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Abstract 

Polymeric thin films and metal-polymer bilayers are foundational components in 

flexible electronics, adaptive surfaces, and emerging interface technologies, valued for their 

mechanical compliance, ease of processing, and tunable functionality. Unlike homogeneous 

rigid or bulk elastic materials, polymer thin films exhibit inherently display scale-dependent 

mechanical and optical properties, particularly at interfaces, where deformation behavior is 

governed by factors such as film thickness, cross-link density, and free liquid content, often 

resulting in nonlinear and time-dependent viscoelastic phenomena. The integration of 

nanoscale metallic coatings introduces an additional layer of complexity: the rigid-soft 

coupling further alters both mechanical and optical properties, giving rise to hybrid contact 

behaviors that go beyond the assumptions of classical contact theories developed for either 

purely stiff or bulk soft materials. Moreover, the interfacial deformations are typically confined 

to micro- or even nanometer scales, where stress localization, modulus gradients, and 

geometric confinement jointly govern the contact behaviors and its evolution. This multiscale, 

multiphysics coupling presents significant challenges for experimental characterization. Most 

conventional techniques isolate mechanical and optical measurements, rely on model-specific 

assumptions, and involve multi-step or complicated procedures. Thus, these techniques present 

certain challenges in precisely characterizing the real micro-scale structural properties and 

deformation behavior under actual loading or environmental conditions. Despite growing 

interest in these bilayer systems, a clear, experimentally accessible framework for 

quantitatively probing their contact behaviors and underlying properties remains lacking. 

Addressing this gap is essential not only for advancing the fundamental understanding of thin 

film mechanics, but also for enabling the rational design of high performance, multifunctional 

soft interfaces for next generation technologies. 

To address this gap, this dissertation applies spectroscopy and microscopy techniques: 

confocal Raman spectroscopy and dual-wavelength reflection interference contrast 
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microscopy (DW-RICM), to systematically investigate the interfacial behaviors of polymeric 

and metal-polymer bilayer thin films under contact and solvent stimuli. The resulting insights 

aim to inform the rational design of multifunctional soft interfaces with enhanced performance 

and broader applicability in next generation surface and device technologies. 

The dissertation first highlights a parameter independent framework for characterizing 

soft contact deformation using in-situ confocal Raman spectroscopy. To achieve this, a 

calibration platform was constructed using a five-glass sphere probe assembly, with a glass 

slide placed on top to establish a reliable measurement protocol. This setup was then adapted 

for soft contact analysis by replacing the upper glass slide with a PDMS coated glass slide 

(P10), enabling localized deformation under controlled spherical contact. Raman mapping was 

performed in three spatial dimensions by tracking the intensity distribution of the 2905 cm⁻¹ 

Raman peak, which serves as the -CH3 stretching of PDMS. The resulting contour maps 

enabled imaging of the deformation region across multiple planes, allowing the extraction of 

physical parameters such as contact radius and indentation depth. The obtained results were 

broadly consistent with Hertz predictions, while revealing local deviations indicative of non-

conformal contact behavior. The proposed technique and framework offers a unique method 

to observe the formation and change of contact deformation, leading to a deeper insight into 

the soft contact system.  

Building upon this molecular insight, a methodology was developed to simultaneously 

extract the optical and mechanical properties of polymer and metal-polymer bilayer thin films 

using dual-wavelength reflection interference contrast microscopy (DW-RICM). Nanoscale 

gold (Au) and silver (Ag) layers were deposited on PDMS substrates with varying elasticity 

and coating thickness. By analyzing interference patterns obtained at two wavelengths (488 nm 

and 561 nm) during contact with a glass probe of known geometry, the effective refractive 

indices and elastic modulus of the bilayer system were quantitatively determined. The 

refractive index was found to decrease with increasing metal deposition time, decreasing 

PDMS elasticity and increasing coating thickness, consistent with UV/Vis spectroscopy 
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measurement. Elastic moduli were derived using Hertz theory based on the measured contact 

radii. This integrated optical-mechanical approach simplifies current multi-step 

characterization procedures, offering insights into fundamental properties of the metal-

polymer bilayers. 

To further investigate the metal thin layer coating on the contact behavior of metal-

polymer bilayers, a black-ink-coated probe was incorporated with DW-RICM to suppress 

unwanted reflections at the probe-air interface. This modified configuration enabled 

visualization of deformation features including contact deformation region and contact ridge 

formation with nanoscale resolution. Experimental results show that increasing the metal 

deposition time (i.e., metal coating thickness) leads to a reduction in both contact radius and 

contact ridge height. Moreover, long-term contact analysis of the gold coated bilayers showed 

a steady increase in ridge height over time, unlike the gradual decrease observed in the bare 

counterparts until reaching a steady state, suggesting altered interfacial viscoelastic behavior 

driven by the presence of the metal coating layer. 

Building on insights into the role of free liquids in thin film contact behavior, the final 

phase of this dissertation investigates out-of-equilibrium interfacial mechanic of solvent-

induced surface instabilities on solid supported soft substrates using DW-RICM. The 

morphological evolution of PDMS and silicone gel substrates were monitored over prolonged 

hexane extraction and drying. A consistent transition was observed from shallow circular 

depressions to highly ordered triradial (Y-shaped) surface patterns driven by internal stress 

accumulation and elastic modulus gradients between the surface and bulk. Comparative 

analysis across formulations with varying crosslinking densities revealed that while the pattern 

formation mechanism is broadly conserved, it remains sensitive to material properties such as 

free liquid content and elasticity. These findings shed light on the mechanisms of solvent-

mediated patterning and underscore solvent processing as a promising strategy for engineering 

programmable surface architectures in soft materials. 
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Overall, this dissertation constructs a framework for soft interface characterization, 

integrating mechanical deformation under contact and surface morphological transformation 

under solvent extraction. The findings highlight how vibrational spectroscopy and optical 

interferometry can be used in tandem to probe complex contact phenomena, offering new tools 

and insights for the design of adaptive, compliant surfaces in applications such as soft robotics, 

flexible electronics, and interfacial patterning. 
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Chapter 1 

Introduction 

1.1 Motivation 

Flexible smart wristbands for health monitoring, protective films in touchscreen 

devices, and tactile end-effectors in soft robots exemplify the pervasive integration of 

polymeric thin films and metal-polymer bilayer interfaces in modern technologies. These 

interfaces, characterized by their mechanical compliance, ease of fabrication, and 

multifunctional tunability 1,2, are indispensable across diverse fields, including flexible 

electronics 3, bio-integrated systems 4, soft robotics 5, artificial skin technologies 6, flexible 

sensing 7,8, wearable electronics 9, and micro-manipulation systems 10. In practical scenarios, 

these interfaces frequently come into contact with other materials, undergoing periodic or 

sustained loading, making their deformation behaviors crucial at the micro- and nanoscales. 

The interfacial deformations significantly impact device reliability, signal integrity, adhesion 

stability, and overall operational efficiency. For instance, minor interfacial deformation greatly 

influences user comfort and signal fidelity in wearable biomedical devices 9, while precisely 

controlled contact mechanics are vital for soft robotic end-effectors to effectively execute 

delicate manipulation tasks 11–13. Hence, understanding and controlling these deformations are 

critical for ensuring device robustness and reliability. 

Despite extensive applications, precisely understanding and controlling interfacial 

behaviors of polymer-based soft interfaces remains challenging. The challenge arises primarily 

from the inherent complexity of polymer, including the nonlinear viscoelasticity, multiscale 

mechanical responses, and structural heterogeneity. Variations in internal polymer structure, 

such as crosslink density and free polymer chain content, fundamentally influence mechanical 

properties, including Young’s modulus, energy dissipation, adhesion, and solvent sensitivity. 

Moreover, when metallic coatings are deposited onto polymer substrates, additional 

mechanical constraints are introduced, altering surface energy and modifying interfacial stress 

distributions, further complicating deformation behaviors. Consequently, a holistic 
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understanding of interfacial deformation behaviors in these bilayer systems demands 

integrated analyses of how internal polymer structure and external surface coatings collectively 

influence mechanical responses. 

Theoretical contact modes and experimental characterization techniques are essential 

tools for investigating contact behaviors of soft polymer interfaces. Classical contact theories, 

including Hertz 14, Johnson-Kendall-Roberts (JKR) 15, Derjaguin-Muller-Toporov (DMT) 16, 

and Maugis-Dugdale (MD) 17 models, have been widely applied to polymer interface studies. 

However, these models typically rely on assumptions such as linear elasticity, isotropy, 

idealized geometry, and semi-infinite substrate thickness, significantly limiting their accuracy 

and applicability when film thickness is reduced to micro- or nanoscales, or when materials 

exhibit nonlinear viscoelasticity 18 and time-dependent responses 19. Moreover, these theories 

usually depend on predefined material parameters (e.g., elastic modulus, surface energy), 

which can substantially vary upon surface modifications such as nanoscale metallic coatings. 

Therefore, a crucial research challenge is developing methods capable of capturing micro- or 

nanoscale deformation without extensive reliance on predefined material parameters. 

While parameter-independent approach offers new avenues for interface research, the 

accurate measurement of material properties remains essential. Especially, polymer surfaces 

modified by nanoscale metallic coatings undergo significant changes in properties, including 

elastic modulus, surface energy, and effective refractive index. However, existing 

experimental methods often struggle to simultaneously measure these evolving properties 

within a single experimental framework. Conventional mechanical characterization methods, 

such as nanoindentation and atomic force microscopy (AFM), provide valuable insights on 

mechanical properties but face limitations probe-substrate interactions, especially for soft 

materials at reduced scales. Similarly, optical characterization methods, such as ellipsometry, 

although capable of precisely measuring refractive index, generally require complex 

experimental procedures and iterative parameter fitting. These limitations impede a 

comprehensive understanding of how fundamental interfacial properties evolve upon metallic 
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coatings, constraining deeper insights into interfacial deformation mechanisms. Besides, for 

ultra-soft polymeric materials, capillary interactions at interfaces increasingly dominate and 

significantly influence contact deformation behaviors 18. Specifically, depositing metallic thin 

films onto softer polymer substrates leads to distinct, complex deformation responses 

compared to their stiffer counterparts. Currently, the underlying mechanisms driving these 

distinctly different deformation behaviors are not fully elucidated, necessitating systematic 

experimental and theoretical exploration. 

Moreover, in polymer systems with larger amounts of free polymer chains, solvent 

treatment often induces spontaneous surface pattern formation. Upon swelling, soft films 

supported on rigid substrates develop spatial gradients in elastic modulus and compressive 

stress, decreasing from the surface towards the substrate, which can lead to buckling, 

wrinkling, or delamination 20–25. Previous studies primarily focused on characterizing these 

final surface morphologies. Further studies are required to clarify how interactions between 

free polymer chains and solvents govern the evolution of interfacial morphology. 

Therefore, this dissertation aims to investigate the interfacial behavior of polymer and 

metal-polymer thin films under two distinct conditions: mechanical contact and solvent-

induced stimuli. The primary focus is on contact deformation behaviors under external loading, 

while the secondary theme, addressing solvent-induced morphological evolution, extends this 

study by investigating how the free polymer chains affect interfacial instability and pattern 

formation. These two complementary investigations provide a multiscale understanding of 

how internal structure and external stimuli collectively govern the mechanical response and 

morphological transformations in soft thin film system.  

Guided by this objective, the dissertation addresses four interrelated scientific 

questions: 

Q1: How can we characterize the contact deformation of polymer thin films without relying 

heavily on predefined material parameters? 
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Q2: How does nanoscale metallic coating deposition (e.g., Au, Ag) influence the mechanical 

and optical properties of polymer thin films, and how can these changes be measured? 

Q3: How does nanoscale metallic coating deposition influence the contact behavior of polymer 

thin films with less crosslink density or high free polymer chains fraction? 

Q4: How does solvent-induced extraction of free polymer chains influence the mechanical 

response and surface morphology of polymer thin films? 

1.2 Methodological Framework 

 

Figure 1-1 The methodological framework of the research objective. P10, P35, P60, P64, and P80 represent PDMS 

formulations with differing base-to-curing-agent ratios of 10:1, 35:1, 60:1, 64:1, and 80:1, respectively. DW-

RICM: Dual-wavelength reflection interference contrast microscopy. neff: effective refractive index. E: Young’s 

modulus. 

To address the four questions outlined above, Polydimethylsiloxane (PDMS), a widely 

used silicone-based elastomer, was selected due to its high optical transparency in the visible 
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spectrum, strong infrared absorption, chemical inertness, solvent uptake capability, and 

excellent biocompatibility 26,27. By varying the base-to-curing agent ratio, PDMS thin films 

with tunable elastic moduli and controllable fractions of free polymer chains were fabricated 

to represent different structural conditions. Additionally, gold (Au) and silver (Ag) thin film 

were deposited onto PDMS substrates via sputter coating, creating representative metal-

polymer bilayers to investigate the effects of metallic surface modifications. Two advanced 

characterization techniques, confocal Raman spectroscopy and dual-wavelength reflection 

interference contrast microscopy (DW-RICM), were utilized to capture complementary 

aspects of interfacial behavior. Raman spectroscopy provided molecular-level insights into 

chemical and structural changes within the polymer thin films during deformation, while DW-

RICM enabled real-time, high-resolution visualization of interfacial deformation and 

morphological evolution. Figure 1-1 illustrates the logic and methodological framework 

underlying the research objective. The experimental framework was structured into four 

sequential stages, each carefully designed to address one of the questions, progressively 

building complexity and depth: 

Firstly, to establish a parameter independent methodology (Q1), fully crosslinked 

PDMS films (base-to-curing-agent ratio of 10:1, denoted as P10) with minimal free chains were 

selected and brought into contact with a glass sphere as the simplest model system. The contact 

deformation behavior under external loading was characterized using confocal Raman 

spectroscopy. Changes in Raman peak intensities provided quantitative measures of localized 

deformation without relying on predefined mechanical parameters. Secondly, building upon 

this foundational understanding, metallic coatings of Au or Ag were deposited onto relatively 

stiff PDMS films (P10 and P20) to systematically investigate how these coatings influence 

fundamental properties such as elasticity and effective refractive index (Q2). DW-RICM was 

employed to simultaneously capture mechanical deformation and optical changes under 

contact, revealing fundamental properties variations induced by metal coatings. Thirdly, the 

investigation extended to softer PDMS substrates with higher fractions of free polymer chain 
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(P35, P45, and P60), exploring how substrate softness and metallic coatings collectively 

influence deformation behavior (Q3). By employing DW-RICM in conjunction with black ink-

coated probe to eliminate unwanted reflections, subtle yet significant interfacial phenomena 

such as time-dependent contact ridge formation was characterized. Finally, advancing 

complexity further, PDMS films containing significant amounts of free polymer chains (P60, 

P64, P80, and silicone gel) underwent solvent extraction and drying (Q4). This treatment 

induced complex morphological instabilities, and DW-RICM tracked the real-time evolution 

of these spontaneous patterns. Comparative analysis across different compositions provided 

new insights into the dynamic interplay between free polymer chains, solvent interactions, and 

morphological evolution. 

1.3 Structure of the Dissertation 

This dissertation is organized into seven chapters as follows:  

Chapter 1 (the present chapter) outlines the general motivation, methodological 

framework and structure of this dissertation. 

Chapter 2 reviews classical contact theories, current characterization techniques for 

soft contact, and briefly introduces the techniques used in this dissertation: confocal Raman 

spectroscopy and DW-RICM. 

Chapter 3 addresses Q1 by developing a parameter-independent Raman mapping 

method using Raman spectroscopy to characterize contact deformation in polymer thin films. 

Chapter 4 addresses Q2 by combining the DW-RICM with a glass probe of know 

profile to simultaneously measure the effective refractive index and elastic moduli of metal-

polymer bilayer films. 

Chapter 5  addresses Q3 by combining the DW-RICM with a black ink-coated glass 

probe to characterize the contact ridge and time-dependent deformation behaviors of metal-

polymer bilayers. 
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Chapter 6 addresses Q4 by investigating the time-dependent evolution of patterns in 

solid-supported soft thin films subjected to solvent extraction using DW-RICM. 

Chapter 7 concludes the dissertation by summarizing the key findings and proposing 

potential directions for future research in soft contact and solvent-induced patterning. 
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Chapter 2 

Literature Review 

2.1 Introduction 

This chapter reviews the classical and extended contact theories, recent characterization 

techniques in soft contact, and introduces confocal Raman spectroscopy and DW-RICM, the 

primary techniques used in this dissertation.  

2.2 Contact theories and existing findings in soft contact 

Classical contact theory, first established by Heinrich Hertz in 1882 14, was formulated 

under a set of idealized assumptions: linear elasticity, infinitesimal deformations, frictionless 

contact, and the absence of adhesion. It provides analytical solutions for elastic contact 

configurations, including sphere-on-sphere and sphere-on-flat (Figure 2-1). For a rigid sphere 

of radius 𝑅1 and Young’s modulus 𝐸1 indenting a compliant elastic half-space of radius 𝑅2 and 

Young’s modulus 𝐸2 under a normal load 𝐹, the contact radius 𝑎𝐻 is given by: 

 𝑎𝐻
3 =

3𝐹𝑅∗

4𝐸∗
 (2-1) 

where 𝑅∗  is the effective radius ( 1/𝑅∗ = 1/𝑅1 + 1/𝑅2 ) and 𝐸∗  is the reduced modulus 

( 1/𝐸∗ = (1 − 𝜗1
2 )/𝐸1 + (1 − 𝜗2

2 )/𝐸2), 𝜗1 and 𝜗2 are the Poisson’s ratio of the two contact 

bodies, respectively.  

With the growing interest in soft, adhesive materials, Johnson, Kendall, and Roberts 

(1971) 15 formulated the JKR theory, extending Hertzian theory by incorporating the work of 

adhesion into the contact description. The contact radius 𝑎𝐽𝐾𝑅  is given by: 

 𝑎𝐽𝐾𝑅
3 = 3𝑅∗ (𝐹 + 3𝜋𝑤𝑅∗ + √6𝜋𝑤𝑅∗𝐹 + (3𝜋𝑤𝑅∗)2) 4𝐸∗⁄  (2-2) 

where 𝑤 is work of adhesion per unit area, related to the surface energies of the two contacting 

bodies. Using monochromatic reflection interference microscopy, they quantitatively 
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measured the contact radius and indentation depth between a rubber sphere and a rigid substrate 

and reported a finite contact area even under zero applied load, attributable to surface energy. 

Hysteresis between the loading and unloading curves was also observed, indicating energy 

dissipation associated with adhesion. These findings validated the JKR model and 

demonstrated the value of optical interferometry in resolving contact deformation, a technique 

that remains essential in today. 

 

Figure 2-1 Schematic of representative contact of elastic solids with the contact radius a under the preload F. 

(a) Solid sphere on solid sphere with different radius, R1 and R2, respectively. (b) Solid sphere on solid semi-

infinite substrate. The underlying substrate has a thickness H larger than the radius R1. 

However, the assumption that adhesion acts within the contact area and modifies the 

stress field does not hold in all material systems. In stiff or weakly adhesive contacts, adhesion 

is better described as acting outside the contact zone. The Derjaguin, Muller, and Toporov (i.e., 

DMT theory) (1975) 16 assumed that adhesion contributes only as an external surface force 

acting at the edge of contact and predicted the contact radius 𝑎𝐷𝑀𝑇 as: 

 𝑎𝐷𝑀𝑇
3 = 3𝑅∗ (𝐹 + 4𝜋𝑤𝑅∗ )/4𝐸∗  (2-3) 

Notably, its practical relevance grew significantly with the advent of atomic force 

microscopy (AFM), where it proved valuable for interpreting nanoscale tip-sample adhesion 

in high stiffness, low adhesion systems 28. Nevertheless, many real soft contact systems exhibit 

intermediate behavior between the JKR and DMT. To capture this transitional behavior, the 

Maugis-Dugdale cohesive zone model (i.e., MD model) (1992) 17 defined a finite adhesive 
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region, where adhesive stresses act over a finite range, and introduced the Tabor parameter  

Λ = (𝑅∗ 𝑤2/(𝐸∗2 𝑧0
3))

1

3,  z0 is the characteristic range of surface forces, i.e., the cohesive 

zone range. For van der Waals/Lennard-Jones–type interactions, z0 is typically 0.157 nm 29–31. 

