV film. The 

elastic modulus of PDMS was measured from freestanding test specimens, whereas the 

PDMS interface layer was cured in situ between the CFRP laminate and the PV module. 

Confinement and thermal gradients during curing can affect the degree of cross-linking of 

PDMS and, therefore, its elastic modulus. To test this assumption, the value (:)
=)
)-%K(L 

was calculated by substituting Equation (4.6) and the experimentally measured strain 

attenuation for the PDMS interface layers fabricated with a silicone elastomer-to-curing 

agent mixing ratio of 5:1 (Table 4.2), into Equation (4.1). Then, a least squares 

minimization procedure was applied by using all the experimental data for strain 

attenuation less than 100%: 

�[𝑐(
𝐸3
𝑡3
)-(M/NB(K − (

𝐸3
𝑡3
)-%K(L]<3

;

<G1

 (4.7) 

where c is a correction factor applied uniformly to all values (:)
=)
)-(M/NB(K which were 

calculated by using direct measurements of E2 and t2 (Table 4.2), and n is the number of 

data points. Assuming accurate measurements of t2 via an SEM, the best fit E2 value for 

PDMS interface layers with mixing ratio 5:1 was found from Equation (4.7) to be 0.55 
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MPa, which is smaller by a factor c = 0.64 than the value of 0.87 MPa that was obtained 

by mechanical testing of freestanding PDMS specimens of the same composition. 

Substituting the calculated modulus value for PDMS into the analytical model, a very 

good agreement emerged between the experimental measurements and the model 

predictions, as shown in Figure 4.8(b).  

 

  

(a) (b) 

Figure 4.8 (a) Experimental results vs. model predictions for E2/t2 vs. strain 
attenuation. The experimental data correspond to Specimens #1-9 in Table 4.2. (b) 
Experimental measurements vs. model predictions for E2/t2 vs. strain attenuation after 
substitution of a best fit value for the E2. The experimental data correspond to 
Specimens #5-9 in Table 4.2. 

 

 

4.6 I-V Characteristic Curves vs. CFRP Laminate Strain 

The method described in Section 2.3 to evaluate the PV film’s performance was 

applied in the Section. The I-V characteristic curves of the test specimens listed in Table 

4.3 were measured during mechanical testing. Example I-V characteristic curves are 
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(2.6) that is plotted in Figure 4.10. In the absence of a PDMS interface, the value of FF 

declined after the PV module (and the CFRP laminate) reached 0.80% strain, from an 

initial value of FF = 0.73 to as low as FF = 0.59 when the CFRP laminate failed at 1.58% 

strain. This range of FF values as a function of tensile strain is in agreement with results 

by Jones et al. [61], also see Gleskova et al. [111], derived from bending tests of triple 

junction aSi-Ge solar cell films. As shown in Figure 4.6(b), the aSi layer began to 

fragment at ~0.80% strain, which is consistent with a prior study by this group [59]. In 

the presence of a PDMS interphase the FF maintained the strain-free value of 0.74, even 

when the CFRP laminate reached 1.76% strain, Figure 4.10. 
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(Figure 4.9 continued) 
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(c) (d) 

Figure 4.9 I-V characteristic curves obtained from test specimens (a) #10 (0%), (b) #11 
(67%), (c) #12 (81%), and (d) #13 (100%) listed in Table 4.3, with the experimental 
strain attenuation values given in parentheses. The legends show the (%) strain applied to 
the CFRP laminate. 
 

 

Figure 4.10 Fill factor of PV films with strain attenuation 0%, 67%, 81%, and 100% as 
measured from Specimens #10, #11, #12, and #13, respectively. The specimen details 
are given in Table 4.3. 
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4.7 Evaluation of Strain Attenuation Methodology 

The validated design framework for interfacial strain attenuation presented in this 

dissertation research demonstrated that the effective shear stiffness of a PDMS interface 

can be tuned effectively (reaching 100% strain attenuation) and efficiently (using the 

minimum PDMS interface layer thickness required to attain 100% strain attenuation) by 

changing either the thickness or the elastic modulus of PDMS to meet a target value of 

E2/t2 according to the E3t3 value for the PV module and the strain attenuation maps given 

in Figure 4.5. Within the practical limits for the small strain elastic modulus of PDMS 

(0.1-10 MPa, as controlled by the ratio of silicone elastomer-to-curing agent), and its 

thickness (~20-500 µm), the value of E2/t2 of the PDMS interface can be varied by more 

than three orders of magnitude (0.2 - 500 MPa/mm) to achieve high strain attenuation for 

a broad range of E3t3 values. The minimum thickness of the PDMS layer depends on the 

surface roughness of the CFRP laminate and the back side of the PV module. In this work 

the surface of the pre-cured CFRP laminates was smoothed with a grinder-polisher to 

reduce the surface roughness and allow for bonding to the PV films by using PDMS 

layers that were as thin as ~18 µm. Thinner PDMS layers resulted in debonding of the PV 

film during stretching of the CFRP laminate. On the other hand, thick PDMS layers with 

cured thicknesses of the order of 500 µm or more require special measures to prevent 

flow during casting and curing. Such thick interface layers also begin to affect the overall 

thickness of the integrated structure and introduce potentially significant bending effects.  

The strategy for strain attenuation presented in this dissertation research provides 

guidelines for the thickness and synthesis/mechanical properties of an effective (attaining 

100% strain attenuation) and efficient (ensuring minimum necessary layer thickness) 

PDMS interface layer for PV modules with different lengths and/or E3t3. This compliant 

interface not only eliminates strain transfer but also extends the maximum strain that can 

be applied to load-bearing structures with integrated PV films, thus extending the current 

spectrum of applications of solar energy. From a practical viewpoint, for a given 

thickness and modulus of an interface layer, staggered short and wide PV modules 

bonded onto a substrate that is loaded in the longitudinal direction would result in higher 

strain attenuation than longer PV modules, which also is consistent with the results and 
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recommendations by Dai et al. [64]. On the other hand, for a given form factor of a PV 

module, strain attenuation maps similar to those in Figure 4.5 provide guidelines to tune 

the PDMS interface layer thickness and modulus in order to obtain a desired strain 

attenuation.  

 
4.8 Conclusions 

It was shown that a compliant interface layer can be efficiently designed to 

eliminate strain transfer from a stiff CFRP laminate to a thin PV film and, therefore, 

extend the service load of load-bearing structures with integrated thin film solar power. 