The parameter Λ governs the transition between limiting cases: Λ ≫ 1 approaches the JKR 

limit, while Λ ≪ 1 corresponds to DMT behavior. It provides a physically consistent 

framework but often requires numerical computation. To address this limitation, Carpick, 

Ogletree, and Salmeron (1999) 32 proposed an empirical formulation (i.e., COS model), which 

allows a smooth transition between the two regimes using a dimensionless empirical parameter 

𝜛 . The model expresses the contact radius as: 𝑎(𝜛, 𝐹) = 𝑎𝐹=0(𝜛)[𝛼 +

√1 − 𝐹(1 + 𝜛)/(𝐹𝑐 (𝜛) )]
2

3, where 𝑎𝐹=0(𝜛) is the contact radius at zero load and 𝐹𝑐(𝜛) is 

the critical pull-off force. The model recovers the JKR limit when α = 1 and approximates the 

DMT limit 𝜛  = 0. Subsequent theoretical analysis by Schwarz (2003) 33 independently 

validated the model, demonstrating its consistency with classical contact mechanics. Owing to 

its computational simplicity, the COS model has become a practical tool for fitting force-

displacement data in nanoscale contact scenarios, particularly in AFM tip-sample systems 

involving both soft and stiff materials 28,34. 

While above classical and extended contact models provide the foundational 

framework for analyzing stress fields and adhesive interactions in soft contact systems, under 

the idealized assumptions of semi-infinite linear elastic substrates (i.e., the ratio of the contact 

radius and film thickness, a/H ≈ 0), instantaneous mechanical response, and spatial 

homogeneity. However, real soft materials often exhibit finite thickness (i.e., a/H ＞  0), 

viscoelasticity, structural heterogeneity etc., thereby necessitating further extensions. A 

classical framework for thin elastic layers on rigid substrates is the Winkler model (1867) 35,36, 

which described the elastic response under external loading. It assumes that 1): the substrate 

behaves as an array of independent vertical springs, leading to localized normal deformation 

without lateral coupling. The local stiffness is characterized by an effective modulus 𝑘 ≈
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𝐺(1 − ϑ)/𝐻(1 − 2ϑ) , where 𝐺 = 𝐸/2(1 + 𝜗)  is the shear modulus of the elastic substrate, 

relating local pressure 𝑞(𝑥)  to vertical displacement 𝜔(𝑥)  via 𝑞(𝑥) = 𝑘𝜔(𝑥) . Under this 

assumption, the indentation force and displacement exhibit a linear relationship: 𝐹 ≈ 𝑘𝑆δ, 

where 𝑆 = 𝜋𝑎2 is the contact area. Several studies have explored the transition from Hertzian 

to Winkler responses as the layer becomes thinner 37–40. The model transition occurs as follows: 

for a/H ＜1 (thick elastic layers, small contact radius): the substrate has negligible influence, 

and Hertzian contact mechanics applies. For a/H ＞1 (thin elastic layers, large contact radius): 

the substrate imposes a dominant influence, and a Winkler-type foundation better describes the 

response 39,40. However, it has also been shown that the Winkler model breaks down for nearly 

incompressible materials (i.e., 𝜗 → 0.5) 39,41, as it neglects lateral coupling. In chapter 3 of this 

dissertation, we further confirmed this point. 

Besides, to account for finite thickness effects, Shull et al. (1998 & 2002) 42,43 

developed a linear elastic fracture mechanics framework for axisymmetric adhesive contact on 

thin compliant films. They identified the ratio a/H as a critical parameter, with validity in the 

range 0＜ a/H＜ 5. By introducing correction factors for load 𝑓𝑝(𝑎/𝐻) = (1 + 0.33(𝑎/𝐻)3), 

displacement 𝑓𝛿(𝑎/𝐻) = (0.4 + 0.6 exp((−1.8𝑎)/𝐻)) , and compliance 𝑓𝑐(𝑎/𝐻) = (1 +

(0.75/((𝑎/𝐻 + (𝑎/𝐻)^3)) + 2.8(1 − 2𝜗)/(𝑎/𝐻))−1)−1 , the modified Hertz equation in 

confined geometries: 𝐹 = 4𝐸∗𝑎3(1 + 0.33(𝑎/𝐻)3)/3𝑅∗  and the modified JKR equation 

becomes: 𝛿𝐽𝐾𝑅
′ = 𝑎2𝑓𝛿(𝑎/𝐻)/𝑅∗ + 𝑓𝑐(𝑎/𝐻) (𝐹 − 4𝐸∗(𝑎)3𝑓𝑝 (

𝑎

𝐻
) /3𝑅) /2𝐸∗ . The key 

assumptions, characteristics and application of above models are summarized in Table 2-1. 

This comparison highlights both the versatility and the limitations of classical and extended 

contact theories when applied to soft, thin film systems.  
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Table 2-1 Classical and extended contact theories. ( a: contact radius, H: thickness of the soft substrate, ϑ: 

Poisson’s ratio.) 

Theory Assumptions Adhesion Applicability Limitations 

Hertzian  

(1882) 14 

Linear elastic, 

frictionless, small 

deformation 

(a/H~0) 

No Stiff, non-

adhesion 

Ignores adhesion 

and viscoelasticity 

JKR (1971) 15 Short-range 

adhesion 

Within contact 

area region 

Soft, high 

adhesion 

Not valid for 

viscoelasticity 

DMT (1975) 
16 

Long-rang van der 

Waals force 

Outside 

contact area 

region 

The indenting 

sphere with 

smaller radii of 

curvature 

Overestimates pull-

off force in soft 

systems 

MD (1992) 17 Finite adhesive 

zone, cohesive 

stress 

Cohesive zone Transitional cases Requires numerical 

solution 

COS  

(1999 & 2003) 
32,33 

Adjustable 

parameter 

Empirical 

interpolation 

Nanoscale system Limited physical 

basis 

Thin Film 

Corrections 

(1998 & 2002) 
42,43 

Finite thickness 

effect  

Optional Thin soft film (0

＜a/H ＜ 5) 

Linear elastic base 

Winkler  

(1867) 36     

Localized normal 

deformation 

without lateral 

coupling  

No Thin films  Not valid for 

incompressible 

materials (i.e., 𝜗 →
0.5) 

Recent work by Kim et al. (2022) 44 has shown that the Hertzian theory can extend 

beyond its classical assumption of a/H ≪ 0 and still provides valid predictions for glass-

elastomer systems even when the ratio of contact radius to film thickness is as large as a/H ≈ 

3.5. In contrast, when the system involves a glass-gel contact with much larger confinement 

ratios (a/H ≈ 14 - 18), neither the Hertzian nor the JKR theory, nor even modified JKR theory 

incorporating confinement effects, were able to capture the observed contact mechanics. Using 

DW-RICM, the authors reconstructed the time-dependent evolution of the gel surface, 
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revealing two key features: (i) the formation of capillary-induced ridges at the contact 

boundary and (ii) the phase separation of liquid components from the gel network. These 

observations highlight the inadequacy of existing elastic and adhesive contact theories for 

describing gel-based systems and emphasize the crucial role of capillarity and liquid migration 

in governing long-term interfacial mechanics. Actually, the role of capillarity in soft contact 

was systematically investigated by Style et al. (2013) 18, who used confocal microscopy to 

study the adhesion of microspheres on soft silicone substrates. They demonstrated that when 

the contact radius falls below a critical elastocapillary length scale, the JKR theory break down, 

and surface tension dominates the contact behavior, leading to an interface geometry and force 

balance analogous to particle adsorption at fluid interfaces. 

These observations not only highlight the limitations of classical and modified contact 

models in capturing complex deformation behaviors in soft materials but also underscore the 

indispensable role of advanced characterization techniques in revealing phenomena that lie 

beyond the predictive scope of existing theories. The synergy between advanced experimental 

methods and theoretical analysis proves essential for refining our understanding of soft contact 

mechanics. 

2.3 Existing characterization techniques and findings for Soft Contact 

The development of soft contact mechanics has been deeply integrated with the 

evolution of experimental characterization techniques. Early works using optical interference 

microscopy enabled direct visualization of the contact interface, providing key validation for 

the JKR theory 15. Subsequently, AFM introduced nanoscale force-displacement 

measurements, crucially supporting validation of DMT and MD models 28,34.  

Indentation-based methods remain central for investigating mechanical properties at 

interfaces, facilitating the measurement of elastic modulus, adhesion energy, and viscoelastic 

behavior 45–47. AFM, popularized in the 1990s, offers exceptional spatial resolution; its 

accuracy heavily depends on parameters such as probe geometry, indentation depth, and 
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chosen theoretical models 48. Despite its precision, AFM faces limitations from substrate 

effects, probe variability, and unresolved nanoscale interactions, particularly challenging when 

characterizing softer films and interfaces governed by capillary forces 28,34,48.  

These limitations have prompted a shift toward imaging and visualization-based 

techniques that enable observation of interfacial deformation. For example, SEM was first used 

in 1989 to measure adhesion-induced contact radii of microspheres on polyurethane substrates 

(Figure 2-2(a)) 49. Later, SEM facilitated studies of meniscus shapes and deformation 

mechanisms at elastomeric interfaces 50. More recently, confocal microscopy emerged as a 

powerful tool for capturing detailed interfacial geometries 18,51. Style et al. (2013) 18 utilized 

confocal microscopy to explore transitions from classical JKR-like adhesion mechanics to 

surface tension-driven behavior in soft substrates (Figure 2-2(b)). Additionally, Pham et al.52 

combined colloidal probe AFM with confocal microscopy, uncovering limitations of the 

traditional JKR theory in interpreting low-modulus interfaces dominated by capillary forces, 

leading to the proposal of modified theoretical frameworks (Figure 2-2(c)). Confocal 

fluorescence microscopy has also significantly advanced the field by enabling visualization of 

internal deformation and phase separation through embedded tracers 51–55. For example, Glover 

and Pham 53 demonstrated how varying thicknesses of silicone oil layers affect indentation 

mechanics, transitioning from solid-like adhesion to capillarity-dominated interactions 

(Figures 2-2(d)). Similarly, high-resolution transmission X-ray microscopy provided insights 

into wetting ridge formations with nanoscale resolution, emphasizing the role of capillary 

phenomena over elastic responses in governing ridge tip mechanics 56 . 

While these advanced visualization techniques effectively capture macroscopic and 

mesoscopic deformation phenomena such as contact ridges 44,52,57 or phase separation 54,58, they 

often fall short in resolving finer-scale, sub-surface deformations, particularly in thin films or 

stiffer soft materials. Such localized, micro- to nanoscale deformations characterized by sharp 

geometric transitions 59–61. Therefore, specialized techniques have been developed. For 

instance, Acito et al. 62 developed an in situ X-ray computed tomography for volumetric, non-
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destructive characterization of soft contact interfaces, overcoming transparency and resolution 

barriers inherent in optical methods (Figures 2-2(e)).  Zou et al. 60 introduced an optical tactile 

sensing technique to quantitatively assess soft surface deformation under contact conditions 

(Figures 2-2(f)-(g)). 

Despite numerous new characterization methods, many remain limited by insufficient 

resolution, penetration depth, or incompatibility with multilayer composite materials. The 

specific advantages and disadvantages have been detailed later on in the thesis, in Chapters 3 

and 5. To fully understand soft contact phenomena, especially in thin-film systems involving 

elastic, capillary, and adhesive forces, advanced techniques capable of simultaneously 

capturing chemical signatures and physical deformation at the micro- and nanoscales are thus 

needed. This warrants the development of tools with high spatial sensitivity, multimodal 

contrast, and compatibility with soft heterogeneous systems. Addressing these challenges, the 

following sections introduce Raman spectroscopy and DW-RICM, as techniques capable of 

offering molecular-level insights and nanoscale topographic mapping. Thus, providing new 

perspectives on deformation, adhesion, and interfacial mechanics. 
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Figure 2-2 Characterization Techniques for soft contacts. (a) An SEM image of a polystyrene particle on a soft 

polyurethane substrate. The particle embed into the soft substrate, thereby creating a contact zone of radius. 

(Adapted from ref.49 with permission. © 1989 AIP Publishing.) (b) Surface indentation profiles of soft solids 

under a spherical silica particles of radii 15 mm. Surface stiffness is 3 kPa (blue), 85 kPa (magenta), and 500 kPa 

(cyan) (Adapted from ref. 18 © 2013 Springer Nature Limited.) (c) Schematic of a colloidal probe in contact with 

a soft solid surface labeled with parameters of force F, contact radius a, indentation δ, and the particle radius R. 
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A representative force-indentation curve measured by AFM indentation on PDMS with Ebulk = 5 kPa and a 

maximum indentation depth δ ≈ 2.8 μm and corresponding cross-sectional confocal images obtained by confocal 

microscopy of the labeled points on the force-indentation curve. The green dashed line represents the interface 

between solid and air, which is determined by measuring reflection at the surface. The gray circle represents the 

spherical probe as a guide to the eye. The particle radius is R = 6.5 μm. Scale bars: 5 μm. (Adapted from ref.52 

with permission. © 2017 American Physical Society.) (d) Confocal images of indentation of a glass microsphere 

into soft substrates (yellow) with a thin oil layer (green), a thick oil layer, and no oil layer. Both the soft substrates 

and the oil were mixed with different fluorescent dye (Adapted from ref.52 with permission. © 2017 American 

Physical Society.) (e) Schematic view of the compression device installed in the tomograph (left) and the 

segmentation process for extracting the contact area from an X-ray computed tomography image (right). The two 

bodies in contact are installed inside the compression device where a displacement can be imposed through a 

motorized vertical translating stage (not visible in the current image). While the materials are exposed to X-rays, 

the entire device rotates 360° to acquire projections (called radiographs) of the specimens at different angles. The 

inset on the right shows one of the radiographs collected during a scan at low resolution to visualize the two 

materials in contact with the upper and lower rods of the compression device. Here, the PMMA disk is fixed while 

the displacement is imposed on the PDMS specimen. (Adapted from ref. 62 with permission. © 2023 Elsevier 

Masson SAS.) (f) Schematic of the optical sensing system, the relation between surface deformation angle and 

reflected light. (g) Schematic of the sphere vertical contact PDMS with different depths and the corresponding 

distribution of irradiance of reflected light along the x-axis with different contact depths. ((f) and (g) adapted from 

ref.60 with permission. © 2024 Wiley-VCH GmbH.) 

2.4 Confocal Raman Spectroscopy: Principle and Applications in soft contact 

The Raman effect was predicted by Smekal in 1923 63 and experimentally observed by 

C.V. Raman in 1928 64. Using focused sunlight and later a filtered mercury-arc lamp (≈435 nm) 

to illuminate carbon tetrachloride (CCl₄), C.V. Raman observed shifted spectral lines indicative 

of inelastic scattering phenomena that earned him the 1930 Nobel Prize in Physics. It describes 

the inelastic scattering of photons due to interactions with molecular vibrations 65, as shown in 

Figure 2-3. When an incident photon of energy ℎ𝜐0 (h: plank constant, 6.626 × 10−34 J ∙ s; 𝜐0: 

frequency of incident photon) interacts with a molecule, it excites the molecule to a virtual 

energy state. If the molecule returns to its initial state, the scattered photon retains its energy 

(ℎ𝜐𝑠 = ℎ𝜐0, 𝜐𝑠: frequency of scattered photon), resulting in Rayleigh scattering. However, if 
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the molecule gains energy, the scattered photon loses energy (ℎ𝜐𝑠 = ℎ(𝜐0 − ∆𝑣)), producing 

a Stokes line. Conversely, if the molecule loses energy to the photon (ℎ𝑣𝑠 = ℎ(𝑣0 + ∆𝜐)), an 

anti-Stokes line is observed. The shift in the energy of the scattered photon is called the Raman 

shift and is expressed in wavenumbers: ∆𝜐 = 𝜈0 − 𝜈𝑠 (cm-1). Under ambient conditions, most 

molecules reside in the ground vibrational state, making Stokes scattering more probable than 

anti-Stokes scattering, following the Boltzmann distribution. As a result, Raman spectra 

typically show stronger Stokes lines symmetrically positioned alongside weaker anti-Stokes 

lines around the central Rayleigh peak. Therefore, Raman spectroscopy, provides a powerful, 

non-destructive method for probing vibrational energy levels and molecular structure by 

analyzing Raman shifts, characteristic peak positions, and relative peak intensities 66. 

 

Figure 2-3 Schematic diagram for Rayleigh, Stokes and Anti-Stokes scattering. E0: ground state. E1: vibrational 

state. 



 

19 

 

 

Figure 2-4 Representative applications of Raman spectroscopy in soft contact systems and thin film analysis. (a) 

Schematic of confocal Raman microscopy integrated with a surface forces apparatus (SFA) for in-situ analysis of 

confined PDMS films. (b) Corresponding Raman intensity map (2907 cm⁻¹) in the x–y plane at a confinement 

thickness of 3.5 nm. ((a) and (b) Adapted from ref.67 with permission. © 2005 American Chemical Society.) (c) 

In-situ Raman spectra and images recorded during friction cycles of a glass hemisphere sliding against a Pb-Mo-

S coating. (Adapted from ref.68 with permission. © 2003 AIP Publishing.) (d) Schematic of the Raman-tribology 

setup (not to scale), showing side and front views of a rotating ball in contact. (e) Lubricant thickness profile 

along the z-axis, derived from normalized Raman intensity of the 1053 cm⁻¹ glycerol peak. ((d) and (e) Adapted 

from Ref.69 with permission . © 2008 AIP Publishing). (f) (g) and (h) Raman analysis of patterned a-Si:H on c-

Si substrate shows spectral contrast, sample structure, and c-Si intensity mapping (505-535 cm⁻¹) for optical 

profilometry, respectively. (Adapted from ref.70 with permission. © 2016 Springer Nature.) 
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Building on this principle, Raman spectroscopy has become an essential tool in 

materials science, chemistry, biology, and soft matter physics, owing to its non-invasive, label-

free nature and molecular-level specificity. By scanning a laser systematically over the sample 

area, Raman mapping provides spatially resolved chemical imaging, revealing variations in 

local composition, molecular orientation, and structural dynamics with high spatial precision 

71,72. This capability is particularly useful in soft contact systems. For instance, Bae et al. 67 

integrated confocal Raman spectroscopy with a surface forces apparatus (SFA) to image 

confined PDMS films (~3.5 nm thickness), demonstrating molecular alignment at interfaces 

(Figures 2-4(a) and (b)). Similarly, Singer et al. 68 used Raman spectroscopy to track friction-

induced chemical transformations within glass/Pb-Mo-S interfaces (Figure 2-4(c)). While 

Bongaerts et al. 69 quantified lubricant film thickness in elastohydrodynamic lubrication 

through in-situ Raman imaging (Figures 2-4(d) and (e)). Additionally, Ledinský et al. 70 

utilized Raman attenuation to measure amorphous silicon film thickness with submicron 

precision, even on optically rough substrates (Figure 2-4(f)-(h)). These studies highlight 

Raman spectroscopy’s versatility as a powerful analytical and metrological tool, crucial for 

elucidating the coupled chemical and mechanical phenomena in soft interfaces under dynamic 

and confined conditions. 

2.5 DW-RICM: Principle and Applications in soft contact 

RICM was first introduced by Curtis in the 1960s 73 for observing the contact zone 

between living cells and substrates. Later, Ploen (1975) 74 enhanced it through the use of 

quarter-wave plates and central stops to improve contrast for biological specimens. It is a non-

invasive optical technique that leverages interference between light beams reflected at 

interfaces with differing refractive indices. The resulting image intensity depends on the optical 

path difference, allowing visualization of the distance between the object and the reflective 

surface with nanoscale resolution. The detailed principles have been thoroughly described in 

Chapters 4 and 5. 
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 Although conventional RICM achieves high axial resolution, it suffers from phase 

ambiguity due to monochromatic interference patterns, complicating quantitative height 

determination. Additionally, accurate interpretation typically requires prior knowledge of 

sample refractive indices and well-defined geometry, rendering quantitative measurements 

difficult in complex or dynamic systems. To address this, Schilling et al. 75 developed dual-

wavelength RICM (DW-RICM), resolving phase ambiguity by simultaneously capturing 

interference patterns at two wavelengths, enabling precise, quantitative reconstruction of 

interfacial topographies. Another limitation was that the accuracy of distance (height) 

determination by RICM critically depends on the optical model used to relate image intensity 

to physical height. While numerous models have been developed 76,77, many require complex 

calculations or idealized geometries. The sophistication of the model often limits its 

widespread application. To address this, Theodoly et al.78 extended a multilayer optical model 

by discretizing curved interfaces (e.g., spherical beads or vesicles) as a stack of infinitesimal 

horizontal steps and the glass slide/glucose solution/polystyrene bead system as a multilayer 

of parallel dielectric layers, enabling accurate height mapping in immersed, multilayer systems 

(Figures 2-5(a)-(c)).  Although this method is an approximation, the advantage of this model 

is that the distance between the substrate and objective can be directly determined by the cosine 

transformation (simplifying calculations). Subsequently, Wiegand et al. 76 demonstrated DW-

RICM’s capability for height measurement with an accuracy of ~2 nm and absolute accuracy 

better than 5 nm within the first 100 nm.  

The high spatial and temporal resolution of DW-RICM has facilitated numerous 

advances in soft contact systems where surfaces are compliant, deformable, or dynamically 

evolving.  For example, Mitra et al. 57  use the DW-RICM to reconstruct the wetting ridge of a 

water droplet on a soft gel substrate (Figure 2-5(d) and (e)). Besides, Kim et al. 44 tracked 

contact ridge evolution in glass-gel-glass systems over extended periods (up to 258 hours). 

Further, Misra et al. 79 applied it to obtain the height profile and 3D topography of a condensed 



 

22 

 

microdroplet pinned on a substrate. These studies underscore DW-RICM’s versatility and 

precision in characterizing complex interfacial phenomena in soft materials. 

 

Figure 2-5 Representative applications of DW-RICM in soft contact systems and thin film analysis. (a) 

Schematics of the RICM model of an immersed object close to a substrate. The interfaces are assumed to be 

locally parallel. Optical multilayer model used for (b) a spherical polystyrene bead and (c) a vesicle settled on a 

glass substrate. ((a) (b) and (c) Adapted from ref. 78 with permission. © 2009 American Chemical Society.) (d) A 
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water drop on a soft gel coated glass surface. (b) The extracted wetting ridge profile for the water drop on soft gel 

from the intensity distribution along the white line shown in the interference signature (inset), scale bar: 50 μm. 

Red and green circles represent height extracted from intensity distribution of red and green wavelength, 

respectively. ((d) and (e) Adapted from ref.57 with permission. © 2022 American Chemical Society.) (f) 

Interferograms of glass-gel (thickness: 35 μm)-glass contact at 5 min, 1 hr, 20 hrs, 40 hrs, 85 hrs (steady state), 

138 hrs (steady state), and 258 hrs (steady state), and the optical microscopic bottom view of the contact area. 

Scale bar: 200 μm. (g) Schematics of the contact zone. Vridge includes the volume of the phase-separated liquids 

and elastic network. ((f) and (g) Adapted from ref. 44 with permission. © 2022 Elsevier Inc.) (h) The experimental 

snap showing a pinned acetone microdroplet. AB is a randomly chosen vertical slice across the microdroplet of 

interest. Red dots labeled A and B indicate the locations of the droplet contact line, while the cyan dot labeled C 

indicates the projected location of the droplet apex on the base plane. Scale bar: 20 μm. (i) Reconstructed height 

profile of the droplet along the line AB (as shown in part h). (j) Reconstructed 3D topography of the entire droplet. 

((h) (i) and (j) Adapted from ref. 79 with permission. © 2021 American Chemical Society.) 
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Chapter 3 

In-situ Raman Spectroscopy for Soft Contacts 

Contacting surfaces often experience deformations across multiple length scales. These 

deformations become particularly complex when one of the materials is soft, such as 

elastomers. Elastomers are widely used in flexible electronics and intelligent interactive 

systems, where their surface deformability facilitates the acquisition of multimodal physical 

information. Therefore, precise identification and effective monitoring of soft contact 

deformation are crucial. Despite the significant physical insights provided by existing imaging 

and theoretical tools, inherent approximations affect their precision and granularity. We 

hypothesize that mapping chemical (molecular) signatures could be a promising approach, as 

these deformations often originate from molecular properties. In this work, we aim to uncover 

the physical and chemical signatures of soft contact deformation using in-situ confocal Raman 

spectroscopy. We first assembled a calibration experimental setup consisting of five spherical 

glass probes of equal radius that are fixed onto a glass substrate, with an additional glass 

substrate placed on top. The four glass spheres placed at the corners provide support, while the 

contact of the central glass sphere with the upper glass substrate is used for measurements. 

This calibration experiment established the workflow for subsequent Raman mapping 

measurements. Next, we replaced the upper glass substrate with a PDMS-coated glass substrate, 

allowing the PDMS layer to contact the central glass sphere and undergo contact deformation. 

Due to the optical path of a typical Raman spectroscope, an inverted contact configuration was 

necessary. We then conducted systematic Raman mapping measurements in the x, y, and z 

directions in and around the contact region of interest. By analyzing the intensity of the 2905 

cm-1 Raman peak of PDMS, we developed a framework to generate Raman contour maps at 

different imaging planes. Such Raman mapping embeds crucial chemical signatures of the 

system that translates into tangible physical insights. Tracking the variation in the relative 

intensity of the 2905 cm-1 Raman peak of PDMS within the contour maps enabled us to monitor 
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the spatial variation of the contacting interfaces at different vertical planes. In doing so, it 

allowed us to extract physical parameters like contact radius and indentation depth as well as 

confirm the non-conformal nature of contact deformation. Our experimental findings showed 

good agreement with the Hertz theory, although we observed subtle deviations indicating 

localized inhomogeneities at the contacting interfaces. 

3.1 Introduction  

Soft materials, which occupy a unique space between ideal solids and fluids 80, have 

gained prominence across various industries due to their highly tunable mechanical properties, 

superior adhesion, easy deformability to suit specific applications, and biocompatibility. Upon 

integration with complementary materials like metal thin films, metal oxides, textiles, and 2D 

materials, these materials unlock physical and chemical signatures with significant potential in 

advanced applications, such as soft self-contained grippers 81, Janus on-skin electronics 82, soft-

touch panels 83, soft bio-scaffolds 84, and soft bionic robots 85. In many of these applications, 

the soft materials inevitably come into contact with other materials and undergo deformations 

at micro- and nano-scales. However, the contact deformation of soft materials is a complex 

process, governed by an interplay of factors including their mechanical properties 15–17,86,87, 

adhesion characteristics 15–17,87, thickness 42,43,88, shape and dimensions of the contact pair 59,89–

91, surface roughness 92,93, and chemical composition. Understanding these variables is 

essential for optimizing performance across various applications. For instance, in interface-

dominated fields such as intelligent interactive systems, analyzing physical deformation 

signatures at soft interfaces enables the decoupling of external stimuli, such as pressing, 

twisting, and sliding, thus facilitating advanced human-machine interactions 94–98. However, 

to understand these signatures, we mostly rely on a fixed set of imaging tools and theoretical 

models. 

                Classical contact mechanics theories, such as Hertz theory 14, Johnson-Kendall-

Roberts (JKR) theory 15, Derjaguin-Muller-Toporov (DMT) theory 16,87, Maugis-Dugdale (MD) 
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theory 17 as well as Boussinesq model 89 and Winkler’s mattress model 90, have been 

extensively employed to predict the contact behavior of soft materials. Each theory operates 

under distinct assumptions about the mechanical interactions involved. These models and their 

subsequent refinements 42,43,59,88–91,93,99,100 rely heavily on accurate knowledge of key material 

parameters such as Young’s modulus, contact radii, and work of adhesion to select the most 

appropriate theoretical framework.  

To experimentally validate these theories, a range of imaging or visualizing techniques, 

such as scanning electron microscopy (SEM) 49,50, confocal microscopy 101,102, confocal 

fluorescence microscopy 51,52,54,55,58, X-ray imaging 56,62, Dual-Wavelength Reflection 

Interference Confocal Microscopy (DW-RICM) 19,57,103–107 as well as optical tactile sensing 

system 60,108 are commonly employed (Table 3-1). However, each technique has its benefits 

and limitations. For instance, SEM provides high-resolution (~1 nm) imaging, but it poses 

challenges for soft matter insulators like elastomers due to sample charging and radiation 

damage 109. These issues arise from the electron emission principle of SEM, requiring careful 

adjustment of beam energy and dose 109,110. Confocal microscopes enable deliver high-

resolution (~ 200 nm) and high-contrast images by precise localization and focusing on specific 

regions of a sample. Additionally, it is feasible to scan the sample incrementally and 

reconstruct a three-dimensional image through optical sectioning techniques. However, as with 

confocal fluorescence microscopy, it is often combined with dyes or fluorescent particles to 

avoid strong scattering beyond the limitation of the instrument 111,112, which may alter the 

intrinsic properties of soft materials being studied. Reflex optical sensing relies on CMOS 

image sensors to capture optical variations on the elastomer surface and integrate deep learning 

to improve classification accuracy. Advantages include high spatial resolution, non-contact 

measurement, and high sensitivity to subtle deformations, making it well-suited for soft-touch 

sensing and interactive applications. However, there are also limitations: sensitivity to lighting 

conditions, limited capability for high-speed motion detection, potential occlusion issues in 

multi-contact scenarios, and computational demands associated with deep learning processing 
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60,108. X-ray Computed Tomography (XRCT) operates by transmitting X-rays through a sample, 

capturing multiple radiographic projections at different angles, and reconstructing a three-

dimensional volume using computational algorithms, enabling non-destructive visualization 

of internal structures and surface deformations even for non-transparent materials. However, 

its resolution sensitivity, imaging artifacts, and slow acquisition limit real-time applications, 

requiring further improvements in resolution and imaging speed 62. DW-RICM is a powerful 

technique in capturing high-resolution imaging and extracting absolute height values of micro-

nano scale surface undulations by analyzing the interference signatures of the incident light 

and the reflected light from the interfaces of interest. The limitation lies in the lateral resolution 

of objective lenses used, making it less effective for highly curved or steep contact geometries 

19,57,79,103,104,113. Furthermore, our previous work has shown that using glass probes in DW-

RICM can introduce interference artifacts, complicating the analysis of soft contact 

deformations 103.  

The majority of the existing imaging techniques are optimized for observing relatively 

larger deformations, such as the formation of contact/wetting ridges 19,52,103 and phase 

separation phenomena 52,54,58. However, for materials with relatively higher elastic moduli, 

contact deformations are often subtle, manifesting as wedge-shaped or Hertzian or Winkler 

deformation profiles 59–61 near the contact interface with rapidly changing slopes and non-

conformal contact geometries. Such features are often manifested due to changes at a 

molecular scale, such as changes in a group of carbon rings, methyl chains or polymer 

backbone 67. Therefore, it is crucial to develop a novel technique capable of capturing chemical 

signatures and simultaneously provide information on physical parameters involving contact 

deformation at the micro-nano scales, without prior knowledge of the material properties e.g., 

shape and dimensions of the probe, elastic modulus of the probe and soft substrate, etc. A dual 

physical and chemical mapping will ensure a more granular understanding of soft contact 

mechanics, enable precision and cost-effectiveness, and offer high operational flexibility. 
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Table 3-1 Imaging techniques for visualizing soft contact deformation of elastomer film. (R: Radius of the 

probe; E: Elastic modulus of the soft substrate; H: thickness of the soft substrate. Resolution implies spatial 

resolution: instrument-defined (confocal microscopy, XRCT, Raman) or extracted (DW-RICM). ) 

References Probe Substrate Instrument Resolution 

R. W. Style, et 

al. 

(2013) 18 

Glass sphere 

(R: 3-30 μm) 

Silicone elastomer 

(Sylgard 184, E=85, 250 

and 500 kPa, H:70-72 

μm) and silicone gel (CY 

52-276 A/B, E=3 kPa, 

H:150 μm) 

 

Confocal 

microscopy 

 

 

0.3 - 2 μm 

Z. Zou et al.  

(2024) 60,108 

Sphere  

(R: 2, 3, 4mm) 

Silicone elastomer 

(Sylgard 184, 10:1) with 

a thin layer of white 

propylene on top 

Reflex optical 

sensing 

20 μm 

F. Zhao et al. 

(2024) 103 

Black ink coated  

glass sphere 

(R: 2615 μm) 

Silicon elastomer 

(Sylgard 184 

10:1/45:1/60:1, H:30-35 

μm) coated glass slide 

Dual-wavelength 

refractive 

interference 

confocal 

microscopy 

(DW-RICM) 

0.09μm 

(488nm) / 

0.15μm 

(561nm) 

V. Acito et al 

(2023) 62 

Silicon elastomer 

(Sylgard 184 

20:1) hemisphere 

(R: 9.42 mm) 

mixed with 

hollow 

micrometric 

glass beads) 

 

 

Poly(methyl 

methacrylate) PMMA 

plate 

 

 

 

X-ray Computed 

Tomography 

(XRCT)  

 

 

3.3 μm 

      

Current work 

           

Glass sphere 

(R: 2600 µm) 

Silicon elastomer 

(Sylgard 184 10:1, 

E:1.62 MPa, H:30-35 

μm) coated glass slide 

  Raman 

Spectroscopy  

 

0.78 - 10 

μm 

 

Raman Spectroscopy is a particularly promising technique for chemical sensing that 

offers detailed insights into molecular vibrations, making it sensitive to molecular interactions 

and conformational changes. This non-invasive, label-free technique is renowned for its 

chemical specificity and is widely used across various disciplines. These applications range 

from biological and biomedical 114 to surface science 115,116, low dimensional nanostructures 
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117, and chemical doping 118,119. For instance, Raman spectroscopy  has been instrumental in 

elucidating the structure and dynamical processes involving water molecules at the solid-liquid 

interface 116, investigating phase transition in aqueous polymer gels 120, and quantifying 

crystallinity in poly(p‑phenylene terephthalamide) (PPTA) 121. Other notable applications 

include understanding soft elastohydrodynamic tribological contacts 69, analyzing friction and 

wear of protective coatings 68, the thickness mapping of amorphous silicon in test solar cells 

70, and chemical imaging of nano-scale thin film in a surface force apparatus 67.   

             In contrast to single-point Raman spectroscopy, which provides discrete chemical 

information at specific positions within a sample, Raman mapping integrates spatial 

information by scanning a region of interest with a laser 71,72. Here, the laser spot scans the 

region of interest in preset step sizes, acquiring Raman spectra pixel by pixel. These spectra 

are then analyzed using chemometric techniques, resulting in high-precision structural and 

chemical information of the scanned region, displayed as a pseudo-color map. Such Raman 

mapping is particularly valuable for applications where the structure and dynamics of the 

molecular components of soft materials spatially vary, for instance, in confinement 122,123. For 

example, existing literature has shown that when Polydimethylsiloxane (PDMS), a commonly 

used silicone-based organic polymer 124, is confined to a thickness of approximately 3.5 nm 

without shear, the Raman intensity of the methyl group becomes anisotropic in the x-y plane, 

indicating that the methyl chains preferentially orient parallel to the confining surfaces 67. 

Furthermore, mapping across different vertical planes enables confocal Raman spectroscopy, 

which provides crucial physical and chemical signatures to differentiate between bulk and 

interfacial properties. For instance, it has been observed that in confined PDMS, the relative 

Raman peak intensity of the asymmetric (2967 cm-1) to symmetric carbon-hydrogen stretch 

(2905 cm-1) is enhanced compared to bulk PDMS 67. Such findings underscore the significance 

of confocal Raman mapping as a tool for monitoring chemical (molecular) signatures at micro- 

or even nanoscales, especially under conditions of contact deformation. 
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              In this work, we perform confocal Raman spectroscopy for a qualitative (chemical) 

and quantitative (physical) understanding of soft contact deformation. First, we unravel 

detailed chemical signatures of the contact interface between a glass probe and a soft PDMS 

substrate across different x, y, and z directions. Consequently, using that chemical signature, 

we provide valuable insights into the nature of the contact interface (conformal or non-

conformal, homogenous or heterogeneous) as well as physical parameters like contact radius 

and indentation depths.                

3.2 Experimental 

3.2.1 Preparation of soft substrates 

Soft substrates were fabricated by spin-coating silicone elastomer (PDMS) (Sylgard 

184, Dow Corning) on freshly cleaned glass slides (Microscope slides, Sail Brand, dimensions: 

38.1 mm × 25.4 mm ×1 mm) by controlling the volume of PDMS solution and spin-coating 

speed. The glass slides were thoroughly cleaned by immersing them in nitrohydrochloric acid 

for 1 hr and in boiling piranha solution until the solution cooled down to 22-24 ℃. Then, the 

glass substrates were thoroughly rinsed with DI water and ethanol three times and dried with 

N2 gas before use. The PDMS solution was prepared by mixing component A (base: 

dimethylsiloxane oligomers with vinyl end groups (> 60 %), silica filler (dimethylvinylated 

and trimethylated silica, 30-60 %), tetra(trimethylsiloxy) silane (1-5 %) and ethylbenzene (< 

1 %), and a platinum catalyst ) and component B (crosslinker: a cross-linking agent (dimethyl 

methyl hydrogen siloxane, 40-70 %) and an inhibitor (tetramethyl tetravinyl cyclotetrasiloxane 

1-5 %)) at weight ratios of 10:1. The PDMS solution was uniformly mixed and degassed by a 

planetary mixer (Thinky Corporation, ARE-310), and then 0.3 mL of uncured solution was 

spin-coated (KE-4A, spin coater) on the glass slides at 2100 rpm and cured at 80 ℃ for 14 hrs. 

The thickness of the cured soft substrate was 35.43 ± 0.31 µm, determined by a Field Emission 

Scanning Electron Microscopy (Zeiss UltraPlus FESEMs) (A3.1 and Figure A3-1, Appendix 

A). The PDMS substrate was named P10 based on the aforementioned ratio of the base and 
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crosslinker. The transmittance and reflectance of the glass slide and the PDMS-coated glass 

slide (P10) were measured by a UV-Vis spectroscopy (PerkinElmer Lambda 35 &1050 UV-

Vis) (Figure A3-2, Appendix A), and the corresponding refractive indices were determined to 

be 1.53 and 1.44, respectively (A3.3 and Figure A3-3, Appendix A). 

3.2.2 Raman measurements 

A custom-built Raman spectrometer (HORIBA scientific, XploRA PLUS) equipped 

with a focused monochromatic laser of wavelength 638 nm (red) was employed (Figure 3-1 

(a)). Note that the Raman instrument was mounted on a vibration-isolated optical platform to 

ensure mechanical stability. All Raman experiments were conducted in a laboratory setting 

under ambient temperature (23 ± 2 ℃) and humidity (＜50 %) to avoid any measurement 

variations caused by temperature and humidity changes 125. Before each experiment, the laser 

was turned on and warmed up for 30 min to ensure that the laser reached a stable state. 

Additionally, during measurement, we minimize the effect of ambient light by either turning 

off the lights in the room or ensuring that the ambient light source is stable. These controls 

ensure minimum laser spot fluctuations. First, the instrument was calibrated by fitting the 

typical Raman peak of a silicon wafer at 520.7 cm-1 126. The sample under test is then placed 

on the carrier stage with the measured surface upwards. There are two focusing methods: 

focusing under video mode (using white light) and focusing under laser mode (using laser), 

with little difference in final results. The two focusing methods could be used alternatively to 

locate the focal plane (or position) quickly and accurately. However, for experimental 

consistency, we chose to focus under the video mode, i.e., using white light. Then, the laser 

was turned on and the instrument was adjusted to laser mode for Raman measurement. This 

sequence was followed in all our experiments. During Raman measurement, the laser was 

routed through a 50x objective lens (OLYMPUS, Plan ELWD, 50x) with a numerical aperture 

(NA) of 0.5 and subsequently focused on the substrate of interest. Consequently, the scattered 

light was collected by the same 50x objective lens and focused to a 300-µm diameter pinhole 

using a tube lens to block out-of-focus signals. The in-focus signals were further filtered via a 
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slit filter, dispersed in the spectrometer using a diffractive optical element, and finally detected 

by a charged coupled device (CCD).  