On the contrary, in the absence of a compliant interphase, PV modules begin to fragment 

at 0.80% strain, gradually losing their functionality. Maps of strain attenuation due to a 

compliant interface were created capturing the coupled effects of the elastic mechanical 

properties and thickness of the interface layer (E2/t2) and the bonded PV module (E3t3), as 

well as the length of the PV module. Based on these strain attenuation maps, PDMS was 

shown to be an effective interface material because of its versatility to span a broad range 

of elastic moduli, E2, and thickness, t2, values. Experimental combinations of E2 and t2 

provided E2/t2 values for PDMS in the range 0.6-48 MPa/mm, which resulted in up to 

100% attenuation of CFRP laminate strain transfer to the PV module. After accounting 

for manufacturing effects on the effective modulus of the PDMS interface layer, a very 

good agreement between the experimental measurements and the model predictions 

emerged. The attenuation or complete elimination of strain transfer from the CFRP 

laminate to a PV module allowed maintaining the initial value of the fill factor of the PV 

module until failure of the CFRP laminate at strains as high as ~1.8%. On the contrary, in 

the absence of the PDMS interface the fill factor declined beyond the application of 0.8% 

strain to the CFRP laminate. The work presented in this Chapter provides a validated 

framework for the design of compliant interfaces between load-bearing structures and 

integrated functional brittle films. 
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CHAPTER 5 
 

 

 

 Conclusions 

The objective of this dissertation research was to employ compliant interfaces to 

(a) control surface wrinkling of material systems comprised of a stiff film on a compliant 

substrate, and (b) mitigate strain transfer from a stiff substrate to a brittle film. This 

Chapter summarizes the research outcomes and provides an assessment of the extent to 

which the dissertation objectives were met. 

 

5.1 Assessment of Dissertation Outcomes 

Prior to this study, no other methods had been reported to control the wrinkle 

wavelength, amplitude, and direction without modifying the composition or structure of a 

bilayer material system and without the application of multiaxial loading. In this 

dissertation, isotropic or orthotropic compliant interface layers made by GLAD were 

introduced for the first time between a stiff film and a compliant substrate to modify 

wrinkling. Then, the effect of effective in-plane compressive modulus and anisotropy of 

the interface layer on the wrinkle pattern were assessed. Towards the above goal, the 

effect of GLAD process parameters on the morphology of the resulting nanostructures 

was studied and optimized to fabricate the aforementioned interface layers. The effective 

in-plane compressive modulus and anisotropy ratio of GLAD nanostructured films were 

reported for the first time with the aid of analytical models drawn from literature. 

Towards the second objective of this research, a highly compliant interface layer 

comprised of PDMS was successfully integrated between a thin PV film and a CFRP 

laminate to achieve strain attenuation. Brittle thin PV films can suffer from fragmentation 
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while subjected to substrate strains as low as 0.3%. Prior to this dissertation, the vast 

majority of research was focused on improving the functional performance of PV films. 

An elasticity model by Li et al. [78] was adopted to assess the required interface layer for 

strain attenuation. It was deduced that for a material system comprised of a stiff CFRP 

laminate with a fragile top thin film PV, independent control of both the stiffness and the 

thickness of the interface material is required to handle a wide range of PV film thickness 

and stiffness values and achieve partial or complete strain attenuation and full 

preservation of the energy harvesting performance of PV films at large substrate strains.  

 

5.1.1 Control of Wrinkle Pattern through Interface Layers 

After a thorough evaluation of the effect of GLAD processing parameters, the 

deposition angle and rate were selected as 86° and 10 Å/sec, respectively, to ensure good 

shadowing effect and good definition of different types of GLAD nanostructures. Two 

types of GLAD nanostructure films, comprised of nanosprings or nanochevrons, were 

fabricated by controlling the deposition rate and the rotation speed. Moreover, pitch 

control modified the interaction between individual GLAD nanostructures in the 

respective films, thus leading to different effective in-plane compressive moduli for the 

same total film thickness. As a result, the optimal deposition angle, rotation speed, and 

deposition rate were identified and used to fabricate isotropic (nanospring) and 

orthotropic (nanochevron) interface layers to control wrinkling. 

The approach to control the wrinkle pattern of a two-layer system, comprised of a 

stiff film on a compliant substrate, by a compliant interface layer was investigated 

utilizing the aforementioned GLAD films. The isotropic (nanospring) and orthotropic 

(nanochevron) Cu interface layers were introduced between a PDMS substrate and a solid 

Cu film to modify the resulting wrinkle patterns. For instance, by means of these GLAD 

interface layers, the wrinkle wavelength was reduced by a factor of 3.6 after 2 µm out of 

2.5 µm of a solid film were replaced by a Cu nanospring film with 0.25-µm pitch as the 

interface layer. Concurrently, the wrinkle amplitude was also reduced by a factor of 3.6 at 

for the same applied strain. Hence, the compliance of the interface layer reduced the 



 84  

 

physical length scale of the wrinkle pattern, namely the wrinkle wavelength and 

amplitude, while maintaining the amplitude-to-wavelength aspect ratio without varying 

the total thickness as the original solid film. The physical length scale of a wrinkle pattern 

of a solid film without an interface layer can only be tuned by modifying film’s thickness. 

Furthermore, the effective in-plane compressive modulus of Cu nanospring films was 

obtained experimentally for the first time, as 500±21 MPa and 830±20 MPa for a pitch of 

0.25 μm and 0.5 μm, respectively, by taking advantage of the mechanics of surface 

wrinkling. The reduced interactions between individual Cu nanosprings with 0.25-μm 

pitch contributed to a lower effective in-plane compressive modulus of the respective 

films.  

An analytical model by Yin et al. [13] was extended and utilized to simulate the 

wrinkling of a three-layer system with an orthotropic interface layer comprised of Cu 

nanochevrons with 0.25 µm and 0.5 µm pitch. By controlling the principal stress 

direction with respect to the principal material axis, the effective in-plane compressive 

moduli of Cu nanochevron films with 0.5-µm pitch along the principal material axis and 

its normal was calculated as 710±10 MPa and 75.1±2 MPa, respectively. The anisotropy 

ratio of Cu nanochevron films, Ei,1/Ei,2, was measured to be 8.4 and 9.5 for 0.25-µm pitch 

and 0.5-µm pitch, respectively. This anisotropy ratio directly affects the anisotropy ratio 

of the effective bending modulus of the composite layer, including the interface layer and 

the top film, Ec,1/Ec,2, and influences the wrinkle direction. The latter deviated from the 

principal stress direction by 9.6±0.3° when the principal stress direction was at 45° with 

respect to the principal material axis in Cu nanochevron films with 0.5-µm pitch as the 

interface. Therefore, the resulting GLAD nanostructures as the interface layers were 

demonstrated to be an effective means to control the wrinkling.  