 

Figure 3-1 (a) Schematic of Raman spectroscopy set-up highlighting the different components. Light source: 

laser with wavelength λ = 638 nm. CCD: Charged coupled device. (b) The typical Raman spectra of glass and P10 

at a laser power of 3.77 mW. 

To select an appropriate measurement condition, we tried different laser powers of 0.13 

mW / 1.41 mW / 3.77 mW with integration time of 1s (Figure A3-4, Appendix A). Since higher 

laser powers and longer integration times may cause local heating and damage to the PDMS 

film and lower laser power may not be strong enough to produce sufficiently strong Raman 

signals of the materials, an optimum laser power and integration time of 3.77 mW and 1 s, 

respectively were chosen for all the mapping experiments. Unless mentioned otherwise, 

Raman measurements were performed between 400 cm-1 and 3200 cm-1 Raman shift. It is to 

be noted that we have repeated all our experiments three times. 

3.3 Results and discussion 

The typical Raman spectra of glass and P10 are shown in Figure 3-1(b). For glass, a 

distinct, sharp Raman peak was not observed but a broad peak appears near 1111 cm-1 when 

the laser power is increased to 3.77 mW (Figure A3-4(a), Appendix A), which relates to the 

structural unit of SiO2 combined with alkali ions 127,128. The characteristic Raman peaks of P10 
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were observed at 486, 615, 707, 1410, 2905, and 2967 cm−1 Raman shifts, which corresponds 

to Si-O stretch, C-Si stretch, SiC2 antisymmetric stretch, -CH2 bending, -CH3 symmetric 

stretch and -CH3 antisymmetric stretch, respectively 67,129,130. We focused on the Raman peaks 

at 2905 cm-1 for our analysis of PDMS contact deformation because of the following reasons: 

1) the peak has the strongest signature (intensity) (Figure 3-1(b)), 2) the peak is sensitive to 

conformational changes 131,132, and 3) the peak exhibits variations from bulk PDMS to confined 

PDMS 67,133,134. Additional details regarding this particular selection of PDMS peak are 

discussed later on in the text. Before delving into the soft contact deformation, we first describe 

in detail our workflow, i.e., experimental configuration, measurements, and image processing 

in the form of a calibration experiment performed using a glass sphere - glass substrate contact 

configuration.   

3.3.1 Calibration experiments: glass-glass contact 

           For calibration, we first performed Raman measurements for the configuration where a 

glass sphere is in contact with a glass substrate, i.e., solid contact. The calibration experiment 

of the glass sphere-glass substrate contact setup is shown in Figure 3-2(a). Here, five glass 

spheres (8996K24, McMaster-Carr) with a radius of 2600 µm, a weight of 1.24 mN, and a 

refractive index of 1.47 were fixed onto a cleaned glass slide and then another cleaned glass 

slide was placed on top of the five glass spheres. Note that our focus is on the contact region 

between the top glass slide and the central glass sphere while the other four glass spheres 

located at the four corners, together with the center glass sphere, support the top glass plate, 

and in turn, help maintain contact with the central glass sphere in equilibrium. We assumed 

that the glass spheres are perfectly spherical and identical in size, and the refractive indices of 

the glass spheres and the glass slide are assumed to be equivalent, with a representative value 

of ~1.5. The top glass slide (2.42 g) exerts its weight which is equally distribution among the 

five glass spheres. Further, a drop of Methylene blue (MB) solution (MB / ethanol: 10-3 mol/L) 

was deposited on the contact surface of the top glass slide ~1.3 mm away from our region of 
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interest and dried before use to facilitate a reference plane for focusing for subsequent 

experiments.  

            To map the region of interest, i.e., the contact region of the central glass sphere with 

the top glass slide, the workflow of the Raman mapping measurements can be divided into four 

steps: 

(1) Focusing under video mode: Using the footprint of the MB droplet as a reference, we 

initially focused on the free surface (contact surface) of the top glass slide with white light, 

establishing the reference plane at z = 0. Next, by translating the carrier horizontally while 

maintaining the height of the objective lens and the carrier stage, we set the focus point to 

the center of the contact area between the top glass slide and the glass sphere (Figure 3-

2(a)), designated as the origin O(0,0,0). To clearly illustrate the region of interest, a 

schematic of the set-up is shown in Figure 3-2(b). The typical Raman spectra of glass with 

different integration times for a laser power of 3.77 mW are shown in Figure 3-2(c).  

(2) Setting mapping parameters under video mode: The Raman mapping parameters, 

including the mapping region and step size, are determined based on the instrument's 

resolution and the region of interest, specifically the contact area between the central glass 

sphere and the top glass slide. Here, the minimum achievable laser spot diameter is 1.56 

μm (A3.5, Appendix A). The spatial resolution in the x-y axis is 0.78 μm (A3.6, Appendix 

A), and in the z-axis in the air medium is 2.55 μm (A3.7, Appendix A). A key criterion for 

setting the mapping parameters is ensuring that the mapping step is greater than the lateral 

resolution. Our present focus is on investigating the spatial structure of the contact zone. 

Thus, to be comprehensive, we choose a mapping region of 420 μm in x and y directions 

with a mapping step of 10 μm (Table 3-2).  For the initial calibration experiment, we only 

performed z-scanning at z = 4 μm, z = 0 μm and z = -4 μm, as shown in Figures 3-2(d)-(f), 

respectively. Note that, since both the glass sphere and glass slide are transparent and rigid, 

the contact area of the glass-glass system appears as a dark region with adjoining 
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interference fringes (Figure 3-2(e)) due to the air separating the glass sphere and the glass 

substrate. This observation aligns with the existing literature 19,103.  

 

Figure 3-2 Workflow illustration of Raman mapping measurement of the glass sphere - glass substrate contact 

system. (a) Snapshot of the set-up of the calibration experiment: five glass spheres of 2.6 mm radius each fixed 

on a glass substrate with another cleaned glass substrate on top of the five glass spheres. The contact between the 
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central glass sphere and the top glass slide is of interest here. (b) Schematic of the set-up of the calibration 

experiment (glass-glass system), where the origin O(0,0,0) is located at the center of the contact area between the 

glass sphere and the top glass substrate. The x and y axis are located on the free surface of the top glass substrate, 

and the z-axis goes through the center of the contact interface and the top glass substrate. (c) The typical Raman 

spectra of glass obtained at a laser power of 3.77 mW with integration times of 1 s and 5 s. The peaks at 1111 cm-

1 are highlighted. (d), (e), and (f) Optical snapshots of the mapping regions of interest at z locations of z = 4 μm, 

z = 0 μm and z = -4 μm, respectively. (g) The schematic of the laser spot focusing on the z layers of z = 4 μm, z = 

0 μm and z = -4 μm. n0, and n1 are the refractive index of air (1.0) and glass (1.5), respectively and n0＜n1. θ0 and 

θ1 are the refraction angle of air and glass, respectively and obey the condition θ0＞θ1 (A3.8, Appendix A). δ0 and 

δ1 are the real penetration depth of laser in air and glass, respectively and obey the condition δ0 ＜ δ1 (A3.8, 

Appendix A). Note that additional discussion on the penetration depth of the laser in air and glass is included in 

A3.8, Appendix A. (h), (i) and (j) The Raman mapped images (contour plots) based on the normalized Raman 

peak intensity of 1111 cm-1 (see text) at z layers of z = -4 μm, z = 0 μm and z = -4 μm, respectively. 

Table 3-2 Mapping parameters of glass-glass system. 

Axis (μm) From(μm) To(μm) Step(μm) 

x -210 210 10 

y -210 210 10 

z 4 -4 -4 

 

(3) Raman mapping measurements under laser mode: Based on the preset mapping 

parameters, we scan a region of size 420 μm x 420 μm in x-y directions, symmetric about 

the origin, using a scanning step of 10 μm in both directions. The z-scanning is performed 

at z = 4 μm,  z = 0 μm, and z = -4 μm, with a scanning step of 4 μm. For the mapping 

process at each layer, such as at z = 0 μm, the laser spot first passes through the top glass 

slide and focuses on a region outside the contact zone (Figure 3-2(g)). The mapping 

measurement begins at position (-210,-210,0) and scans point by point along the x-axis 

from -210 μm to 210 μm with a 10 μm step interval, totaling 43 points in the first row. The 

scan then moves to the next row at y = -200 μm and continues until the row at y = 210 μm, 

ending at the position (210, -210, 0). This results in 1849 points scanned at a single z-plane. 
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Note that z = +ve implies moving down the stage so that the focal plane of the laser is into 

the top glass slide and z = -ve implies moving up the stage so that the focal plane is now 

into the glass sphere (Figure 3-2(g)). Thus, for the 420 μm x 420 μm region in x-y, the 

mapping provides 43 x 43 or 1849 slices of Raman spectra. Combining three different z 

measurements, a total of 5547 Raman spectra are obtained and subsequently analyzed. 

(4)  Post-processing of Raman spectra: Here, we select the Raman peak at 1111 cm-1, the 

most dominant signature for glass, for further analysis. For each z layer,  we choose the 

intensity of the peak at 1111 cm-1, i.e., Ii (1111 cm-1) for all 1849 Raman signatures. As 

our reference, we choose the Raman signature at a given (x, y) with the maximum peak 

intensity of 1111 cm-1  obtained at z = 0 μm (Figure 3-2(i)). We normalize all 5547 Raman 

spectra obtained with this reference intensity, i.e., Iz=0,max(1111 cm-1) obtained at z = 0 as 

denoted below: 

 
𝐼𝑟(1111 𝑐𝑚−1) =

𝐼𝑖(1111 𝑐𝑚−1)

𝐼𝑧=0,𝑚𝑎𝑥(1111 𝑐𝑚−1)
 

(3-1) 

where Ir (1111 cm-1) is the normalized peak intensity of each point. At the reference layer of 

z = 0, 0 ≤ Ir (1111 cm-1) ≤ 1. However, the spatial resolution in Raman spectroscopy is 

commonly defined as the lateral distance at which the measured peak intensity decreases to 

50 % of its maximum observed value, which is scientifically valid and aligns with the full 

width at half maximum (FWHM) criterion commonly used in optical imaging and 

spectroscopy 135,136. To further improve the comparison and resolution of the Raman peak 

image (contour) at each measurement plane, we set the color bar level of the contour as 0.5 ≤ 

Ir (1111 cm-1) ≤ 1 and apply it for all the z layers. The distribution of Ir (1111 cm-1) along 420 

μm x 420 μm region is thus plotted and represented as a contour plot. The corresponding 

Raman contour plots for z = 4 μm, z = 0 μm and z = -4 μm are shown in Figure 3-2(f), (g) and 

(h), respectively. From Figures 3-2(f) - (g), we observe that the glass Raman signature at each 

layer is relatively weak but uniform and stable, i.e., the normalized intensity Ir (1111 cm-1)  is 

mostly around 0.5. This observation is beneficial for the present study since it indicates the 
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glass Raman signature emanating from the glass slide and glass sphere will have minimal 

effect in our subsequent experiments where we intend to resolve the PDMS Raman signature. 

3.3.2 PDMS-glass experiments 

For glass sphere-PDMS contact experiments, the top glass slide is now replaced with 

the PDMS-coated glass substrates, with the PDMS coating facing downwards in contact with 

the five glass spheres. The corresponding schematic of the PDMS-glass set-up is shown in 

Figure 3-3(a), where point A(0, 0, za) represents the lowermost point of the glass sphere-PDMS 

contact interface, now at a finite z value due to the finite PDMS deformation around the contact 

region. Note that for the sake of representation, a Hertz-like conformal contact configuration 

is shown. Based on the schematic, for any z > za, the mapping region in x, y and z directions is 

entirely PDMS; for 0 < z < za, both PDMS and glass sphere are present; and for z ＜ 0, only 

the glass sphere is present. Therefore, the gradual progression of the Raman spectra along the 

z-direction aids us in identifying the contact deformation region of interest. 

 

Figure 3-3 (a) Schematic of the set-up of the PDMS-glass system, where the origin O(0,0,0) is located inside the 

glass sphere, i.e., at the secant of the glass sphere at z = 0 µm. The x and y axis are located on the free surface 

(lower surface) of the PDMS/glass, and the z axis goes through the center of the contact interface and the upper 

PDMS/glass slide. (b) Single point Raman scans along z-direction from z = -4 μm to z = 10 μm in 2 μm steps 

focusing on the center of the glass sphere-PDMS contact configuration. 
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             The Raman mapping measurements were performed similarly to previous calibration 

experiments, focusing on the central glass sphere in contact with the PDMS. Similarly, the 

laser spot was initially focused on the free surface of the PDMS layer far away from the contact 

region using the deposited MB droplet as a reference, identifying the z = 0 μm plane. The 

focused laser spot was then moved horizontally to the center of the secant line of the glass 

sphere at z = 0 μm, now designated as the origin O(0,0,0). To identify the Raman peaks of 

interest, we first perform a systematic z-scanning of the glass sphere-PDMS contact 

configuration from z = -4 μm to z = 10 μm in 2 μm steps, focusing the laser spot at the center, 

i.e., (0, 0, z). The corresponding Raman spectra are shown in Figure 3-3(b). From our 

observations, it is evident that the intensity of Raman peaks relevant to PDMS i.e., 2905 and 

2967 cm-1 increased significantly as the z distance is larger than 4 μm (glass slide thickness = 

1 mm), indicating the approximate vertical location of the glass-PDMS contact interface. 

However, this does not provide information on the lowermost point A separating the glass 

sphere and the PDMS, i.e., z = za. Nevertheless, the gradual progression of the Raman spectra 

along the z-direction helps identify the most relevant Raman peak. Out of the two peaks that 

exhibit changes, we choose the Raman peak at 2905 cm-1 for subsequent analysis since its 

change with the z-direction is the most pronounced. It is noteworthy to mention that the Raman 

peaks at 2905 cm⁻¹ and 2967 cm⁻¹ in PDMS correspond to the symmetric and asymmetric 

stretching vibrations of the methyl (-CH3) groups, respectively. The stronger Raman intensity 

of the 2905 cm⁻¹ peak relative to the 2967 cm⁻¹ peak in PDMS can be attributed to the inherent 

characteristics of the symmetric stretching mode of methyl groups. According to Raman 

selection rules, symmetric stretching vibrations typically result in a greater change in molecular 

polarizability, thereby producing a stronger Raman signal 137,138. Furthermore, in PDMS, the 

methyl groups are preferentially oriented perpendicular to the polymer backbone, which may 

presumably enhance the intensity of the symmetric stretching mode due to favorable alignment 

with the incident light's electric field 67,139. Therefore, the peak intensity at 2905 cm-1 is more 

sensitive to changes in the external environment like confinement. Existing literature has 

shown how the  peak intensity of 2905 cm-1 decays from the bulk to the contact region which 
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is at par with present observations 134. Consequently, we perform the detailed Raman z-

mapping across a scan region of 420 μm x 420 μm in x-y directions focusing on the signature 

of the Raman peak at 2905 cm-1.  

 

Figure 3-4 Raman mapped images (contour plots) based on the normalized Raman peak intensity (Ir) of 2905 cm-

1 (see text) at (a) z = 0 μm, (c) z = 2 μm, and (e) z = 10 μm. (b) Raman spectra at the locations (-180, 120, 0) 

(reference point) and at the origin (0,0,0). The intensity of the 2905 cm-1 peak at the location (-180, 120, 0)  is 

used as the reference intensity and denoted as I0, max (2905 cm-1). The intensity ratio, i.e., Ir (2905 cm-1) = Ii (2905 

cm-1)/ Iz=0, max (2905 cm-1) is highlighted. (d) Raman spectra at the locations (-180, 120, 0) (reference point) and 

(200, 200, 2), i.e., at a location on the z = 2 μm plane. The corresponding Ir is highlighted. (f) Raman spectra at 

the locations (-180, 120, 0) (reference point), (0, 0, 10), and (150, 140, 10) i.e., at two different locations on the z 

= 10 μm plane. The corresponding Ir’s are highlighted.  

             Similar to that performed for the calibration experiments, we first extract the maximum 

intensity I0, max(2905 cm-1) obtained at z = 0 out of the 1849 Raman scans at z = 0, and using 

that normalize all intensity, Ii (2905 cm-1) of all Raman spectra obtained across all x, y and z 

locations. Thus, we obtain the normalized intensity information as, Ir (2905 cm-1) = Ii (2905 

cm-1)/ Iz=0, max (2905 cm-1). As shown in Figure 3-4(a), the maximum Raman intensity of the 



 

41 

 

peak at 2905 cm-1 at z = 0 occurs at the location (x, y) = (-180, 120) and its magnitude is 

subsequently used to normalize all other intensities of the peak 2905 cm-1 (Figure 3-4). For 

instance, comparing this peak intensity at (-180, 120, 0) with another Raman scan at (200, 200, 

2) yields an intensity ratio Ir = 0.61 (Figures 3-4(c)-(d)). Repeating this normalization along x 

and y enables a color map highlighting the intensity ratio distribution along that particular z-

location (Figures 3-4(a), (c) and (e)). Additional examples of intensity ratio calculations at a 

few other locations are shown in Figures 3-4(b) and (f). Note that the observed Raman 

signatures across the different x, y, and z locations have negligible peak shifts and uniform 

peak widths for the peak at 2905 cm-1 (Figures 3-4(b), (d) and (f)). Thus, our normalization by 

using the intensity at 2905 cm-1  yields negligible mapping error. 

3.3.3 Confocal Raman mapping of contact deformation 

            In Figure 3-5(a), we show the contour plots, i.e., the distribution of Ir (2905 cm-1) over 

the mapping area of 420 μm x 420 μm at different z positions. Note that the color bar range of 

the contour map is 0.5≤ Ir (2905 cm-1) ≤1 and any ratio above 1 is assigned as grey. The 

Raman contour plots reveal two distinct regions: an inner circular region indicating the contact 

interface (or the radius of the secant area of the glass sphere at a different z plane) and an outer 

region. At z = -4 μm, z = -2 μm, and z = 0 μm, the central region predominantly shows a weak 

PDMS signature (Ir < 0.5) due to the sole presence of the glass sphere without any contact with 

PDMS (Figure 3-5(a)). At z = 0 μm and z = 2 μm, we observe increasing PDMS signatures 

(red regions in the contour plot) outside the inner region, possibly arising from the PDMS-air 

interface drifting away from the contact interface. However, the signature of the inner region 

indicates that glass-PDMS contact is yet to be established. The density of the red regions 

increases with increasing z in the +ve direction, towards the PDMS substrate. Consequently, 

we trace these red regions of the contour plots across different z-locations and use them as a 

definitive confirmation of either the PDMS-glass contact interface or the PDMS-air interface. 

Note that regions with an intensity ratio below red in the maps are not considered representative 

of a significant PDMS signature. Even though discrete red spots are observed at z = 2 µm, the 



 

42 

 

PDMS signature (red regions) only begins to invade the inner region as a continuous front at z 

= 4 μm, indicating that a conformal interfacial contact between PDMS and the glass sphere has 

been established (z = 4 μm, Figure 3-5(a)).  The Raman map at z = 4 μm, thus provides the 

definitive location of the glass sphere-PDMS contact interface. From this map (z = 4 μm, 

Figure 3-5(a)), the average radius of this inner region is determined to be 127.2 μm, which is 

close to the value obtained from optical imaging,  aexp = 127.6 ± 3.2 μm (Figure 3-5(b)).  