 

5.1.2 Strain Attenuation through an Interface Layer 

An approach to achieve the strain attenuation between a brittle film and a stiff 

substrate was the second objective of this dissertation. PDMS as a complaint interface 

layer successfully reduced or eliminated the strain transfer from a CRFP laminate 
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(substrate) to a PV film (brittle film), and protect the latter from structural loads. An 

analytical model was adopted to identify the range of values for the effective shear 

stiffness (shear modulus over thickness, G2/t2) of candidate interface materials by taking 

the properties of the PV-CFRP laminate material system at hand into account, namely the 

elastic modulus and thickness of the PV film and the CRFP composite, and the length of 

the PV film. By controlling both the elastic modulus and the thickness of PDMS, a large 

range of E2/t2 values from 0.6 to 48 MPa/mm was achieved, which resulted in partial or 

complete strain attenuation in experimental studies. A very good agreement between the 

experimental measurements and the model predictions was established after accounting 

for confinement effects on the modulus of PDMS during curing. Furthermore, the fill 

factor was measured to evaluate the performance of the PV film. The PV film was shown 

to preserve its initial fill factor while subjected to substrate strains as high as 1.7%, 

whereas in the absence of an interface layer the fill factor decreased for substrate strains 

larger than 0.8%. A validated framework, including strain attenuation maps, to select the 

effective shear stiffness of an interface material in order to reach different strain 

attenuation levels, was constructed to provide guidance for general applications.   

 

5.2 Future Directions 

5.2.1 Control of GLAD Film through Seeding  
During GLAD deposition, first randomly distributed nuclei form on a substrate. 

To grow ordered GLAD films on a substrate, the substrate is seeded prior to GLAD 

[35,43]. By controlling the seed dimensions and spacing pattern, the initial shadowing is 

also controlled and, therefore, GLAD films can be grown with a desired order. For 

example, the seed dimension and spacing have been shown to affect the major and minor 

axes of the elliptical cross-section of GLAD nanosprings, and hence their mechanical 

properties [37]. To assist the effective design of GLAD seeding, a model was derived to 

relate the seed dimensions to the precise shape and dimensions of GLAD nanostructures. 

The seed spacing should obey the following relationship for effective shadowing to take 

place during the GLAD process (e.g. no new seed nucleation and growth between 

prefabricated seeds), Figure 5.1 [43]: 
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𝑤/ < ∆≤ ℎ𝑡𝑎𝑛(𝛼) + 𝑤/ (5.1), 

where h is the seed height, ws is the seed width, and ∆, is the seed spacing. Given the 

growth angle, β, GLAD structures begin to grow at a height h2 (h2<h) from the top edge 

of the seed, where h2 is the distance between the highest and the lowest point of the seed 

where atoms arrive, Figure 5.1(b). 

From geometric relations and the schematics in Figure 5.1(a) and 5.1(b): 

∆= ℎ𝑡𝑎𝑛(𝛼) − 𝑤3 +𝑤/ (5.2), 

where w2 is the distance between the edge of the seed and the point which extends from 

the lowest point of the seed where atoms arrive at the edge of a seed to the surface, and 

𝑤3
ℎ𝑡𝑎𝑛(𝛼) =

ℎ − ℎ3
ℎ  (5.3). 

 

From Equation (5.2), w2 can be expressed as a function of the seed height, h, deposition 

angle,	𝛼, seed width, ws, and seed spacing, ∆, via: 

𝑤3 = ℎ𝑡𝑎𝑛(𝛼) + 𝑤/ − ∆ (5.4). 

 

Similarly, from Equation (5.3), h2 can be expressed as a function of the seed height, h, 

deposition angle,	𝛼, seed width, ws, and seed spacing, ∆, via: 

ℎ3 = ℎ −
𝑤3

tan(𝛼) (5.5). 

By assuming that each seed is perfectly covered by atoms, the major axis of the elliptical 

cross-section of a GLAD nanocolumn, 2a, is determined by: 

2𝑎 = 	 𝑙/ (5.6), 
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where ls is the seed length in Figure 5.1(b). The minor axis of the elliptical cross-section 

of a GLAD nanocolumn, 2b, can be derived from geometry, Figure 5.1(b): 

2𝑏 = 𝑤/𝑐𝑜𝑠(𝛽) + ℎ3 sin(𝛽) (5.7). 

By inserting Equation (5.5) into Equation (5.7), the minor axis of the elliptical 

cross-section of a GLAD nanocolumn, 2b, becomes: 

2𝑏 = 𝑤/𝑐𝑜𝑠(𝛽) + �ℎ −
ℎ𝑡𝑎𝑛(𝛼) + 𝑤/ − ∆

tan(𝛼) � sin(𝛽) (5.8) 

 

 

(a)  

 

(b)  

Figure 5.1 (a) Seed profile. (b) Schematic of GLAD growth of a pillar on a seed 
illustrating the model assumptions. Black color represents the seed and red color 
represents a GLAD pillar [43]. Reprinted with permission from IEEE. 

 

To verify the validity of this model, Si nanosprings that were tested before by our 
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deposited at an angle	𝛼 = 85° on circular Si seeds in a hexagonal pattern. The seeds had 

500-nm diameter and 300-nm height, h, with spacing ∆=900 nm or ∆=1500 nm, Figures 

5.2(a,b). These seeding parameters were entered into Equations (5.6) and (5.8) to predict 

the major and minor axes, 2a and 2b, of the Si nanosprings. 

The major and minor axes were before measured in [38] with β measured to be 

60°. The results are compared with the model predictions Table 5.1: For increasing seed 

spacing, ∆, the minor axis, 2b, also increased which was captured well by the model. 

However, the model overestimated the minor axis, 2b, by a factor 1.2-1.7. The model 

predicted that the major axis should be equal to the seed length, ls, namely the seed 

diameter in the case of a circular seed.  This prediction worked well in the case of 1500-

nm seed spacing, but it overestimated the case of 900-nm seed spacing by a factor of 1.3. 

This could be due to fewer atoms accumulating on each seed for smaller seed spacing, 

thus leading to a smaller major axis. Deposition of fewer atoms on each seed would 

violate the model assumption that each seed is perfectly covered by vapor atoms. In order 

to predict the major and minor axes, more precisely, future work could incorporate the 

role material properties such as melting temperature in surface diffusion which takes 

place during the deposition and influences seed growth. 

 

Table 5.1 Measurements from [38] vs. model predictions from Equations (5.6) and (5.8). 

Seed Spacing 
(nm) 

Major axis 
(nm) 

Minor axis 
(nm) 

Predicted 
Major axis (nm) 

Predicted 
Minor axis (nm) 

900 380 ± 10 160 ± 10 500 280 

1500 470 ± 25 250 ± 30 500 320 
 

z 
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(a) (b) 

Figure 5.2 SEM images of Si nanospring films with seed spacing, ∆, of (a) 900 nm and 
(b) 1500 nm from [38]. The inserts in (b) show where 2a, 2b, and β were measured. 
Reprinted with permission from Elsevier. 

 

 

5.2.2 Seed Design for GLAD Deposition  

The model in Equations (5.6) and (5.8), was employed to design the seeding of 

GLAD films. The major axis, 2a, is controlled directly by the seed length, ls, Equation 

(5.6). The minor axis, 2b, vs. seed spacing, ∆, and seed width, ws, is plotted in Figure 

5.3(a) for a given minimum seed height by using Equation (5.8). To create the initial 

shadowing effect, the minimum height of a seed is determined by α, ws, and	∆ from a 

geometric relation presented by Jensen and Brett [43]: ∆≤ ℎ𝑡𝑎𝑛(𝛼)+𝑤/, and is plotted in 

Figure 5.3(b).  The growth angle, β, was measured to be 82.8° at α =86° (Section 3.1) and 

was used for the calculations for Figure 5.3. From these predictions, smaller 2a and 2b 

can be achieved by designing smaller ∆  and seed dimensions. In addition, a larger 

minimum seed height is needed to ensure a shadowing effect for larger ∆ and smaller ws, 

Figure 5.3(b).  

The model presented in this Section was utilized to design several seed patterns, 

whose details are listed in Table 5.2. The seed spacing, ∆, was varied from 250 nm to 750 

nm and the seed diameter was 150 nm or 300 nm. To ensure no structures were grown 

between seeds, the seed height, h, was set as 300 nm which is ~7.5 times higher than the 

2b 

2a 
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minimum seed height required for 750-nm seed spacing and 300-nm seed width, 

computed via  Equation (5.1) and plotted in Figure 5.3(b). 

 

  

(a) 

  

(b) 

Figure 5.3 (a) Minor axis vs. seed spacing for different seed widths and 0.3-μm seed 
height for α=86°, β=82.8°. (b) Minimum seed height vs. seed spacing with different 
seed widths and α=86°, β=82.8°. 
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Table 5.2 Seeding parameters. 

Seed Pattern # Seed height (nm) Seed diameter (nm) Seed spacing (nm) 

1 300 150 250 

2 300 150 550 

3 300 300 550 

4 300 300 750 
 

Seed patterns with smaller ∆ and smaller seed diameter were selected to produce 

more compliant GLAD films compared to previous works by this group [37,38]. 

Cylindrical seeds were prepared because, in general, GLAD produces circular or 

elliptical nanocolumn cross-sections irrespective of the actual seed shape [43]. Hence, the 

seed diameter is used to refer to the seed dimensions in Table 5.2. Tetragonal seed 

patterns were selected because of their advantage of uniform shadowing effect and the 

ability to directly measure the geometry of GLAD nanostructures as opposed to a denser 

hexagonal pattern. 

E-beam lithography was used to fabricate 100×100 μm seed patterns. Compared 

to conventional photolithography, e-beam lithography provides the flexibility of tuning 

the seed dimensions at the nanometer scale, albeit at a higher cost and for smaller area 

coverage. E-beam lithography enabled the quick evaluation of GLAD nanostructures 

before larger seeded areas would be produced by other techniques such as nanoimprint 

lithography. A JBX-6000FS/E e-beam lithography system equipped with a ZR0/W 

emitter, was employed for the purposes of this study. The system has a 10 nm resolution 

on PMMA resist [112]. A 200-nm thick PMMA film was spin coated on a Si wafer, and 

the seed patterns designed in AUTOCAD were written on the PMMA film with a 50 kV 

and 1 nA e-beam. A 35-nm Ni layer was deposited as the mask followed by lift-off. The 

samples were cleaned by oxygen plasma to remove the resist residue. After lift-off, SF6 

and C4F6 were used to etch the 300-nm Si seeds with a ICP-RIE system by using the 

Bosch process. The wafer and the resist left were cleaned by acetone and Piranha. The 

seed pattern is shown in Figure 5.4. 
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(a) (b) 

  

(c) (d) 

Figure 5.4 Tetragonal Si Seed Patterns (a) #1, (b) #2, (c) #3 and (d) #4 viewed at 52°. 
 

Cu nanochevron films were then grown on the seed patterns at the nominal 

deposition rate of 10 Å/sec and deposition angle α=86°, Figure 5.5. As a first step to 

evaluate the GLAD films, a Focused Ion Beam (FEI Helios) was used to open 12×6 µm2 

windows with a depth of 10 µm for cross-sectional imaging, by using 80 pA current to 

minimize re-deposition during ion milling. 

From the cross-sectional FIB images, Figure 5.5, Seed Pattern #4 produced Cu 

nanochevrons with the largest dimensions, whereas Seed Pattern #1 produced the 

smallest Cu nanochevrons, as expected from the model in Equations (5.6) and (5.8). The 

latter films are also expected to be the most compliant. The four seeding cases in Figure 
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5.5 demonstrated how the model described in this Section could be utilized to provide a 

first order seed design before larger area production is pursued via other methods. Larger 

seeded areas would allow for more precise, non-intrusive, measurements of the 

dimensions of Cu nanochevrons, because a clean cross-section can be generated by 

cleaving the substrate instead of using a FIB. Mechanical testing of the Cu nanochevron 

films in Figure 5.5 will shed more light into the effect of seeding on their mechanical 

compliance. 

 

  

(a) (b) 

  

(c)  (d) 

Figure 5.5 Cu nanochevron films deposited at nominal rate 10 Å/sec and deposition 
angle of 86° on Seed Patterns (a) #1, (b) #2, (c) #3 and (d) #4. 
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APPENDIX A  

 

 

 

 Wrinkle Control 

A.1 Mechanical Properties of PDMS Substrate 

Strips of PDMS with dimensions 19×5×2 mm (L×W×T) were cast and tested 

under uniaxial tension with a Bose ElectroForce 3200 Series III Test Instrument to obtain 

the elastic modulus, Es. The sample surface was speckle-patterned with an airbrush to 

compute the film strain via Digital Image Correlation (DIC) (Correlated Solutions, SC) 

from images obtained during testing with a CCD camera at 1 fps. The Young’s modulus 

of films PDMS serving as the substrate was calculated as 8±0.02 MPa at 7.5-10% applied 

strain which is the strain range PDMS was used in this work, Figure A.1.  

 

 

Figure A.1 Small strain response of PDMS substrate. 
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A.2 Details of the Wrinkle Problem Formulation 

Details of the problem formulation by Allen [33] and Lejeune [77] or a two-layer 

and a three-layer material system, respectively, are provided in this Appendix. The 

wrinkle behavior of an isotropic two-layer system is governed by the Föppl–von Kármán 

equation that describes the large deflection of a thin flat plate on an infinite substrate that 

is subjected to uniaxial compression [96]: 

𝐷1
𝑑2𝑤
𝑑𝑥2 − 𝑡5𝑏𝜎!!