The contour map at z = 4 μm additionally reveals trace amounts of grey areas, which 

have a higher intensity than the red regions, indicating an enhanced PDMS signature (z = 4 μm, 

Figure 3-5(a)). Note that, in terms of the relative strengths of the intensity ratio Ir, for red 

regions in the contour plots, 0.8 < Ir < 1, whereas for grey regions, Ir > 1. There are two possible 

explanations for these two distinct regions in the Raman mapping. First, part of the laser light 

reflecting from the inner region (glass sphere-PDMS interface) gets scattered away, while 

another portion is detected. Thus, for z ≥ 4 μm, the 2905 cm-1 signature corresponding to PDMS 

within the contact region is relatively weaker (red regions) compared to the outer region with 

a stronger signature (grey regions). Second, the red regions may correspond to the signature of 

interfacial PDMS where it contacted with either glass sphere or air (either glass- PDMS or 

PDMS- air) whereas the grey regions correspond to the PDMS signature coming from the 

‘bulk’, i.e., a few micrometers away from the interface. It is expected that as we move away 

from the glass sphere and approach the PDMS substrate, Ir continues to increase. Proceeding 

further into the +ve z-direction, we observe that the appearance of the red PDMS signature in 

the inner region is nearly complete at z = 6 μm  (z = 6 μm, Figure 3-5(a)) and then progressively 

decays. At z = 10 μm, we observe a minimal red PDMS signature indicating the lowermost 

contact point of the glass sphere with the PDMS (z = 10 μm, Figure 3-5(a)). Thus, we obtain 

za ≈ 10 μm. At z = 10 μm, most of the Raman contour map exhibits a predominantly grey 

PDMS signature. Consequently, our previous assumption that the red regions correspond to 

the interfacial PDMS signature is likely accurate since at z = 10 μm, there is minimal contact 
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between the glass sphere and the PDMS substrate, and the PDMS layer away from the interface 

is at least 10 μm from the free surface. 

 

Figure 3-5 (a) The Raman mapped images (contour plots) based on the normalized Raman peak intensity (Ir) of 

2905 cm-1 (see text) at z = -4 μm, z = -2 μm, z = 0 μm, z = 2 μm, z = 4 μm,  z = 5 μm, z = 6 μm, z = 8 μm, and z = 

10 μm, respectively. (b) Top view optical imaging snapshot of the glass sphere-PDMS contact interface (dark 

region) where the green dot is the origin O(0,0,0) or its projection. Note that the central dark region remains 



 

44 

 

unchanged at neighboring z-planes. (c) Schematic of the contact deformation of glass sphere-PDMS contact pair 

based on the Hertz theory and the Raman contour plots. 

          The comprehensive confocal Raman mapping suggests the contact geometry is Hertzian; 

accordingly,  we re-create the approximate schematic of the contact geometry (Figure 3-5(c)). 

For a contact pair to be Hertzian it needs to meet the criteria of small strain and negligible 

adhesion which our contact system does obey. While adhesion is often significant in softer 

PDMS, our previous studies have demonstrated that for the stiff PDMS, adhesion's role in 

contact can be safely disregarded 19,113. Further, our Raman mapping shows the radius of the 

secant of the glass sphere at z = 0 μm to be around 140 μm. Thus, even though the reference 

point (-180, 120, 0) was initially selected solely based on the maximum intensity of the 2905 

cm-1 Raman peak at z = 0 μm, we can now confirm its location to be approximately on the free 

(undeformed) surface of the PDMS (Figure 3-5(c)). Further, evident from the Raman contour 

maps for z ≥ 8 μm, contact of soft materials like PDMS with a rigid glass sphere loses 

homogeneity beyond a certain indentation depth and occurs only in discrete patches. Previous 

imaging techniques 19,49–52,54–58,60,62,101–107 have failed to resolve this feature of soft contacts. 

To check if the indentation depth obtained from our analysis is reasonable, we calculate the 

theoretical contact radius using the Hertz theory, i.e., 𝑎 = (3𝐹𝑅/4𝐸∗)
1

3 , assuming 

homogenous and uniform contacts across all contact planes and neglecting the effect of PDMS 

finite thickness, where R is the glass sphere radius and the effective elasticity 𝐸∗ =

 [(1 − 𝜗1
2)/𝐸𝑔𝑙𝑎𝑠𝑠  + (1 − 𝜗2

2)/𝐸𝑃10
]

−1
≈  (4/3)𝐸𝑃10

, since 𝐸𝑔𝑙𝑎𝑠𝑠 ≫ 𝐸𝑃10
= 1.62 MPa 113 

and Poisson ratios ϑ1 and ϑ2 are both 0.5 140. For the present configuration, since the weight 

(25.6 mN) of the P10 coated glass slide is equally distributed between the 5 spheres, the central 

sphere of interest exerts an upward force F = 5.12 mN. Upon subsequent analysis, we observe 

that aH = 165.5 μm, i.e., larger than our experimental value of aexp = 127.6 ± 3.2 μm obtained 

from top-view optical imaging (Figure 3-5(b)) as well as Raman mapping (Figure 3-5(a)). We 

further use the Hertz formulation to calculate the indentation depth, δH = aH
2/R = 10.53 μm, 

which is slightly larger than that obtained from confocal Raman mapping δexp = 10 μm. This is 
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reasonable considering the discrete non-uniform contact patches and the fact that PDMS is 

coated onto the glass, making its effective modulus greater than that of the bulk PDMS. It is 

noteworthy to mention that the ratio of the contact radius (aexp) to the PDMS layer thickness 

(H) in our system is η = H/aexp = 35.4/127.6 = 0.28. Hence, we compared our experimentally 

obtained indentation depth with Winkler’s foundation model 90 (A3.9, Appendix A) which 

holds reasonably well for the condition η << 1 (thin elastic layers, large contact radius). The 

model assumes the elastic substrate consists of a mattress of independent springs where 

deformation at one location does not influence neighboring regions with the effective 

foundation stiffness (𝑘 = (1 − 𝜗)/(1 − 2 𝜗) 𝐺)/𝐻 . Here, 𝐺 = 𝐸/2(1 + 𝜗)  is the shear 

modulus of the elastic substrate. Consequently, the indentation depth can be estimated using 

the relation δ = F/kS , where F is the applied force and S is the contact area. Note that in the 

present study,  F = 5.12 mN and S = πaexp
2 = 5.1 x 10-8 m2. It is clear that the Winkler theory 

breaks down for incompressible materials like PDMS with 𝜗  ≈ 0.5 140 since k diverges. 

Nevertheless, assuming near incompressibility of the PDMS layer with 𝜗 = 0.45 - 0.5, the 

theory predicts indentation depth values of 0.05 µm and 0.02 µm for 𝜗 = 0.45 and 𝜗 = 0.48, 

respectively (A3.9, Appendix A). Both predictions significantly underestimate the 

experimental value of 10 µm. The severe mismatch with Winkler’s model can be due to the 

near incompressibility of PDMS where deformation is strongly coupled across the material 

due to volume conservation and thus the independent springs assumption breaks down. 

Additionally, existing literature has also shown the model to break down in the limit η → 1 90 

and a moderate value of 0.28 may very well be beyond the scope of the model. Therefore, we 

conclude that the Hertz theory is more suitable for our system.  

3.3.4 Limitations of the study 

Herein, we provide a brief discussion of the merits and demerits of this imaging 

modality. First, it presents a first-of-its-kind framework using molecular chemical signatures 

to extract quantifiable microscopic physical parameters of contact deformation. Second, our 

approach significantly advances existing Raman studies, which probe mostly flat interfaces 141. 
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By operating in confocal mode and mapping relative intensity, we can qualitatively inspect 

irregular deformation profiles with varying slopes. Third, the imaging configuration 

illuminates from the top with a minimum lateral resolution of 0.78 μm and the overall 

resolution can be adjusted by resetting the mapping step according to the region of interest, 

offering operational flexibility. Finally, this user-friendly technique allows even novice users 

to replicate experimental procedures with remote assistance.  

In terms of limitations, we highlight several points. First, materials with relatively weak 

Raman peak intensities cannot be probed using the present imaging modality and will require 

appropriate surface modifications. Second, Raman mapping involves scanning the sample 

point by point with a laser beam, according to preset parameters such as the mapping region, 

step size, and acquisition time of a single spectrum. The mapped region is subsequently divided 

into a pixel-assigned array of spectral elements 72. It is crucial that the preset step size is not 

smaller than the radius of the laser spot, and ideally, it should be equal to the radius of the laser 

spot. If the step size exceeds the radius of the laser spot, the resulting map will be under-

sampled, as not all areas will be scanned 72. However, in our study, the contact area (average 

contact radius: 127.6 ± 3.2 μm) is significantly larger than the size of the laser spot (laser spot 

radius: 0.78 μm). Therefore, our step size of 10 μm is reasonable since using a finer step size 

to perform this mapping would significantly extend acquisition times and, in turn, the total 

duration of the experiment. This adjustment highlights the necessity of balancing imaging 

resolution and image acquisition time when observing large areas and mapping across multiple 

planes. Finally, the present work only investigated the contact deformation of a relatively stiff 

PDMS substrate, i.e., P10 with an elasticity of 1.62 MPa. Softer materials, such as lightly 

crosslinked PDMS (45:1, 60:1 Sylgard 184), silicone gel, or hydrogel often exhibit conformal 

contact configurations with glass spheres in contrast to Hertzian contact 19,51,57,58,103. Further, 

they often contain uncrosslinked free chains or free liquids within the polymer network. These 

free liquids have been observed to form a liquid meniscus at the tip of the contact/wetting ridge 

and exhibit phase separation 19,51,54,57,103. For characterizing systems with such fluid separation, 
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the data-processing methodology of the present work may not be suitable and may need 

additional consideration. 

3.3.5 Assessment of robustness and broader applicability 

Despite such limitations, we highlight that the imaging modality is robust and can 

generate reproducible results with consistent experimental conditions, rigorous calibration, 

accurate baseline correction and selection of appropriate reference for intensity normalization. 

These considerations are crucial to minimizing potential errors. For instance, rigorous 

environmental control ensues minimal laser spot fluctuations. Specifically, the Raman 

instrument was mounted on a vibration-isolated optical platform to ensure mechanical stability. 

All measurements were conducted at night under stable temperature and humidity conditions, 

effectively reducing ambient disturbances. Appropriate selection of mapping resolution 

compared to the feature size aids in preventing either oversampling or under sampling.  Further, 

selecting accurate reference points for intensity normalization smooths out sample-to-sample 

intensity fluctuations enhancing reproducibility. However, there is still room for improvement. 

For materials/systems where a suitable reference point is difficult to ascertain, normalization 

with respect to an internal standard peak can compensate for variations in laser power and 

instrumental fluctuations, while advanced baseline subtraction techniques can mitigate 

background interference 142. Further, functionally graded materials (FGMs) with spatial 

heterogeneity may pose additional challenges. In this regard, spatially resolved Raman 

mapping and spectral deconvolution techniques (e.g., Principal Component Analysis) can 

improve detection accuracy by distinguishing intrinsic material variations from measurement 

artifacts 143,144. Furthermore, complementing intensity-based analysis with Raman peak 

position shifts and bandwidth changes can enhance robustness, providing a comprehensive 

approach to material characterization. These methodologies ensure reliable and reproducible 

Raman measurements, even in complex and inhomogeneous systems. 
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Moreover, we note that Raman peak position shifts are not particularly a concern for 

polymeric materials like PDMS as exhibited by our Raman findings. Due to the highly flexible 

and crosslinked polymer network, mechanical deformation under room temperature primarily 

affects molecular bond orientations without an increase in crystallinity, which means no 

significant alteration of phonon energies occurs. As a result, Raman peak shifts do not ideally 

occur unless the system involves use of low temperatures like -45 ℃ ~ -60 ℃ which allows 

for crystallization 145. Thus, changes in Raman intensity serve as a more reliable metric for 

assessing mechanical and structural modifications. The situation alters for two-dimensional 

(2D) materials, such as graphene. In these materials, external perturbations, including contact 

forces and strain, induce significant Raman peak shifts due to changes in phonon dispersion 

and interatomic bond distances, making spectral shifts an effective indicator of mechanical 

interactions 146,147. Hence, peak shifts should be properly monitored for such systems. This 

distinction highlights the varying applicability of Raman spectroscopy across different material 

classes and emphasizes the importance of selecting appropriate spectroscopic parameters based 

on the underlying mechanical response of the material. 

3.4 Conclusion  

In conclusion, we report an in-situ imaging methodology capable of visualizing soft 

contact deformation using confocal Raman spectroscopy. Unlike single-point Raman scans, 

our method involves Raman mapping measurements along the x, y, and z axis around the 

contact interface. We first performed calibration experiments using a glass probe-on-glass 

substrate contact configuration to establish the workflow of this methodology. Consequently, 

we performed soft contact deformation measurements using a similar glass probe indenting a 

PDMS substrate of finite elasticity. From the observed chemical signatures of PDMS, we 

identified the relative intensity of the Raman peak at 2905 cm-1 and Raman shift to be the most 

definitive signature embedding crucial spatial information. Using this signature, we developed 

a framework for generating Raman contour maps that enable us to identify the spatial variation 

of the glass-PDMS contact interfaces and the non-conformal nature of the contact deformation 
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profile. The precise identification of contact enabled us to extract parameters like the contact 

radius and the indentation depth. Our Raman mapping findings and subsequent extrapolations, 

when compared with the Hertz contact theory, showed reasonable agreement.  

As previously mentioned, the present technique offers a first-of-its-kind framework 

where chemical mapping is used to extract tangible physical information of soft contact 

deformation. None of the existing methodologies (see Table 3-1) have similar capabilities. 

Previous studies using Raman mapping to probe soft contact mechanics primarily used 

chemical signatures, i.e., intensity information to provide qualitative information about either 

structural change in polymer thin films or the effect of chemical modifications on surface-

attached polymers 133,134.  Additionally, similar Raman mapping was employed to study contact 

mechanics of Si thin films 148. However, these systems involved much smaller length scales 

and consequently 3D spatial information extraction was either not relevant or was not 

performed due to material or length scale-specific challenges. Consequently, the present 

technique enabling 3D spatial mapping in microscale using chemical signatures in terms of  

normalization is distinctly different to existing studies and at the same time can be considered 

as a modest advancement. The ability to probe spatial variations across a finite thickness thus 

enhances the scope of this technique to include other soft contact configurations, such as 

conformal contacts exhibited by contact and wetting ridges without phase separation 149. 

Further, it can offer new insights into the configuration and distribution of polymer networks 

under tension or compression, including deformations of elastomer of finite thickness in 

contact with different solids, liquids, and thin films. From an application point of view, our 

imaging technique is highly suitable for visualizing the inner structures and distribution of soft 

or porous materials under deformation as well as lubricant dynamics in dynamic soft contacts 

150, which are used in flexible batteries 151, bionic material 152,153, bioelectronics 154 and soft 

robotics 155. Lastly, we note that as future work, we aim to expand the capabilities of this 

imaging technique to map contact deformation of softer polymers and gels.  
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Chapter 4 

Determining effective refractive index and elasticity of nanoscale metal - 

thin, soft polymer bilayers using interference signatures of a glass probe 

Thin metal films like silver (Ag) and gold (Au) on PDMS are perfect candidates for 

surface-enhanced Raman spectroscopy (SERS) active substrates whose optical and mechanical 

properties are often subjected to precise tuning. Measurement of such properties often requires 

multiple sophisticated experimental techniques and numerical analysis. When depositing a 

nanoscale thin metal film like Ag or Au on the polymer surface, the refractive index and elastic 

modulus of this bilayer structure could vary with the metal deposition time and properties of 

soft substrates. In this work, we demonstrate a single experimental methodology to measure 

the refractive index and elasticity of thin metal films coated on PDMS. Using Dual-

Wavelength Reflection Interference Contrast Microscopy (DW-RICM) measurements of a 

spherical glass probe of known shape, the refractive indices of Ag/PDMS and Au/PDMS 

substrates of varying metal deposition time, PDMS elasticity, and PDMS coating thickness are 

extracted corresponding to two different wavelengths. The extracted refractive indices of 

metal/PDMS substrates decrease with increasing metal deposition time, decreasing PDMS 

elasticity, and increasing PDMS coating thickness. The extracted refractive indices are found 

to be in good agreement with corresponding UV/Vis spectroscopy measurements. Lastly, their 

elastic moduli are also obtained using Hertz's theory on the observed contact radius of the glass 

sphere on the aforementioned substrates. 

4.1 Introduction  

Thin metal films deposited on polymer surfaces for enhanced functionality have 

gained widespread attention due to the ease of integration into emerging technologies. Such 

structures in combination with inorganic and organic materials have been extensively applied 

in biomedical devices 156,157, solar cells 158, electronic skins 159, surface-enhanced Raman 
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spectroscopy (SERS) substrates 160–162, Plasmon Resonance sensors 7,8,163, radiative cooling 

applications 163 and 5G wireless communications 164. For these applications, understanding 

the optical and mechanical properties of the multilayer films is of paramount importance, 

especially with different film thickness. However, existing literature has mostly focused on 

film properties, such as, the relationship between deformation and electrical resistance 165, 

the generation, elimination, and precise control of cracks 166, and the filtering effect on light 

167. 

Generally, the optical and mechanical properties of metal-polymer films, especially 

their refractive index (RI) 168–170 and elastic modulus E 171, can be tuned by accurate control 

of the film thickness. Polydimethylsiloxane (PDMS), a silicon-based organic polymer, is the 

most commonly used polymer base for different engineering applications, as mentioned 

earlier. PDMS has high transparency in the visible spectrum and high absorbency near the 

infrared spectrum. Furthermore, it is chemically inert, bio-compatible, can absorb many 

solvents and easy to manipulate 26,27. The ease of manipulation provides an excellent control 

over the subsequent metal film thickness and elastic properties 171,172. Consequently, coating 

PDMS substrates with gold or silver nanoparticles/films provides an ideal playground for 

fabricating SERS active substrates for chemical and biological imaging 173–178. However, the 

deposition of a metal film is expected to change the optical (and mechanical) properties of 

such substrates. Although the mechanical and optical properties of pristine PDMS substrates 

are extensively studied 171,179,180, how the same properties change upon coating of a thin 

metal film, remains unresolved. 

For metal/polymer bilayer film, the effective refractive index (RI) plays a crucial role 

in many optical applications. However, the RI of the majority of polymers is limited to a 

relatively narrow range between 1.4 and 1.6 181. To further broaden the scope of polymeric 

substrates, considerable effort has been devoted to developing polymeric materials coated 

with thin metal films to increase or decrease effective RI 181–184. For example, metal-polymer 

bilayer structures with a higher effective RI can increase the haze value, which can 
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consequently improve the light efficiency and viewing-angle characteristics of Organic light-

emitting diodes (OLED) and MC-OLED devices without any light loss 185. In anti-reflection 

(AR) coating field, the multilayered structure of the AR coating film enables increased 

transmittance of light in the visible region and selective transmittance or reflectance of light 

of a certain wavelength 186,187. Often, to achieve zero reflectance at the interface between the 

film and the surrounding medium, the AR coating film needs to satisfy two requirements : 

the optical thickness of the AR coating film should be equal to 𝜆/(4𝑛AR−film ), and the 

effective refractive index of the AR coating should be 𝑛AR−film = √𝑛air𝑛substrate, where 

𝑛air and 𝑛substrate are the refractive index of air and substrate, respectively, and 𝜆 is the 

wavelength of light source 188. Knowledge of the effective index of metal-polymer multilayer 

film is thus crucial for effectively verifying whether the structured film meets the application 

requirements or not. Hence, measurement of the effective RI of such bilayer films is essential 

for a detailed understanding of their optical properties and provides the foundation for 

developing new materials. 

In existing literature, various methods of RI measurement have been proposed. For 

example, the methods reported only for single layer systems are low coherence 

interferometry 189–191, focus tracking method 192, the combination of low-coherence 

interferometry and confocal optics 192 and multi-wavelength interferometry 193, and methods 

for multilayer system are low-coherence confocal interference microscope 194, the 

combination of a confocal microscope and low-coherence interference 195, wavelength-

scanning interferometer with a confocal microscope 196. However, the majority of methods 

are time consuming and cumbersome, or even too complex to implement 197. The techniques 

that are most applicable for analyzing thin films adhered to soft substrates are surface 

plasmon resonance (SPR) and ellipsometry. SPR measures the optical thickness, which is 

based on the Fresnel formulas combined with those of the plasmons 198. Ellipsometry is 

commonly used to determine the refractive index and/or thickness of polymer layers, and it 

provides direct experimental access to the amplitude and phase of the reflected light. 
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However, the variables directly measured with the ellipsometer are the two elliptical angles 

∆  and 𝛹 , which are abstract 199. Therefore, they cannot be directly translated into the 

refractive index and thickness, and the model parameter needs to be adjusted several times 

to finally obtain the refractive index and film thickness. Furthermore, ellipsometry provides 

precise measurements if the thickness of the bilayer is less than the wavelength of the 

incident light 199 and thus restrictive in nature for many practical purposes.  