𝑑3𝑤
𝑑𝑥3 = 𝑞𝑏 = −

𝑤𝐸/∗𝑛𝑏
2 	 (A1), 

Under uniaxial compression, a wrinkle pattern of stripes forms, and the film 

deflection w can be described by the following sinusoidal form: 

𝑤 = 𝑤% 𝑐𝑜𝑠(𝑛𝑥)	 (A2), 

where wo is the wrinkle amplitude.  

By inserting Equation (A2) into Equation (A1) and minimizing sxx (by taking the 

derivative of Equation (A1) with respect to n after rearranging Equation (A1)), the critical 

wavenumber, ncr, at which wrinkling initiates and the corresponding wrinkle wavelength, 

l, are calculated as: 

𝑛0B =
1
𝑡5
�
3𝐸/∗

𝐸5∗
�

1
4
	 (A3a),   

𝜆 =
2𝜋
𝑛0B

 (A3b).  

By inserting Equation (A3a) into Equation (A1) and rewriting sxx =𝐸5∗ec, the 

critical strain, ec, at wrinkle initiation is found: 

𝜀0 =
1
4 (
3𝐸/∗

𝐸5∗
)3/4 (A4). 
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When wrinkling initiates, w can be related to the difference between the applied 

strain, e, and the critical strain, ec, as [113]: 

𝜀 − 𝜀0 =
1
𝜆X

�1 + (
𝑑𝑤
𝑑𝑥)

3𝑑𝑥 − 1
P

>
 (A5).  

By inserting Equation (A2) into Equation (A5), the wrinkle amplitude, wo, can be found: 

𝑤> =
𝜆
𝜋�𝜀 − 𝜀0 (A6). 

 

The wrinkle behavior of an isotropic three-layer system can also be described by 

the Föppl–von Kármán equation [96]. Under uniaxial compression, the governing 

differential equation can be written by treating the interface layer and the top film as a 

composite layer: 

𝐷0,1
𝑑2𝑤
𝑑𝑥2 − (𝑡< + 𝑡5)𝑏𝜎!!

𝑑3𝑤
𝑑𝑥3 = 𝑞𝑏 = −

𝑤𝐸/∗𝑛𝑏
2  (A7),  

where w takes the sinusoidal form in Equation (A2). As mentioned in Section 3.2.1, the 

governing differential equation is solved by a methodology developed by Lejeune et al. 

[77] for a trilayer material system where the top two layers are modeled as a single 

composite layer, when the stiffness of the interface material is higher than the substrate 

stiffness and practically contributes to the stiffness of the top film. Hence, the flexural 

rigidity of the composite layer is given by	𝐷0,1 = 𝐸<∗𝐼< + 𝐸5∗𝐼5. The moment of inertia is 

calculated after finding the bending neutral axis based on the thickness and modulus of 

the top film and the interface layer [84]. By inserting Equation (A2) into Equation (A7) 

and minimizing sxx (by taking the derivative of Equation (A7) with respect to n, after 

rearranging Equation (A7) as a function of sxx), the critical wavenumber, ncr, and the 

corresponding wrinkle wavelength, l, are calculated as: 
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𝑛0B = �
𝐸/∗

4e𝐸<∗𝐼< + 𝐸5∗𝐼5g
�

1
4
 (A8a),  

𝜆 =
2𝜋
𝑛0B

 (A8b). 

 

A similar procedure as in the case of a two-layer system is followed to find the 

critical strain, ec. After inserting Equation (A8a) into Equation (A7) and rewriting sxx 

=(𝐸<∗𝑡< + 𝐸5∗𝑡5)e0/(𝑡< + 𝑡5) based on rule of mixture (the top solid film and the interface 

layer are in the isostrain condition), the critical strain, ec, can be found: 

𝜀0 =
𝑛0B3(𝐸<∗𝐼< + 𝐸5∗𝐼5)
(𝐸<∗𝑡< + 𝐸5∗𝑡5)

+
𝐸/∗

2𝑛0B(𝐸<∗𝑡< + 𝐸5∗𝑡5)
 (A9). 

 

Then, wo can be calculated from Equation (A6). 

When the wrinkle direction is not parallel to the principal stress direction, Figure 

A.2, the wrinkle profile along the principal stress direction, w1, can be described as: 

𝑤1 = 𝑤% 𝑐𝑜𝑠(𝑛1𝑥1)	 (A10), 

where n1 is the wavenumber along the principal stress direction, x1, Figure A.2.  
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Figure A.2 Example of wrinkle pattern, based on Figure 3.14(a), in which the wrinkle 
direction is not parallel to the principal stress direction, x1, pointed out by the arrow. 
The wrinkle direction deviates from principal stress direction by θwp. 

 

When wrinkling initiates, wo can be related to the difference between the applied 

strain, e, and the critical strain, ec, by using Equation (A5) as: 

𝜀 − 𝜀0 =
1
𝜆1
X �1 + (

𝑑𝑤1
𝑑𝑥1

)3𝑑𝑥1 − 1
P(

>
 (A11),  

where l1 is the wrinkle wavelength along the principal stress direction. By inserting 

Equation (A10) into Equation (A11), wo can be found as: 

𝑤> =
P(
Q �𝜀 − 𝜀0		 (A12). 

 

A.3 Wrinkle Wavelength vs. Applied Strain   

Plots of measured w0 vs. ε for the specimens listed in Tables 3.2 and 3.4 are given 

in Figure A.3. It is shown that the λ remains constant, which is expected from Equation 

(A8) if the elastic modulus of the interface remains constant in the entire range of applied 

strains. The plots indeed validate this assumption.  

 

l 

x1 l1 
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Figure A.3 Wrinkle wavelength vs. compressive strain. 
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APPENDIX B 

 

 

 

 Strain Attenuation 

B.1 Derivation of Plane Strain Modulus of the CFRP Laminate 

In the solution for the stress and strain fields for the three and the two layer 

composite specimens described in Section 4.1.2, the composite laminate was assumed to 

be transversely isotropic, Figure B.1. The axes x, y, z coincide with the material 

coordinates of the unidirectional CFRP laminate. 

 

 

Figure B.1 Definition of coordinates of the transversely isotropic CFRP laminate. 
 

The stiffness matrix of an orthotropic CFRP laminate is given by: 

x

y

z
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⎣
⎢
⎢
⎢
⎢
⎡
𝜀$,&&
𝜀$,''
𝜀$,((
𝜀$,'(
𝜀$,&(
𝜀$,&'⎦
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⎥
⎥
⎤

=
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⎢
⎢
⎡ 	

1
𝐸$,&

−𝜈1,𝑦𝑥
𝐸$,'

−𝜈1,𝑧𝑥
𝐸$,(

0 0 0

−𝜈1,𝑥𝑦
𝐸$,&

1
	𝐸$,'

−𝜈1,𝑧𝑦
𝐸$,(

0 0 0

−𝜈1,𝑥𝑧
𝐸$,&

−𝜈1,𝑦𝑧
𝐸$,'

1
𝐸$,(

0 0 0

0 0 0
1

2𝐺1,𝑦𝑧
0 0

0 0 0 0
1

2𝐺1,𝑥𝑧	
0

0 0 0 0 0
1

2𝐺1,𝑥𝑦⎦
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎤

⎣
⎢
⎢
⎢
⎢
⎡
𝜎$,&&
𝜎$,''
𝜎$,((
𝜎$,'(
𝜎$,&(
𝜎$,&'⎦

⎥
⎥
⎥
⎥
⎤

	 (B.1), 

where 𝜈1,!H = 𝜈1,!" , 𝜈1,H" = 𝜈1,"H	, 𝐸1,H = 𝐸1," , 𝐺1,!H = 𝐺1,!"	and	
W(,-,
:(,-

= W(,,-
:(,,

  

Herein, we consider plane strain conditions as the dimension in z-direction is much larger 

than the dimension in the y-direction: 

𝜀$,(( =
𝜎$,((
𝐸$,(

− 𝜎$,''
𝜈1,𝑧𝑦
𝐸$,(

	− 𝜎$,&&
𝜈1,𝑥𝑧
𝐸$,&

= 0 
(B.2). 

From Equation (B.2), 𝜎$,((  can be writen in terms of 𝜎$,&&  and 𝜎$,''  and then 

inserted into Equation (B.1) to determine 𝜀$,&&: 

𝜎$,(( = 𝐸$,( .𝜎$,''
𝜈1,𝑧𝑦
𝐸$,(

+ 𝜎$,&&
𝜈1,𝑥𝑧
𝐸$,&

0 
(B.3a), 

𝜀$,&& =
𝜎$,&&
𝐸$,&

− 𝜎$,''
𝜈1,𝑧𝑥
𝐸$,(

	−
𝜈1,𝑥𝑧
𝐸$,&

𝐸$,( .𝜎$,''
𝜈1,𝑧𝑦
𝐸$,(

+ 𝜎$,&&
𝜈1,𝑥𝑧
𝐸$,&

0 
(B.3b). 

 

Equation (B.3b) can then be rearranged as: 

𝐸1,!

1 − 𝜈1,!H3 𝐸1,H
𝐸1,!

𝜀1,𝑥𝑥 = 𝜎1,𝑥𝑥 −
𝜈1,!H𝜈1,H" + 𝜈1,!H

1 − 𝜈1,!H3 𝐸1,H
𝐸1,!

𝜎1,𝑦𝑦 = 0 
(B.4). 
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Based on Hooke‘s law and the form of Equation (B.4), the plane strain modulus, 

𝐸1,!∗ , Poisson's ratio, 𝜈1,!"∗ , of the CFRP laminate are: 

𝐸1,!∗ =
𝐸1,!

1 − 𝜈1,!H3 𝐸1,H
𝐸1,!

 

	𝜈1,!"∗ =
𝜈1,!H𝜈1,H" + 𝜈1,!H

1 − 𝜈1,!H3 𝐸1,H
𝐸1,!

 
(B.5). 

This result for the plane strain modulus, 𝐸1,!∗ , and Poisson's ratio, 𝜈1,!"∗ , of a CFRP 

laminate can be also found in [114]. 

Assuming isostrain conditions, the micromechanical theory of rule-of-mixtures 

(ROM) and the isotropic properties for the matrix can be used to calculate the Young's 

modulus, 𝐸1,H, Poisson's ratio, 𝜈1,H", and shear modulus, 𝐺1,!", of the CFRP laminate as 

follows:   

𝐸1,H =
1

𝑉5
𝐸5
+ 𝑉-
𝐸-

 

	𝜈1,H" = 𝜈5𝑉5 + 𝜈-𝑉- 

𝐺1,!" =
1

𝑉5
𝐺5
+ 𝑉-
𝐺-

 

(B.6), 

where Vf  and Vm are the volume fractions of the fiber and the matrix in the CFRP 

laminate, respectively, and were calculated as 0.32 and 0.68, respectively, by using 

𝐸1,! = 𝐸5𝑉5 + 𝐸-𝑉-  with the experimental input of E1,x=82.8 GPa. The plane strain 

shear modulus, 𝐺1,!"∗ , of the CFRP laminate is 𝐺1,!"∗ = 𝐺1,!" .  According to the 

manufacturers’ data sheets, the elastic moduli of the fiber and the matrix, Ef and Em, are 

250 GPa [115] and 3.3 GPa [116], respectively. The Poisson's ratios of the fiber and the 

matrix, vf,zy and vm, have been reported as 0.3 [117] and 0.32 [116], respectively. Then, 

the shear modulus of the matrix, Gm, was calculated as 1.28 GPa by assuming isotropic 
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properties for the matrix. The transverse modulus, Ef,z, and the shear modulus, Gf,xy, of the 

fiber have been reported to be 8 GPa and 27.3 GPa, respectively [117]. The calculated 

properties of the CFRP laminate are given in Table B.1. 

Table B.1 Material properties of composite laminate, calculated by Equations (B.6). 

𝑬𝟏,𝒛 (GPa) 𝑮𝟏,𝒙𝒚	(GPa) 𝝂𝟏,𝒛𝒚 

4.06 1.84 0.31 

 

The PDMS interface material and the PV film are considered isotropic. Their 

plane strain modulus, 𝐸<∗, Poisson's ratio, 𝜈<∗, and shear modulus, 𝐺<∗, are given by:  

𝐸<∗ =
𝐸<

1 − 𝜈<3
	 , 𝐺<∗ = 𝐺< =	

𝐸<
2(1 + 𝜈<)

, 𝜈<∗ =
𝜈<

1 − 𝜈<
, for	𝑖 = 2	and	3 

(B.7). 

 

The values of E3 and 𝜈3 can be found in Table 4.1 and G3 was calculated to be 4 

GPa. E2 can be found in Table 4.2. Similarly, G2 was calculated to be 0.29 MPa, 0.15 

MPa, 0.03 MPa for E2 is equal to 0.87 MPa, 0.46 MPa, 0.1 MPa, respectively with 

𝜈2=0.499.  