To circumvent existing challenges in refractive index measurement, in this work, we 

report a simple and efficient methodology to measure the refractive index of nanometer scale 

silver (Ag) and gold (Au) films on soft PDMS coatings: Dual-Wavelength Reflected 

Interference Contrast Microscopy (DW - RICM) signature of a spherical glass probe. Using 

intensity information from interference signature and the known profile of the glass sphere, 

we experimentally investigate the refractive index of PDMS thick/thin coatings with Ag/Au 

film deposition of varying deposition time. Simultaneously, we quantify the elastic modulus 

of the bilayer films from the contact radius measured from the same experiment. 

4.2 Experimental 

4.2.1 Fabrication of soft substrates 

Soft substrates were fabricated by spin-coating silicone elastomer (PDMS) (Sylgard 

184, Dow Corning) on glass slides (Microscope slides, Sail Brand, dimensions: 76.2 

mm×25.4 mm×1 mm ). The glass slides were thoroughly rinsed with acetone, IPA, ethanol, 

and DI water, then dried with 𝑁2 gas before use. The silicone elastomer consists of two 

components: A (polymer) and B (crosslinker). To obtain different Young's modulus of soft 

substrates, the PDMS solution was prepared by mixing A and B components at weight ratios 

of 10:1 and 20:1, respectively. The solution was uniformly mixed and degassed by using a 

planetary mixer (ARE-310, Thinky Corporation) for 10 min. 0.7 mL of each uncured 

elastomer solution was spin-coated on clean glass slides at 3000 rpm to obtain a coating 

thickness of 35 µm. For comparison, we also prepared soft substrates with 1 mm coating 
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thickness using drop casting technique. All the substrates were cured at 80 ℃ for 14 hrs. 

Consequently, the substrates were kept at room temperature for 1 day before use. The PDMS 

substrates of different mixing ratios and coating thickness were named as P10 (35 µm), P20 

(35 µm),  P10 (1 mm) and P20 (1 mm). The elastic moduli of the soft substrates were measured 

by tensile testing using universal material tester (UMT, T1377, Centre for Tribology Inc.). 

The PDMS substrate of dimension 300 mm (L) x 1 mm (W) x 1 mm (H) was installed 

between the moving stage and the double clamps gripper. Then a tensile force through a 1 

kg load cell was applied to the PDMS substrate at a constant speed of 8 mm/min. The tensile 

force and elongation were recorded during the experiment. From the obtained stress-strain 

curves, the Young's modulus was calculated (B4.1 and Figure B4-1, Appendix B).  

4.2.2 Deposition of metal film 

A silver (Ag) thin film was deposited on the surface of the PDMS coatings in a 

magnetron sputter-coater (Denton Vacuum Desk II) at 15 mA at an ambient temperature of 

22-24 ℃. The sputter coating rate is 1.5 Å/s, calibrated by measuring the Ag thickness 

deposited on the glass slide for 120 s using atomic force microscopy (Pacific 

Nanotechnology AFM Nano-R) with a stylus profilometer (Veeco Dektak 8) (B4.2 and 

Figure B4-2(a), Appendix B).  

For PDMS substrates, direct thickness measurements of Ag films were not reliable 

because the masking procedure (covered glass slide) induced surface wrinkling (Figure B4-

2(b), Appendix B). Therefore, the Ag film thickness on PDMS substrates was controlled by 

deposition time at a calibrated rate of 1.5 Å/s. By controlling the sputter coating time with 

10 s, 30 s, 90 s, and 120 s, we coated Ag on all the soft substrates. The Ag sputtered PDMS 

coatings are named as P10 (35 µm) - Ag(10s), P20 (35 µm) - Ag(10s), P10 (1 mm) - Ag(10s) 

and so on. The morphology of the Ag/PDMS substrates was inspected by a field emission 

scanning electron microscopy (Zeiss UltraPlus FESEMs (with EDX)) (Figure B4-3, 

Appendix B). The bare PDMS surface (P10 (35 µm)) exhibits a smooth and featureless 

morphology. After 60 s of sputter deposition, the PDMS surface (P10 (35 µm) - Ag(60s))  is 
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fully covered with discrete silver clusters. With increased deposition time to 120 s, a 

continuous and uniform Ag thin film coverage across the PDMS substrate (P10 (35 µm) - 

Ag(120s)). In a similar manner, thin Au films are also deposited on the PDMS substrates for 

deposition times of 30 s, 60 s, and 120 s and will be referred to as P10 (35 µm) - Au(30s), P20 

(35 µm) - Au(30s), and so on.  

4.2.3 RICM measurements 

A custom-built DW-RICM set-up based on LSM 800 (Zeiss, Carl Zeiss, Germany) 

with two focused monochromatic light beams of wavelengths (488 nm (green) and 561 nm 

(red)) was employed (Figure 4-1(a)). First, a plane glass sphere (McMaster-Carr, 8996 K24) 

of the radius 2600 µm, the weight of 1.26 g, and refractive index of 1.47 was placed on a 

freshly cleaned glass slide for calibration (Figure 4-1(b)). An objective lens with 

magnification 10x and a numerical aperture (NA) 0.3 (EC Plan-Neofluar, Carl Zeiss, 

Canada) was used. The interface to be observed was raster scanned simultaneously with the 

two available focused monochromatic laser beams (488 nm (green) and 561 nm (red)) using 

a galvanometric mirror (GM). Here, the plane of observation is the glass slide - air interface. 

Light rays reflecting from the glass sphere - air interface and glass slide - air interface 

consequently interfere to provide alternate dark and bright fringes. To evaluate the potential 

impact of uncertainties in the glass sphere radius and refractive index on RICM fringe 

analysis (height estimation), an error propagation analysis was performed. The results show 

that the effects of glass sphere radius tolerance (~ ± 2.5 µm) and refractive index uncertainty 

are negligible (B4.4, Appendix B). Therefore, in the following analysis, the glass sphere is 

assumed to be perfectly spherical, and its refractive index is taken to be equivalent to that of 

the glass slide, denoted as n1. Since both the glass slide and the glass sphere are rigid 

materials with the same refractive index, the contact region appears dark in the interference 

images. The reflected light, i.e., the interference pattern is captured through the pinhole of 

the microscope. Based on the two different light beam wavelengths, the reflected and 

interference light is split into two signals by a dichroic mirror (DM) and collected by two 
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photomultiplier tubes (PMT). Finally, the detected optical signal was converted into a digital 

image by the in-built deconvolution algorithm of the LSM system. Further, to acquire higher 

resolution images, the pixel size is refined to 1240 pixels × 1240 pixels (1 pixel = 0.52 µm). 

By doing this calibration experiment, the base plane is identified and will be later used during 

RICM measurements in confocal mode.  

 

Figure 4-1 (a) Schematic of dual wavelength reflection interference contrast microscopy setup. The light sources 

are green (λg = 488 nm) and red (λr = 561 nm). SRM: Semi-refractive Mirror, GM: Galvanometric Mirror, HM: 

Half Mirror, DM: Dichroic Mirror, PMT: Photomultiplier Tube. (b) Schematic of the calibration experiment: a 

glass sphere atop a glass slide. n1 and n2 are the refractive indices of glass and air, respectively. (c) The curved 

glass profile represented as a series of three parallel dielectric layers with the air layer sandwiched between two 

glass layers. (d) Interference signature corresponding to green and red wavelengths for the system shown in (b). 

(e) Plot of raw (I (a.u.)) and normalized (I0) intensity with radial location r for the slice shown in (d). (f) Plot of 

glass sphere profile for the interference signature shown in (d) and (e). The symbols represent the height extracted 

from experimentally obtained intensity profiles and the solid line represents the theoretical glass profile. 

For the soft substrates, samples were kept on the same stage of the microscope. Since 

the PDMS coated glass slide has a finite coating thickness, it is paramount to identify the 

plane of contact upon placing the same glass sphere. Therefore, to obtain sufficient intensity 

information and clear images, imaging was performed in confocal mode, i.e., the Z-stack 
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multidimensional acquisition function was used to scan from the position of the upper 

interface of the glass slide that has the PDMS coated to a height approximately 44 µm above 

the free surface of the PDMS coating. Thus, for a 35 µm PDMS coating, the total scanned 

range is 79 µm and one slice is scanned at 1 µm interval. 80 slices per sample per 

experimental run is obtained, which is adequate to identify the interference planes(s) of 

interest. By comparing the change of fringes and light intensity of the 80 slices per sample, 

we choose the image where the focal plane is on the free surface of the PDMS coating. The 

pixel size was also set to 1240 pixels × 1240 pixels (1 pixel = 0.52 µm). Similarly, for Ag/Au 

coated soft substrates, samples were kept on the same stage of the microscope. The imaging 

was also performed in confocal mode, i.e., the Z-stack multidimensional acquisition function 

was used to scan from the position of the upper interface of the glass slide that has the PDMS 

coating to the height above the free surface of the Ag/PDMS coating, which is sufficient to 

identify the interference planes(s) of interest. The pixel size was kept consistent throughout. 

The basic principle of DW-RICM is summarized in our previous works  19,57,79,200and 

existing literature 78,201,202. Briefly, when a uniform monochromatic plane wave passes 

through a multilayer sample, the light will reflect from different interfaces. For example, in 

our calibration experiment of glass - glass contact (glass sphere in contact with glass slide), 

light reflected from the glass slide air interface (intensity 𝐼1) and the air - glass sphere 

interface (intensity 𝐼2) interferes. The resultant (measured) light intensity 𝐼 for any vertical 

position ℎ can be expressed as, 

 𝐼(ℎ, 𝜆) = 𝐼1 + 𝐼2 + 2√𝐼1𝐼2 cos(4𝜋𝑛ℎ/𝜆 + 𝜑) (4-1) 

where 𝜑  is the phase difference, 𝑛  is the refractive index and  𝜆  is the wavelength. The 

unknown intensities 𝐼1  and 𝐼2  can be expressed as, 𝐼max = 𝐼1 + 𝐼2  + 2√𝐼1𝐼2  and 𝐼min =

 𝐼1 + 𝐼2 − 2√𝐼1𝐼2 . Thus, the normalized intensity is (𝐼 − 𝐼𝑚𝑖𝑛)/(𝐼𝑚𝑎𝑥 − 𝐼𝑚𝑖𝑛) =

[cos (4𝜋𝑛ℎ/𝜆) + 1]/2 . Using simultaneous intensity information from the two 

wavelengths, the height information of any point in the interface can be unambiguously 

resolved. For the simplest case, when 4𝜋𝑛ℎ/𝜆 = 𝑚𝜋 , the height difference between 
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consecutive bright and dark fringes of the same fringe order 𝑚 can be expressed as, 

 ∆ℎ = 𝑚𝜆/4𝑛 (4-2) 

Consequently, by counting the number of bright and dark fringes, the entire profile can be 

extracted. For the glass sphere/glass slide contact system, since the air - glass sphere interface 

is curved, we assume that the curved surface consists of a succession of infinitesimal horizontal 

steps 203. The glass - glass system is modeled by a 3-layer of parallel dielectric layers (Figure 

4-1(c)). The resultant interference from the two interfaces exhibits distinctive bright and dark 

fringes (see figure 4-1(d)). The raw light intensity I (a.u.) and normalized light intensity 𝐼0 

along a particular slice of the interference pattern are shown in Figure 4-1(e). From the intensity 

distribution, the radial locations of peaks and valleys are obtained. Here, the contact point O(0, 

0) of the glass sphere with the glass slide is a dark point (valley) corresponding to zero light 

intensity (central point in figure 4-1(d)) and thus used as reference, i.e., h = 0. Since only air 

exists between the two interfaces, n2 = nair = 1. Thus, using n = 1 in Eq. 4-2, we extract the 

height of the glass sphere corresponding to both wavelengths. As shown in Figure 4-1(f), the 

extracted profile is in excellent agreement with the theoretical profile of the glass sphere, i.e., 

ℎ(𝑟) =  2600 − √26002 − 𝑟2. 

4.3 Results and discussion 

In order to predict the elasticity and refractive index of Ag/Au sputtered PDMS 

coatings, we first performed some baseline experiments on pristine PDMS coatings without 

any metal thin film deposition. For calculating the elastic properties, the Hertz 14 or JKR 15 

theory is typically used whereby the Young's modulus is extracted from the measurement of 

the contact radius of the glass probe 28. Considering Hertz theory 14, the reduced Young's 

modulus can be expressed as 𝐸∗ ∼ (3𝐹𝑅/(4𝑎3)) , where 𝐹  is the applied load, 𝑅 =

(1/𝑅1 + 1/𝑅2)−1 is the effective radius, 𝑎 is the contact radius, 𝐸∗ = [(1 − 𝜗1
2)/𝐸1 + (1 −

𝜗2
2)/𝐸2]

−1
. For our glass sphere- Ag/PDMS system, the applied load is the weight of the glass 

sphere (𝐹 = 𝑚g = 1.24 mN). 𝐸1 and 𝐸2 are the Young’s modulus of the glass sphere (64 MPa) 
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and soft substrate, respectively. ϑ1 and ϑ2 are their Poisson’s ratio (both ~ 0.5). 𝑅 =

(1/𝑅1 + 1/𝑅2)−1 ≈ 𝑅1 = 𝑅0, where R1 and R2 are the radius of the glass sphere (R0 = 2600 

μm) and soft substrate (+∞). 𝐸∗ ≈ 𝐸2, since 1 𝐸1⁄ ≈ 0. Therefore, the Hertz equation relevant 

to our elasticity calculation can be expressed as, 

 𝐸PDMS,PDMS Ag⁄ = (3𝐹𝑅0)/(4𝑎3) (4-3) 

Further, to predict the refractive index of the PDMS coatings, we use the known shape of the 

glass sphere beyond the region of contact and subsequently calculate n using Eq. 4-2. 

4.3.1 Pristine PDMS coating  

Due to finite elasticity of the PDMS coating, a glass sphere presents a finite 

deformation of the PDMS free surface upon contact due to its weight. The distinctive bright 

and dark interference fringes of the glass PDMS contact are shown in Figure 4-2(c). The central 

dark zone represents the contact zone of the glass sphere and PDMS. The resultant raw light 

intensity 𝐼 (a.u.) and normalized light intensity 𝐼0 are shown in Figure 4-2(d). For PDMS 10:1 

substrate, upon evaluating the central dark zone with intensity of approximately zero, we found 

the contact diameter to be 207.4 µm. The diameter measured using RICM is consistent with 

brightfield microscopy measurements, as well as with experimentally observed previously 19. 

Thus, the average contact radius is 103.7 µm. Consequently, using Eq. 4-3, we found that 

Young’s modulus of PDMS 10:1 to be around 1.62 MPa, which is close to the value obtained 

from tensile testing as well as with existing literature 171,204. Further, based on the Hertz contact 

theory, we calculate the deformation of the PDMS due to the glass sphere 𝛿 ∼ 𝑎2/𝑅0 ≈ 4.1 

μm.  

Based on the above analysis, we recreate the schematic of the glass - soft contact system 

at stable state (Figure 4-2(a)). Since the glass sphere deforms the PDMS free surface, the origin 

of coordinate O(0, 0) is inside the glass sphere and the free surface of the PDMS coating is at 

the point where it meets the glass sphere (h = 0). The lowest point of the glass sphere in contact 
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with the PDMS is thus at D (0, 𝛿 ≈ √𝑅0
2 − 𝑎2 − 𝑅0) and the point A (a, 0)is at the edge of 

the contact region between the glass sphere and the PDMS. Consequently, upon RICM 

imaging, the interfaces that can reflect light are the glass sphere - air, air - PDMS, and PDMS 

- glass slide. Moreover, it is expected that small deformations will occur at the PDMS - air 

interface around the contact zone with the glass sphere. However, the deformation of the 

PDMS - air interface around the contact zone with the glass sphere is mostly obscured by 

background reflections from the glass sphere above. Since the majority of the interference 

signature reflects the glass sphere profile and any possible deformation in the PDMS air 

interface is suppressed, they can be neglected. At the same time, constructing the glass sphere 

profile from the obtained interference signature is no longer straight forward like the previous 

case, i.e., glass sphere on a glass slide. Since both the PDMS and air layers contribute to the 

observed interference fringes, the glass - soft system can be modeled using four parallel 

dielectric layers (Figure 4-2(b)). 

In an ideal scenario, the height extraction from intensity can be extracted simply using 

n = 1 (air) in Eq. 4-2. However, due to the presence of composite interfaces, we observe that 

using n = 1 (air)  does not fit the theoretical glass sphere profile (Figure B4-4, Appendix B). 

Neither does n = 1.41 (PDMS) provides accurate extraction of the glass profile (Figure B4-4, 

Appendix B). Thus, to account for the roles of all the interfaces, we use an effective refractive 

index, 𝑛eff = √𝑛air𝑛PDMS (B4-6 and Figure B4-4, Appendix B), which is conceptually similar 

to the analytical approximations for effective indices of thin-layer structures reported by A.V. 

Kozar (2009) 205. As shown in Figure 4-2(e), the height extracted using 𝑛eff in Eq. 4-2 (∆ℎg,r =

𝑚𝜆g,r/4√𝑛air𝑛PDMS ) can fit the theoretical glass sphere profile (ℎ = √26002 − 𝑎2 −

√26002 − 𝑟2). A detailed description of the data processing procedure is given in Appendix 

B (B4.7, Appendix B). Further, since the refractive index is wavelength dependent, we used 

different 𝑛PDMS values for the green (ng) and red (nr) wavelengths while extracting the glass 
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sphere profile. For PDMS 10:1, the best-fit height values were observed for ng = 1.42 and nr = 

1.42.  

 

Figure 4-2 (a) Schematic of the glass sphere (R0 = 2.6 mm) on soft PDMS (10:1) coating of finite coating 

thickness h1 = 35 µm. n1, n2, and n3 are the refractive indices of glass, air, and PDMS, respectively. (b) Optical 

multilayer model used for predicting the curved surface of the glass sphere on the soft substrate shown in (a). (c) 

Unprocessed interference signature corresponding to the contact system shown in (a). (d) Plot of raw (I) and 

normalized (I0) intensity with radial location r for the slice shown in (c). (e) Plot of glass sphere profile for the 

interference signature shown in (d) along the dashed line. The symbols represent the height extracted using  

∆ℎ𝑔,𝑟 = 𝑚𝜆𝑔,𝑟/(4√𝑛𝑎𝑖𝑟𝑛𝑃𝐷𝑀𝑆) and the solid lines represent the theoretical glass profile, i.e., ℎ =

√26002 − 𝑎2 − √26002 − 𝑟2. Here, a is the contact radius. 