 

B.2 Parameters in Stress and Strain Field Solution of Three-layer System  

The stress field parameters for the CFRP laminate layer are: 

𝑏1 = �𝐾 �−𝜈1,!"∗ +
𝐸1,!∗

𝐺1,!"∗ � , 𝑏< = �𝐾(2 + 𝜈<∗)		for	𝑖 = 2, 3 

𝑛< = √𝐾	for	𝑖 = 1, 2, 3 

(B.8). 
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𝑃1 = �
𝑆𝑡1 − 𝑆𝑡13

𝐸3∗
𝐸1,!∗

𝑡3 +
𝐸4∗
𝐸1,!∗

𝑡4 + 𝑡1
��

𝑛1

𝑐𝑜𝑠ℎ 𝑛1𝑙2 𝑠𝑖𝑛𝑏1𝑡1
� 	,			𝐸 =

𝑆𝑡1
𝐸3∗
𝐸1,!∗

𝑡3 +
𝐸4∗
𝐸1,!∗

𝑡4 + 𝑡1
 

ℎ1 =
−𝑛3𝑐𝑜𝑠ℎ𝑛3𝑥(𝑀𝑐𝑜𝑠𝑏3𝑡1 − 𝑁𝑠𝑖𝑛𝑏3𝑡1)

𝑏3
+
𝑃1𝑛1𝑐𝑜𝑠ℎ𝑛1𝑥𝑐𝑜𝑠𝑏1𝑡1

𝑏1
+ ℎ3 

 

The stress field parameters for the PDMS interface layer are: 

𝑁 = �
𝑃1𝑠𝑖𝑛𝑏1𝑡1

𝑓3
𝑓1
𝑠𝑖𝑛𝑏3𝑡1 + 𝑐𝑜𝑠𝑏3𝑡1

�	,𝑀 =
𝑁𝑓3
𝑓1

, 𝐹 =
𝐸𝐸3∗

𝐸1,!∗
, ℎ4 =

−𝑃4𝑛4𝑐𝑜𝑠ℎ𝑛4𝑥
𝑏4

 

ℎ3 =
𝑛3𝑐𝑜𝑠ℎ𝑛3𝑥(𝑀𝑐𝑜𝑠𝑏3(𝑡1 + 𝑡3) − 𝑁𝑠𝑖𝑛𝑏3(𝑡1 + 𝑡3))

𝑏3

+
𝑃4𝑛4𝑐𝑜𝑠ℎ𝑛4𝑥𝑐𝑜𝑠𝑏4𝑡4

𝑏4
+ ℎ4 

𝑓1 = −
𝑏4𝑠𝑖𝑛𝑏3(𝑡1 + 𝑡3)
𝐸4∗𝑛4𝑡𝑎𝑛𝑏4𝑡4

−
𝑏3𝑐𝑜𝑠𝑏3(𝑡1 + 𝑡3)

𝐸3∗𝑛3
+
𝑛4
𝑏4
(
𝜈4∗

𝐸4∗
−
𝜈3∗

𝐸3∗
)(

1
𝑠𝑖𝑛𝑏4𝑡4

−
1

𝑡𝑎𝑛𝑏4𝑡4
)𝑠𝑖𝑛𝑏3(𝑡1 + 𝑡3)	

𝑓3 =
𝑏4𝑐𝑜𝑠𝑏3(𝑡1 + 𝑡3)
𝐸4∗𝑛4𝑡𝑎𝑛𝑏4𝑡4

−
𝑏3𝑠𝑖𝑛𝑏3(𝑡1 + 𝑡3)

𝐸3∗𝑛3
−
𝑛4
𝑏4
(
𝜈4∗

𝐸4∗
−
𝜈3∗

𝐸3∗
)(

1
𝑠𝑖𝑛𝑏4𝑡4

−
1

𝑡𝑎𝑛𝑏4𝑡4
)𝑐𝑜𝑠𝑏3(𝑡1 + 𝑡3)	

(B.9). 

 

Finally, the stress field parameters for the PV layer are: 

𝑃4 =
𝑁(𝑓3𝑠𝑖𝑛𝑏3(𝑡1 + 𝑡3)𝑓1

+ 𝑐𝑜𝑠𝑏3(𝑡1 + 𝑡3))

𝑠𝑖𝑛𝑏4𝑡4
, 𝐺 =

𝐸𝐸4∗

𝐸1,!∗
, (B.10). 
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The parameter K in (B.8) is found numerically by solving the following equation [78]: 

�2 + 𝜈1,!"∗ 0𝑓3𝑠𝑖𝑛𝑏3𝑡1𝑓1
+ 𝑐𝑜𝑠 𝑏3𝑡13

𝐸1,!∗ 𝑡𝑎𝑛𝑏1𝑡1

=
�2 + 𝜈3∗(

𝑓3𝑐𝑜𝑠𝑏3𝑡1
𝑓1

− 𝑠𝑖𝑛 𝑏3𝑡1)

𝐸3∗
− (

𝜈1,!"∗

𝐸1,!∗

−
𝜈3∗

𝐸3∗
)(

𝑓3𝑐𝑜𝑠𝑏3𝑡1
𝑓1

− 𝑠𝑖𝑛 𝑏3𝑡1 −
𝑓3𝑐𝑜𝑠𝑏3(𝑡1 + 𝑡3)

𝑓1
+ 𝑠𝑖𝑛 𝑏3(𝑡1 + 𝑡3)

�2 + 𝜈3∗

+
(𝑓3𝑠𝑖𝑛𝑏3(𝑡1 + 𝑡3)𝑓1

+ 𝑐𝑜𝑠 𝑏3(𝑡1 + 𝑡3))(
1

𝑠𝑖𝑛𝑏4𝑡4
− 1
𝑡𝑎𝑛𝑏4𝑡4

)

�2 + 𝜈4∗
	

(B.11). 

 

The solution for K can be found graphically as the first root of Equation (B.11) in Figure 
B.2 following the approach in [78]: 
 

   

Figure B.2 Equation (B.11) as function of K. This graphical solution gives K = 
5.67·108 for L = 2.6 cm, E2 = 0.46 MPa, t2 = 46 μm, and E3, t3, E1,x , and t1 taking values 
from Table 4.1. 
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B.3 Effect of Material System Parameters on Strain Attenuation 

The effective shear stiffness of the interface layer controlling the strain 

attenuation depends on the elastic modulus and thickness of the material system, namely 

E1,x, t1, E3, and t3 which are defined in Chapter 4. A parametric study of the effect of each 

of the aforementioned parameters on strain attenuation is provided in this Section. The 

length of the PV film, L, is assumed to be 7.6 cm. E2/t2 is used as the control parameter in 

the range 0.02-2000 MPa/mm. The values of E1,x, t1, E3, and t3, based on the specific 

material system in this study, are given in Table 4.1. As the starting point E3t3/E1,xt1 is 

calculated as 0.0034. As shown in Figure B.3, higher strain attenuation is achieved for 

smaller values of E2/t2. The range of values for E2/t2 can be varied by either changing E2 

or t2, but it is found that the same strain attenuation is achieved if E2/t2 remains constant. 

This result demonstrated the effectiveness of E2/t2 as the control parameter for the strain 

attenuation. 

 

 

Figure B.3 Strain attenuation for E3t3/E1,xt1 = 0.0034 for a 7.6-cm long PV module. 
The units of E2/t2 are MPa/mm. 
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The effect of E3 alone on the strain attenuation is demonstrated by increasing and 

decreasing E3 by ten times with respect to the reference value in Table 4.1. A comparison 

of the strain attenuation plots in Figures B.3, B.4(a), and B.4(b) shows that larger E3 

results in higher strain attenuation for the same values of E2/t2. Similarly, the effect of t3 

alone on strain attenuation is demonstrated in Figures B.5(a,b) by decreasing and 

increasing t3 by ten times with respect to the reference value in Table 4.1. A comparison 

with the plots in Figure B.3 shows that larger t3 results in higher strain attenuation for the 

same values of E2/t2. 

From the plots in Figures B.4 and B.5, it is deduced that E3 and t3 have the same 

effect on the strain attenuation. Furthermore, as shown in Figure B.6, strain attenuation 

remains unchanged for the same value of E2/t2 if the product of E3t3 is held constant, e.g. 

E3 is increased by ten times while t3 is reduced by ten times. Hence, the combined effect 

of E3 and t3 was considered in this dissertation research through the product E3t3.  

 

  

(a) (b) 

Figure B.4 Strain attenuation for (a) E3t3/E1,xt1 = 0.00034, and (b) E3t3/E1,xt1 = 0.034 by 
varying the value of E3 of a 7.6-cm long PV module. The units of E2/t2 are MPa/mm. 
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(a) (b) 

Figure B.5 Strain attenuation for (a) E3t3/E1,xt1 = 0.00034, and (b) E3t3/E1,xt1 = 0.034 by 
varying t3 of a 7.6-cm long PV module. The units of E2/t2 are MPa/mm. 

 

 

Figure B.6 Strain attenuation for a 7.6-cm long PV module where E3t3/E1,xt1 is kept 
equal to 0.0034 by simultaneously varying E3 and t3. The units of E2/t2 are MPa/mm. 
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The same procedure is used to evaluate the effect of E1,x and t1 on strain 

attenuation. When the value of E3t3/E1,xt1 is small, namely the effective substrate stiffness, 

E1,xt1, is much larger than the effective stiffness of the PV film, E3t3, variation of E1,x and 

t1 has no effect on strain attenuation, as shown by comparison of Figures B.7(a) and 

B.7(b). 

When the value of E3t3/E1,xt1 becomes larger than 0.511, E1,x and t1 begin to have 

an effect on strain attenuation. Smaller values of E1,x  and t1 decreased strain attenuation 

as shown in Figure B.8 where E3t3/E1,xt1≥0.51. These results show that if the effective 

substrate stiffness, E1,xt1, is comparable to the effective stiffness of the PV film, E3t3, then 

the effect of E1,x and t1 must be taken into account. In this case, the CFRP laminate 

substrate no longer serves as the only load-bearing member. 

  

(a) (b) 

Figure B.7 The same strain attenuation as in Figure B.3 is achieved for (a) E3t3/E1,xt1 = 
0.00034 or (b) E3t3/E1,xt1 = 0.34 by either varying E1,x or t1 of a 7.6-cm long PV module. 
The units of E2/t2 are MPa/mm. 

 
 

1 The value of 0.51 was determined by iteratively solving for strain attenuation in Matlab. See also Chapter 
4. 
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(a) (b) 

Figure B.8 Strain attenuation for (a) E3t3/E1,xt1 = 0.51 and (b) E3t3/E1,xt1 = 3.4 by either 
varying E1,x or t1 for a 7.6-cm long PV module. The units of E2/t2 are MPa/mm. 

 

 

In the elasticity model by Li et al. [78], t1 must be much smaller than the length of 

the PV film, L. Hence, the upper bound of t1 must be identified. It can be shown the 

calculation of strain attenuation at the center of the PV module is no longer accurate 

when t1 becomes sixteen times larger than its value in Table 4.1, namely t1 = 0.4L. For 

the given material system, the strain attenuation changes from 52% to 56% for E2/t2 = 2 

MPa/mm when t1 = 0.4L, Figure B.9, whereas for any t1<0.4L, the model computes the 

same value for strain attenuation (52% in this case). 
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Figure B.9 Strain attenuation for E3t3/E1,xt1 = 0.00021 by increasing t1 sixteen times its 
value in Table 4.1 in a 7.6-cm long PV module. The units of E2/t2 are MPa/mm. 

 

The individual effect of E1,x, t1, E3, and t3 on strain attenuation of the material 

system at hand was demonstrated by the aforementioned calculations. When variation of 

E1 or t1 has an effect on strain attenuation, namely when E3t3/E1,xt1≥0.51, then it is 

important to compare their effect to that of E3 and t3. This is examined in Figure B.10(a) 

by first setting E3t3/E1,xt1 = 5.1 by decreasing t1 by 1500 times its reference value in Table 

4.1. By comparison to Figure B10(a), Figures B.10(b) and B.10(c) show that t3 has a 

different effect on strain attenuation than t1, by further increasing t3 and t1 by ten times, 

respectively. Specifically, for the same value of E2/t2, increasing t3 resulted in higher 

strain attenuation than increasing t1. This is further shown in Figure B.10(d) by increasing 

t3 and decreasing t1 at the same time by a factor of 10 with respect to their values in 

Figure B10(a), therefore E3t3/E1,xt1 = 510. In this case the strain attenuation decreased 

from 35% to 3.4% for E2/t2 = 2 MPa/mm because of the more significant effect of t3 than 

t1. 

 

0

20

40

60

80

100

0 0.25 0.5 0.75 1

St
ra

in
 A

tte
nu

at
io

n 
(%

)

x/(L/2) 
E₂/t₂=0.02 E₂/t₂=0.2
E₂/t₂=2 E₂/t₂=20
E₂/t₂=200 E₂/t₂=2000



 112  

 

  
(a) (b) 

  
(c) (d) 

Figure B.10 Strain attenuation for a 7.6-cm long PV module and (a) E3t3/E1,xt1 = 5.1 by 
decreasing t1 by 1500 times its value in Table 4, (b) E3t3/E1,xt1 = 51 and (c) E3t3/E1,xt1 = 
0.51 by increasing t3 by 10 times and by increasing t1 by 10 times their given values in 
(a), respectively. (d) Strain attenuation for E3t3/E1,xt1 = 510 by increasing t1 by 10 times 
while decreasing t3 by 10 times their given values in (a). The units of E2/t2 are MPa/mm. 
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In the problem formulation described in Chapter 4, the 3D problem was 

simplified into a 2D problem by adopting plane strain conditions. Alternatively, plane 

stress conditions, namely no stress in the y direction, Figure 4.1(a), could also be adopted 

to simplify the problem. In this case, the elastic modulus, E, and Poisson’s ratios, 𝜈, of 

each layer are directly entered into the model. For a given value of E2/t2 the strain 

attenuation model predictions, assuming plane stress conditions, differ by less than 3% 

from the predictions made under plane strain conditions. 
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