Here, we verify whether our assumption of the effective refractive index holds for 

PDMS substrates with different elasticity and coating thickness. It is expected that softer 

PDMS will create a larger contact area and indentation depth but the unperturbed glass sphere 

profile above the PDMS will remain unchanged. As shown in Figure 4-3, we observe that using 
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the effective refractive index successfully predicts the glass sphere profile for P20 (35 μm) 

substrate. Further, using interference intensity variation, we observe the contact radius to be a 

= 108.2 μm for P20 (35 μm). Thus, using Eq. 4-3, we calculate the Young's modulus to be 1.43 

MPa. For comparison, we also evaluated the contact radius using the JKR theory with literature 

reported values of the work of adhesion for PDMS-glass contact. Yu et al. (2015) 206 reported 

w ≈ 64.6 ± 3.2 mJ/m2 for PDMS (10:1)-glass and w ≈ 87.8 ± 4.3 mJ/m2 for PDMS (20:1)-glass, 

measured by dynamic mechanical analysis. Using these values, the JKR theory predicts contact 

radii of 170.5 μm (P10) and 188.5 μm (P20), and the DMT theory predicts contact radii of 145.8 

μm (P10) and 161.4 μm (P20). Both significantly larger than the experimental values (103.7 μm 

for P10 and 106.7 μm for P20) as well as the Hertzian predictions (104.7 μm for P10 and 108.2 

μm for P20). These comparisons indicate that the effect of adhesion on contact radius in our 

PDMS-glass system may be negligible, and Hertz theory provides a more appropriate 

framework. Detailed calculations are provided in Appendix B (B4.8, Appendix B). The closer 

agreement with Hertzian predictions can be attributed to the supporting effect of the rigid glass 

substrate, which increases the effective modulus of the PDMS film, while interfacial adhesion 

seems to play an insignificant role. Independent methods to assess the work of adhesion, such 

as pull-off tests or surface force apparatus measurements, could also be employed in future 

studies to verify the negligible role of adhesion in similar systems 207. 
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Figure 4-3 (a) Interference signature of glass sphere contact with the soft substrate P20 (35 µm). (b) Plot of glass 

sphere profile for the interference signature shown in (a) along the dashed line. The symbols represent the 

height extracted using ∆ℎ𝑔,𝑟 = 𝑚𝜆𝑔,𝑟/4√𝑛𝑎𝑖𝑟𝑛𝑃𝐷𝑀𝑆 and the solid lines represent the theoretical glass profile. 

 

To further verify the applicability and accuracy of our proposed technique, we consider 

1 mm thick coatings of the used soft substrates (P10, P20). The contact radius of P10 (1 mm) and 

P10 (1 mm) are found be 145.1 µm and 158.9 µm, respectively (Figure 4-4). Consequently, the 

modulus of elasticity of the corresponding soft substrates calculated from the Hertzian contact 

theory provides values of 0.59 MPa and 0.45 MPa. The Young's moduli obtained are smaller 

than the corresponding thinner substrates, i.e., P10 (35 μm) and P20 (35 μm). The observed 

results are reasonable since thicker substrates are likely to undergo larger deformation and have 

a larger contact area when subjected to the same glass sphere. Further, using the effective 

refractive index, we were able to obtain the large sphere profile (Figure 4-4(b) and (d)) for 

thicker coatings as well, albeit with slightly lower ng and nr values compared to the thinner 

films. 
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Figure 4-4 (a) and (c) Interference signatures of glass spheres in contact with thick, soft substrates P10(1 mm) 

and P20(1 mm). (b) and (d) Plots of glass sphere profiles for the interference signature shown in (a) and (c) along 

the dashed lines. The symbols represent the height extracted using ∆ℎ𝑔,𝑟 = 𝑚𝜆𝑔,𝑟/4√𝑛𝑎𝑖𝑟𝑛𝑃𝐷𝑀𝑆 and the solid 

lines represent the theoretical glass profile. 

It should be noted here that the effective refractive index formulation is ideally 

applicable for medium thickness(s) less than the wavelength of the light sources 188. However, 

in the present study, we observe that the applicability of the effective refractive index 

formulation is surprisingly robust to large thickness values of the existing media, i.e., air and 

PDMS. Further, as an additional check, we investigated whether this formulation holds upon 

changing one of the mediums involved. Consequently, we submerged the glass sphere-PDMS 

system under water and observed that the glass sphere profile could be accurately extracted 

using the effective refractive index expression, i.e., 𝑛eff = √𝑛water𝑛PDMS  (Figure B4-5, 

Appendix B). However, a detailed theoretical justification is beyond the scope of the present 

work. 
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Figure 4-5 (a) The refractive index of soft substrates predicted by fitting the profile of the glass sphere. (b) The 

contact radius of the spherical glass probe on the soft substrates surface and the calculated elastic (Young's) 

modulus based on the Hertz theory (Eq. 4-3). Error bars represent standard deviations calculated from three 

independent experiments. In some cases, they are smaller than the symbol size and thus not visible.  

 In Figure 4-5, we highlight the predicted refractive indices and Young's moduli for 

pristine PDMS coatings. As shown in Figure 4-5(a), the predicted refractive index of the soft 

substrates decreases with increasing substrate thickness and decreasing weight of the curing 

agent, i.e., decreasing stiffness. The dependence on coating thickness is due to the fact that for 

the spin coated sample, the polymer chain space configuration is more orderly because of 

rotational speed, resulting in a greater density of polymer chain stacking per unit volume, and 

thus its refractive index is larger. For 1 mm thick coatings prepared by drop casting, the 

polymer chain conformation is more disordered, and the overall density decreases, resulting in 

a smaller refractive index. A lower degree of curing means a smaller molecular mass in general 

and therefore a smaller mass density than a soft substrate with a higher degree of curing. The 

dependence of the refractive index on material density is given by the Lorentz-Lorentz 

equation 168,169,203. 

 𝑛2 − 1

𝑛2 + 2
=

4𝜋𝛼𝑁a

3𝑀𝜀0
𝜌m 

(4-4) 
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where, 𝜌m is the mass density, Na is the Avogadro number, M is the molecular weight, 𝜖0 is the 

vacuum permittivity, and 𝛼  is the average polarizability of the polymer. For spin coated 

PDMS, 𝜌m is higher, leading to higher 𝑛. Here, we note that a more rigorous treatment of 

refractive index - density dependence is beyond the scope of the present work. Further, the 

refractive index exhibits wavelength dependence: decreasing with increasing wavelength. This 

behavior is consistent with existing literature where a similar wavelength dependence of 

refractive index was observed for PDMS 208,209. For the predicted Young's modulus, the 

observed trend (Figure 4-5(b)), i.e., decreasing magnitudes with increasing thickness and 

polymer ratio is expected and well established in the literature 171,172,210. 

4.3.2 Ag film on PDMS coating 

In the preceding sections, we have demonstrated the applicability of the proposed 

method to accurately predict Young's modulus and refractive index of pristine PDMS coatings. 

Here, we will extend this technique, i.e., using RICM observations of a spherical glass probe, 

to empirically calculate the refractive indices and elasticity of Ag film of nanoscale thickness 

sputtered on PDMS coatings of different curing ratio, Ag sputtering time and PDMS coating 

thickness.  

Based on the same analysis method, we recreate the schematic of a glass sphere settled 

on the surface of the Ag sputtered soft PDMS coating in Figure 4-6(a). As the thickness of the 

Ag film is extremely thin (≤ 18 nm), which is far below the wavelengths of 488 nm and 561 

nm, the majority of the incident light can pass through the Ag sputtered PDMS layer and reach 

the edge of the glass sphere. And most of the reflected light can also penetrate the Ag coated 

PDMS layer and interfere with other reflected light, and finally be received by the PMT. In 

Figure 4-6(b), we show the optical multilayer model used in the glass- Ag coated PDMS 

substrate contact system. Thus, the effective refractive index for the present condition is 𝑛eff =

√𝑛air𝑛𝐴𝑔/𝑃𝐷𝑀𝑆. We show two test cases, where the glass sphere was placed on two different 

Ag-on-PDMS substrates, namely, P10 (35 µm) – Ag (10s) (Figures 4-6(c)-(e) and P20 (35 µm) 
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– Ag (60s) (Figures 4-6(f)-(h)) and extracted its profile in the undisturbed part, i.e., above the 

free surface of Ag film. By using our effective refractive index expression and fitting the 

theoretical profile of the glass sphere, the predicted refractive index, i.e., nAg/PDMS values for 

P10 (35 µm) – Ag (10s) are 1.30 (488 nm) and 1.28 (561 nm) and that of P20 (35 µm) – Ag (60s) 

are 1.18 (488 nm)  and 1.16 (561 nm). It should be noted here that the above-mentioned 𝑛 

values for Ag-on-PDMS substrates are lower than that of pristine PDMS substrates (ng, r ≈ 1.4) 

but considerably higher than that of bare Ag film (ng = 0.08, nr = 0.12, Figure B4-6, Appendix 

B). Further, from the obtained RICM signature, the contact radius of P10 (35 µm) – Ag (10s)  

and P20 (35 µm) – Ag (60s) is found to be 78.8 µm and 86.1 µm, respectively. In contrast to 

pristine PDMS coatings, the contact area is no longer an all-black center, but a brighter contact 

center as the Ag sputter coating time increases (Figure 4-6(f)). The corresponding elastic 

moduli calculated are 3.71 MPa and 2.81 MPa, which are higher than the pristine PDMS 

substrates. Consequently, we use this approach to calculate the refractive index empirically 

and elastic modulus of Ag sputtered thick/thin PDMS coatings of different elasticity and 

sputtering time. 
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Figure 4-6 (a) Schematic of a glass sphere atop a Ag coated PDMS film of finite thickness h1. n1, n2, n3, and n4 

are the refractive indices of glass, air, PDMS, and Ag, respectively. (b) Optical multilayer model used for 

predicting the curved surface of the glass sphere on the soft substrate shown in (a). (c) and (f) Interference 

signatures of glass sphere in contact with Ag coated PDMS films, P10 (35 µm) - Ag (10s) and P20 (35 µm) - Ag 

(10s). (d) and (g) Plots of raw (I (a.u.)) and normalized (I0) intensity with radial location r for the slices shown in 

(c) and (f). (e) and (h) Plots of glass sphere profile for the interference signature shown in (c) and (f). The symbols 

represent the heights extracted from experimentally obtained intensity profiles using ∆ℎ𝑔,𝑟 = 𝑚𝜆𝑔,𝑟/

4√𝑛𝑎𝑖𝑟𝑛𝐴𝑔 𝑃𝐷𝑀𝑆⁄  and the solid lines represent the theoretical glass profile. 
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As shown in Figures 4-7(a) and (b), we observe that the refractive index of Ag-on-

PDMS substrates decreases with increasing sputtering time, i.e., increasing Ag film thickness. 

The behavior is consistent for the thicker PDMS coatings as well (Figure 4-7(c)). Also, the 

refractive indices of Ag-on-PDMS substrates are lower than the corresponding pristine PDMS 

substrates for all cases. The observed decrease of RI for Ag sputtered PDMS is due to boundary 

effects 167,180. The RI of metallic silver is much smaller than that of PDMS. Thus, its deposition 

changes the interfacial properties of PDMS coatings, which finally contributes to the decrease 

of effective RI of the whole structure. Briefly, at the early stage of silver deposition process, 

Ag particles partially diffuse inside the PDMS coating and combine with the elastomer to form 

PDMS-encapsulated nanoparticles 211,212. Subsequently, with increasing deposition time, more 

Ag will appear on the top surface of the PDMS coating, forming silver clusters 211–213. When 

the deposition time is long enough, more Ag will cover the cluster and form a continuous, thin 

Ag film of certain thickness. The different metal-polymer structures thus formed contribute to 

different decreasing trends of effective RI for 𝑃10  and 𝑃20  substrates with Ag deposition 

(Figures 4-7(a) and (b)). Further, similar to pristine PDMS coatings, here also, the predicted 

refractive index corresponding to the green wavelength is marginally higher than the one for 

the red wavelength. In this regard, exceptions are observed for a few cases, i.e., P20 (35 µm) – 

Ag (10s) and P20 (35 µm) – Ag (90s)  substrates (Figure 4-7(b)). On the other hand, the 

measured contact radii of glass spheres on Ag-on-PDMS substrates are lower than that 

observed on pristine PDMS substrates and monotonically decreases with increasing Ag 

sputtering time (Figures 4-7(d)-(e)). Further details on the variation of glass sphere profile and 

contact radius for different Ag sputtered thick/thin PDMS coatings are included in the 

Appendix B (Figures B4-7-11, Appendix B). Consequently, the predicted Young's modulus of 

Ag-on-PDMS substrates increases with increasing sputtering time (Figures 4-7(d)-(e)). The 

trend is consistent for thick PDMS coatings as well (Figure 4-7(f)). For the predicted elastic 

modulus of Ag-on-PDMS substrates, we consistently used the Hertz theory. Using JKR theory 

provides an overestimation for elastic modulus values (Figure B4-12, Appendix B). As a result, 
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we can safely assume that the role of adhesion is negligible since the PDMS substrates used 

are on the stiffer limit rather than very soft. 

 

Figure 4-7 (a) Variation of the refractive index corresponding to both green and red wavelengths with Ag 

sputtering time for 35 µm thin PDMS 10:1 substrate. (b) Variation of the refractive index corresponding to both 
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green and red wavelengths with Ag sputtering time for 35 µm thin PDMS 20:1 substrate. (c) Variation of the 

refractive index corresponding to both green and red wavelengths with Ag sputtering time for 1mm thick PDMS 

10:1 and PDMS 20:1 substrate. (d) Variation of experimentally obtained contact radius of glass probe and 

calculated Young's modulus (using Hertz theory) with Ag sputtering time for 35 µm thin PDMS 10:1 substrate. 

(e) Variation of experimentally obtained contact radius of glass probe and calculated Young's modulus (using 

Hertz theory) with Ag sputtering time for 35 µm thin PDMS 20:1 substrate. (f) Variation of experimentally 

obtained contact radius of glass probe and calculated Young's modulus (using Hertz theory) with Ag sputtering 

time for 1mm thick PDMS 10:1 and PDMS 20:1 substrate. Error bars represent standard deviations calculated 

from three independent experiments. In some cases, they are smaller than the symbol size and thus not visible. 

4.3.3 Au film on PDMS coating 

 

Figure 4-8 (a) and (c) Interference signatures of glass spheres in contact with Au coated soft PDMS substrates 

P10 (35 µm) - Au (60s) and P20 (35 µm) - Au (60s). (b) and (d) Plots of glass sphere profiles for the interference 

signature shown in (a) and (c) along the dashed lines. The symbols represent the height extracted using ∆ℎg,r =

𝑚λg,r/4√𝑛air𝑛Au PDMS⁄  and the solid lines represent the theoretical glass profile. 
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Here, we reveal our findings for Au sputtered PDMS substrates of 35 µm thickness for 

Au deposition times of 30 s, 60 s, and 120 s. Consequently, in a manner consistent with pristine 

PDMS and Ag sputtered PDMS substrates, we used a glass probe and extracted its profile using 

the corresponding effective refractive medium relation, i.e.,  ∆ℎg,r = 𝑚λg,r/4√𝑛𝑎𝑖𝑟𝑛𝐴𝑢 𝑃𝐷𝑀𝑆⁄ . 

As shown in Figures 4-8(b)-(d), the fitted profile perfectly matches the glass sphere shape. 

Here, the used refractive index, i.e., 𝑛Au PDMS⁄  values for P10 (35 µm) – Au (60s) are 1.23 (488 

nm) and 1.16 (561 nm) and that for P20 (35 µm) – Au (60s) are 1.22 (488 nm) and 1.16 (561 

nm). Similar to Ag sputtered PDMS substrates, here also, the refractive indices are lower than 

that of pristine PDMS substrates. As shown in Figures 4-8(a) and (c), we observe that the 

contact region has a bright center due to Au deposition. To elaborate further on the 

experimentally obtained refractive index values, in Figures 4-9(a) and (b) we show the 

variation of refractive index values with Au deposition times on PDMS 10:1 and PDMS 20:1 

substrate. We observe that refractive index gradually decreases with increasing Au deposition 

times. The refractive indices obtained for the green wavelength (ng) are larger than those 

obtained corresponding to the red wavelength (nr) for all cases. In contrast to Ag-on-PDMS 

substrates, here the difference between ng and nr are comparatively large. Here, we note the 

refractive index of Au exhibits a significant change in the wavelength range of 450 nm - 600 

nm, which is reflected on Au/PDMS bilayers as well. In addition, we also observed that the 

contact area appeared slightly non-circular (Figure 4-8(a) and (c)), which may arise from 

variations in the roughness/coverage of the thin Au film. While such effects are not expected 

to substantially affect the refractive index fitting presented here, they highlight aspects that 

merit further investigation in future. Besides, from the observed footprint of the glass probe on 

the Au sputtered PDMS substrates, we observed that the contact radius is marginally higher 

than that for Ag sputtered PDMS of same deposition time. For instance, for a sputtering time 

of 120 s, the contact radius on Au-on-PDMS (P10) is 78.4 µm, whereas the corresponding 

contact radius on the Ag-on-PDMS substrate (P10) is 75.7 µm. Consequently, as shown in 

Figures 4-9(c)-(d), using the experimentally extracted contact radius and Hertz theory, we 
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evaluate the elastic modulus of Au sputtered PDMS substrates. In a manner consistent with 

Ag-on-PDMS substrates, here also increased Au sputtering enhances the stiffness of the 

bilayers. For instance, a 120 s sputtering duration of Au enhances the Young’s modulus by 

approximately a factor of 2 for both the curing ratios. 

 

Figure 4-9 (a) and (b) Variation of the refractive index corresponding to both green and red wavelengths with Au 

sputtering time for 35 µm thin PDMS 10:1 and PDMS 20:1 substrate. (c) and (d) Variation of experimentally 

obtained contact radius of glass probe and calculated Young's modulus (using Hertz theory) with Au sputtering 

time for 35 µm thin PDMS 10:1 and PDMS 20:1 substrate. Error bars represent standard deviations calculated 

from three independent experiments. In some cases, they are smaller than the symbol size and thus not visible.  
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4.3.4 Comparison with UV/Vis measurements 

         Here, we compare our predicted refractive index values with those measured 

using UV-Vis spectroscopy measurements. It should be noted here that we performed the 

comparison for only thin PDMS coatings. For spectroscopy measurements, the Transmittance 

and Reflectance measurements are performed, and the refractive index is calculated using 

known relations (B4-9 and Figures B4-13-15, Appendix B). As shown in Figure 4-10, the 

predicted refractive index values from RICM measurements are in close agreement with those 

obtained from spectroscopy measurements. Notably, for bare PDMS, the refractive indices 

obtained from RICM are slightly lower than those from UV-Vis. This can be attributed to 

RICM probing local effective optical paths that are sensitive to nanometric air gaps or 

interfacial deformation at the soft substrate, whereas UV-Vis assumes a laterally uniform, fully 

dense PDMS layer with negligible absorption. In contrast, for metal-coated PDMS, RICM 

yields slightly higher refractive indices than UV-Vis, likely due to additional phase shifts upon 

reflection introduced by the metallic layer, while UV-Vis fitting underestimates the refractive 

index when absorption is negligible. For example, for the substrate P10 (35 µm) – Ag (10s), the 

refractive indices calculated using RICM measurements are ng = 1.25 and nr = 1.22, whereas 

those measured using UV/Vis are ng = 1.18 and ng = 1.18. Further, for the substrate P10 (35 

µm) – Au (30s), the refractive indices calculated using RICM measurements are ng = 1.32 and 

nr = 1.20, whereas those measured are ng = 1.27  and nr = 1.17. Thus, for the aforementioned 

cases, the predicted values are within 5.9 % (ng) and 3.4 % (nr) of the measured values for the 

Ag/PDMS substrate whereas they are within 3.6 % (ng) and 1.7 % (nr) for the Au/PDMS 

substrate. Overall, the predicted values are within 5.6 ± 1.3 % of the measured values for 

PDMS 10:1 substrate with Ag film and within 5.7 ± 1.8 % for PDMS 20:1 substrate with Ag 

film. Similarly, for the Au sputtered substrates, the predicted values are within 6.1 ± 3.2%  for 

PDMS 10:1 substrate and within 6.0 ± 3.5 % for PDMS 20:1 substrate. We highlight that for 

UV/Vis measurements, knowledge of refractive indices of the different mediums involved is 

required as a priori. However, the current technique offers the unique advantage of predicting 
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the effective refractive index of metal-polymer bilayer films without knowledge of the 

refractive indices of individual mediums, i.e., metal and polymer. Consequently, the current 

technique can be extended to different compositions of metal-polymer bilayers and thus 

provides broad applicability. At the same time, the assumption of parallel stratified layers is 

valid within a certain spatial range but begins to deviate when the probe curvature becomes 

significant. Specifically, for radial distances r ≤ 200 μm, the reconstructed profiles fitted with 

effective refractive index neff closely matches the true profile of the glass probe. However, for 

r > 200 μm, slight deviations were observed (Figures 4-4(b) and (d), 4-6(c), and 4-8(b)), with 

the reconstructed profiles fitted with effective refractive index neff tending to underestimate the 

true probe profile. This deviation can be attributed to the increasing slope of the spherical 

curvature at larger r, which leads to an increase in the effective air gap thickness in the optical 

path. Since our analysis region is confined to relatively small areas, we approximated the glass 

slide / PDMS (or Ag- /Au- coated PDMS) /glass sphere system is as three parallel layers. While 

this approximation is reasonable within the analyzed region, its limitations should be 

acknowledged when extending to larger r where curvature effects become non-negligible. 

Future studies should investigate the transition between the parallel-layer and curvature-

dominated regimes in a more systematic manner. In particular, additional optical factors such 

as the numerical aperture of the objective, the pinhole size in confocal detection, and the 

angular distribution of incident light should be considered. These parameters are expected to 

influence the effective optical path length and the sensitivity of the interference signal to 

curvature, thereby determining the range of validity of the current approach. Lastly, we note 

that the proposed technique does not provide any information regarding the complex part of 

the refractive index since RICM is inherently limited to reflected light only.   
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Figure 4-10 (a) Comparison of refractive index ng values between RICM and UV/Vis spectroscopy measurements 

corresponding to wavelength, λ = 488 nm for Ag/PDMS bilayer films of varying deposition times for PDMS 

coating thickness of 35 µm. (b) Comparison of refractive index nr values between RICM and UV/Vis spectroscopy 

measurements corresponding to wavelength, λ = 561 nm for Ag/PDMS bilayer films of varying deposition times 

for PDMS coating thickness of 35 µm. (c) Comparison of refractive index ng values between RICM and UV/Vis 

spectroscopy measurements corresponding to wavelength, λ = 488 nm for Au/PDMS bilayer films of varying 

deposition times for PDMS coating thickness of 35 µm. (d) Comparison of refractive index nr values between 

RICM and UV/Vis spectroscopy measurements corresponding to wavelength, λ = 561 nm for Au/PDMS bilayer 

films of varying deposition times for PDMS coating thickness of 35 µm. 

4.4 Conclusion  

In summary, we propose a simple and convenient methodology to predict the refractive 

index and elasticity of silver (Ag) and gold (Au) sputtered PDMS thick/thin coatings. Using 

the interference signature of a glass sphere of known shape atop the Ag/PDMS and Au/PDMS 
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bilayer substrates, the measurements of refractive index are first standardized for pristine 

PDMS coatings and then applied for PDMS coatings with Ag and Au films of varying 

thickness. It was found that the conventional procedure of glass sphere height extraction from 

interference fringes does not apply to such PDMS coatings on glass slides. Consequently, we 

proposed a modified refractive index 𝑛eff accounting for refractive indices of both PDMS (or 

Ag/PDMS and Au/PDMS) medium and air medium to accurately extract the height profile of 

the glass sphere. Upon successful fitting of glass sphere profiles on the two different metal-

polymer bilayer substrates using 𝑛eff, the refractive index of Ag/PDMS and Au/PDMS bilayer 

substrates of varying deposition times are extracted. The use of dual wavelength enables 

refractive index extraction corresponding to the two different wavelengths, i.e., 𝑛g (488 nm) 

and 𝑛r  (561 nm). For both Ag/PDMS and Au/PDMS substrates, it was observed that the 

refractive index decreases with increasing metal deposition times, i.e., metal film thicknesses. 

The behavior is consistent for PDMS substrates of two different elasticities and coating 

thickness. Comparison of predicted 𝑛  values with corresponding UV/Vis spectroscopy 

measurements yield satisfactory results. Using the same experiment, we were further able to 

measure the contact radius of glass spheres atop the metal sputtered PDMS substrates. 

Consequently, using Hertz theory, we were able to predict the elastic modulus of such thin 

metal films on PDMS.  

4.5 Outlook  

The proposed methodology is simple and robust and might be extended to other metal 

films like Cr, Pt, etc., deposited on polymers since knowledge of individual refractive indices 

is not required as a priori. Apart from not being able to quantify the complex part of the 

refractive index, the only other limitation in the proposed technique appears to be 

characterizing optical properties of thick PDMS coatings, which exhibit a decrease of 

refractive index values due to possible variation of material density. Using a single experiment 

to predict two different material properties should boost efforts characterizing such bilayer 
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films, which typically involves multiple, complex measurements and calculations, and is thus 

of immense utility towards designing SERS active substrates for diverse applications.  
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Chapter 5 

Profiling contact ridge of soft substrates with metallic thin films using a 

novel interference technique 

As technology moves toward flexibility, embedded systems, and miniaturization, 

which often have metallic elements integrated with the functional substrates, understanding 

the contact deformation of such soft substrates coated with thin metallic films is crucial. 

However, probing nanoscale deformations optically, typically in a few hundred nanometers, 

poses challenges. DW-RICM holds promise in unveiling nanoscale deformations. However, 

when paired with conventional glass probes to measure deformation of underlying soft 

substrates, DW-RICM faces limitations due to light reflection at the glass-air interface, 

impeding accurate determination of the contact zone (e.g., contact area, contact ridge). Here 

we hypothesize that using alternative probes to eliminate unwanted reflections can enhance 

understanding of soft substrate deformation with thin metallic films (bilayer substrates). In this 

work, we investigate the deformation profile of viscoelastic soft substrates with sputter-coated 

gold thin films (referred to herein as bilayer substrates) using DW-RICM. We employ 

millimeter-sized black ink-coated glass spheres as probes, absorbing most light under DW-

RICM. We focus our laser beams associated with DW-RICM in the contact zone between the 

probe and the underlying soft substrates. Our new technique of using black ink-coated glass 

probes in contact with soft bilayer substrates enables us to accurately extract the deformation 

profile, particularly the contact ridge. With the increase in the gold sputter coating time, the 

contact area and contact ridge of gold-polymer bilayer substrates decrease. Further, long-term 

contact analysis of gold-coated soft substrates reveals a steady increase in the contact ridge 

height over time, unlike the gradual decrease observed in their bare counterparts until reaching 

a steady state. 
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5.1 Introduction 

Contact deformation of soft substrates is of fundamental importance in fields ranging 

from colloid science and biomedicine to sustainable energy generation 214–216. For example, 

the measurements of the contact area and the contact ridge have been utilized to determine the 

adhesive and elastic properties of soft substrates 217. In the increasingly widespread application 

of multifunctional flexible materials, for instance, bilayer or multilayer metal-polymer 

laminate substrates, understanding their contact deformation behaviours plays a pivotal 

enabling role in enhancing and optimizing its distinctive synergistic properties, including 

exceptional thermal and electrical conductivity with remarkable impact resistance 218–221. 

However, these deformations are often in the micro and nano scales, making it notoriously 

difficult to probe with high accuracy. Conventional techniques to measure such small-scale 

deformations include fluorescence microscopy 58,222–224, confocal microscopy 101,102, and X-ray 

imaging 225. However, these conventional techniques are faced with many challenges, as 

described later. Therefore, it is desired to develop a visualization or imaging technique that 

circumvents the existing challenges to decipher micro/nano-scale deformation of soft 

substrates, especially the bilayer/multilayer metal-polymer substrates.  

Fluorescence microscopy utilizes the advantages of site-specific fluorescent labeling to 

provide a method of imaging structures with a micrometer resolution. The imaging resolution, 

however, is predominantly constrained by the UV-visible wavelength range, which is subject 

to limitations imposed by either Abbe's law or Rayleigh's law 222. Laser scanning confocal 

microscopy (LSCM) is built around a conventional epifluorescence light microscope, which 

can serially produce thin optical sections of 0.5 ~ 1.5 µm through fluorescent specimens with 

the thickness more than 50 µm 226,227. The limitation lies in the restricted availability of 

excitation wavelengths from common lasers, which are confined to narrow bands and incur 

high production costs in the ultraviolet (UV) region 228. Besides, high-intensity laser irradiation 

poses potential risks to the viability and integrity of living cells and tissues 229. X-ray imaging 

is an effective modality of medical imaging due to exceptional penetrative capacity with 
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wavelengths of 0.01 nm ~ 10 nm 222,230,231. It is extensively applied for non-destructive 

measurements, such as material thickness gauging and internal defects inspection 232,233. A 

major concern of X-rays is that they can ionize, which damages living cells 234. 

Dual-Wavelength Reflection Interference Contrast Microscopy (DW-RICM) is a 

particularly promising technique whereby an object either in contact or close to a surface is 

illuminated from bottom using two monochromatic light sources operating at low power and 

the reflected light is collected to form the interference fringes. The interference signature is 

subsequently analyzed with relative ease. The method is convenient, requires no fluorescent 

labeling, and can be combined with other detection instruments 235–237. It has already produced 

a significant impact in cell and lipid adhesion studies, particles-soft substrates interactions as 

well as energy generation due to the vast potential behind RICM’s operational simplicity, 

adequately high spatial (nanometer-scale) and temporal resolution (microsecond-scale), and 

distinctive non-invasive ‘view from below’ perspective 214,234,237. For example, RICM was used 

to investigate the impact of random multiscale surface roughness on triboelectric 

nanogenerators' performance by directly visualizing the contact interface 214. It has also been 

an imaging modality of choice for investigating soft contact 105–107, wetting dynamics 

44,57,79,99,200,238–241, the existence and impact of surface hydration of regenerated cellulose 

underwater 242 as well as topography of thin films in microfluidic channels 243. For example, 

in soft contact of gels, RICM enables the probe of the microscale contact area of interest, 

observes the long-term development of contact deformation, and constructs the profile of free 

liquid under compression by observing the contact area as well as the interference fringes 

outside the contact area over time without dye molecules 44. Moreover, RICM has been 

successfully employed to probe droplet evolution (evaporation and condensation) on rigid 

substrates 44,79,200 as well as the morphology of the three-phase contact line of water droplets 

resting on soft substrates 57. In a recent study, we have demonstrated how RICM can 

successfully determine the elastic moduli and refractive indices of metal-polymer bilayer films 

by combining the known weight and profile of a glass probe in contact with the said films 113. 
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The principle of DW-RICM is based on the interference of reflected light at different 

optical interfaces (see details in C5.1, Appendix C), which has been summarized in our 

previous works 44,57,79,113,200,210 and existing literature 78,202,235,244. In the study of contact 

systems with multiple components, the characteristic fringe patterns contain information of an 

upper component’s deformation profile near the contact boundary with a lower component. A 

glass sphere is commonly employed as a probe in combination with RICM 44,105–107,113,241. 

However, this method has difficulties in measuring the contact deformation of soft substrates 

because the interface of the glass sphere reflects light, thereby interfering with the light 

associated with the deformation information of underlying soft coatings. 

Herein, we report a simple approach to negate background interference and obtain high-

quality interference fringes solely providing the deformation information of the underlying soft 

substrates. We coated the probes with black ink that absorbed almost all the incident light. And 

we hypothesize that using a black ink-coated glass can eliminate unwanted light reflections so 

as to allow us to probe soft substrate deformation through interference fringes. Thus, the 

interference fringes allow us to visualize the contact zone between the probe and soft substrates, 

which is otherwise not optically accessible, and to quantitatively characterize the contact ridge 

near the three-phase contact boundary. 

5.2 Experimental  

5.2.1 Preparation of black ink-coated probe 

The black ink used for coating the glass sphere (probe) consists of two different types 

of black ink to enhance the bonding between the glass sphere and black ink. Black ink #1 

(Musou Black, KOYO Orient Japan Co., Ltd.) is a water-based acrylic paint with a light 

absorption up to 99.4%. Black ink #2 (Glass Paint black, DecoArt) is a commonly used black 

ink for glass coating. The final black coating was prepared by mixing black ink #1 and black 

ink #2 at a weight ratio of 1:1 using a planetary mixer (ARE-310, Thinky Corporation) for 6 

mins. Before coating, the glass spheres with a radius of 2.6 mm (8996 K24, McMaster-Carr) 
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were rinsed thoroughly with isopropanol (IPA) and ethanol and finally dried with N2. The 

cleaned glass spheres were coated with the prepared black ink using dip-coating with a coating 

speed of 2 mm/s. A hold time of 1 minute was maintained to ensure stable contact between the 

glass sphere and the ink bath. Finally, the ink-coated glass probe was dried at 22˚C - 24˚C for 

24 hrs. Before each experiment, the ink-coated glass probe was sonicated in IPA for 3 mins to 

remove any pigment particles adhering to the surface, and subsequently dried at 22˚C - 24˚C 

for 4 hrs. The morphology and radius of the black ink-coated glass probe before and after 

sonication were inspected by handheld digital microscopy (Dino-Lite, AM73915MZT Edge) 

(Figure C5-2, Appendix C). The final radius and weight of the black ink-coated glass probe 

are 2.615 mm and 1.3 mN, respectively. The roughness of black ink coating after sonication in 

IPA was measured by a surface profiler (KLA-Tencor P-6 profiler, HERZAN) (Figure C5-3, 

Appendix C), which is 1.29 µm. Besides, we obtained black ink-coated probes with different 

sizes and weights by replacing the glass sphere with other materials, like steel balls. For 

instance, we prepared a series of truncated black ink-coated steel probes with a diameter of 19 

mm and a weight of 299.3 mN. 

5.2.2 Optical loss measurement of black ink 

The transmittance (T) and reflectance (R) of the black ink (ink #1: ink #2 = 1:1) mixture 

were confirmed by coating the ink on a glass slide and then performing UV-Vis measurements 

(PerkinElmer Lambda 35 &1050 UV-Vis) over the wavelength range of 200 nm - 1100 nm at 

20°C. For these measurements, we spin-coated 0.7 mL of the prepared black ink on freshly 

cleaned glass slides (Microscope slides, Sail Brand, dimensions: 76.2 mm x 25.4 mm x 1 mm) 

at 2000 -3000 rpm, resulting in a uniform ink film thickness of around 15 µm and consequently 

dried the film under ambient conditions for 12 hrs. The optical loss (L) of the black ink was 

calculated by the equation 𝐿 = 1 − 𝑇 − 𝑅, which includes the absorption (A) and scattering (S) 

(see Figures C5-4 and C5-5, Appendix C) 203. The optical loss (L) of black ink #1 is 98.5 % at 

466 nm and 561 nm. The reflectance of black ink #1 is less than 2 %. Similarly, the observed 

optical loss (L) of the mixed black ink mixture (ink #1: ink #2 = 1:1) is 97.3 % at 466 nm and 
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561 nm. The reflectance of the ink mixture is less than 3 %. It was indicated that the reflected 

light from the black ink-coated probe is extremely weak and thus does not superimpose on the 

interference fringes of interest, i.e., from the metal-polymer bilayer substrate. 

5.2.3 Preparation of soft coatings 

Soft coatings were spin-coated on a cleaned glass slice (dimensions: 76.2 mm × 25.4 

mm ×1 mm) by adjusting the volume of the silicone elastomer (PDMS) (Dow Corning, Sylgard 

184) and spin rate. The soft substrates with different Young's modulus were prepared by 

mixing base and curing agent at weight ratios of 10:1, 20:1, 35:1, 45:1, and 60:1, respectively. 

The PDMS solutions were mixed and degassed for 10 mins by the planetary mixer. To achieve 

the coating thickness at 35 µm, each mixture (volume: 0.7 mL) was spin coated on the glass 

slice at 3000 rpm. For simplicity, throughout the remainder of the text, the soft substrates with 

weight ratios of 10:1, 20:1, 35:1, 45:1, and 60:1 are referred to as P10, P20, P35, P45, and P60, 

respectively. 

5.2.4 Preparation of Au-coated soft substrates 

A gold (Au) thin film was sputtered on the soft substrates by magnetron sputtering 

coater (Denton Vacuum Desk II) with a current of 15 mA at 22 ˚C - 24 ˚C. The thickness of 

the Au film was manipulated by adjusting the sputtering time with a deposition rate of 1.38 

Å/s. For instance, the thickness of Au sputtered on a glass slice for 120 s was ~16.5 nm (Figure 

C5-6, Appendix C), measured by an atomic force microscopy (Pacific Nanotechnology AFM 

Nano-R). We sputter-coated Au on the soft substrates of P35, P45, and P60 with the sputtering 

time of 10 s, 30 s, and 60 s. Those sputtered PDMS coatings are named P35 (35 µm)-Au (10 s), 

P35 (45 µm)-Au (30 s), and P60 (35 µm)-Au (60 s).  

5.2.5 Measurements of RICM 

The custom-built DW-RICM unit that we used was consisted of LSM 800 (Carl Zeiss, 

Germany) and equipped with two focused monochromatic laser with wavelengths λgreen = 488 
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nm and λred = 561 nm (Figure 5-1(a) and Figure C5-7, Appendix C). To confirm the feasibility 

of black ink, the ink-coated glass probe of radius 2.615 mm was carried on a cleaned glass 

slide, as shown in Figure 5-1(b). We assume the ink-coated probe is perfectly spherical. As the 

black probe-air interface is curved, the curved surface is assumed to be composed of numerous 

succession of infinitesimal horizontal steps 78. Hence, the black probe-glass slide structure is 

simulated by a three-layer of parallel dielectric layers 228 (Figure 5-1(c)). Even though this 

approach involves a fair amount of approximation, the advantage of this model is that the 

distance between the substrate and the objective can be directly determined by the cosine 

transformation, i.e., it simplifies the calculations and can be employed for any complex multi-

layer system. Further, we note that Theodoly et al. 78 successfully employed this model for 

their RICM image reconstruction to obtain the profiles of polystyrene beads in close proximity 

to a glass slide in a glucose solution. For imaging in the DW-RICM mode, we used an objective 

lens with a magnification of 10× and a numerical aperture (NA) of 0.3 (EC Plan-Neofluar, 

Carl Zeiss, Canada). The interfaces of interest were raster scanned simultaneously using two 

laser beams by the galvanometric mirror. In this system, the glass slide - air interface is the 

observation plane. In stark contrast to observations for bare glass spheres (Figure C5-1, 

Appendix C) 44,113, we observe that there are no interference fringes, indicating negligible 

reflection from the glass sphere for the ink-coated probe on glass slide (Figure 5-1(d)). This is 

because incident light rays are only reflected from the interference of glass slide-air while a 

majority of the incident laser that reached the air-black ink-coated probe interface was 

absorbed or scattered away. We confirm the validity of the black ink coating, which is essential 

for the subsequent experiments and analysis from this calibration experiment. 

A black ink-coated probe of appropriate weight and size was selected and placed on 

the soft substrates.  To obtain clear interferograms, imaging was conducted in confocal mode 

with a pixel size of 1240 pixels ×  1240 pixels, where 1 pixel = 0.52 µm. The Z-stack 

multidimensional acquisition function was applied to scan from the PDMS/glass slide interface 

up to a height upper the free surface of the soft substrates. Each slice was scanned at 1 µm 
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intervals. Furthermore, the time-series multidimensional acquisition function was applied to 

scan the interference planes of interest with a minimal time interval of 1 s, which was sufficient 

to record the evolving processes and confirm the stable state. Through these two functions, 

sufficient slices were obtained to obtain the interference planes of interest. For each sample, 

we selected and confirmed the images where the focal plane was located on the free 

undeformed surface of soft substrates and when the deformation reached the steady state 

through comparing the variation of interference fringes and laser intensity of those slices. In a 

similar manner, gold-coated soft substrates were examined using the black-inked probe. 

 

Figure 5-1 (a) Schematic of Dual Wavelength - Reflectance Interference Contrast Microscopy (DW-RICM) set-

up. Light sources: λg = 488 nm and λr = 561 nm. DM: Dichroic Mirror. GM: Galvanometric Mirror.  SRM: Semi-

refractive Mirror. PMT: Photomultiplier Tube. (b) Photo of a black ink-coated glass probe atop a glass slide used 

in the calibration experiment. Scale bar: 2 mm. (c) Schematic of optical configurations: the three parallel dielectric 

layers of black ink coated probe / air / glass slide represented the curved probe profile. n1, n2 and n3 are the indices 

of refraction of glass, air, and black ink, respectively. (d) Images from DW-RICM at green and red wavelengths. 
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5.2.6 Refractive indices of soft substrates and Au-coated soft substrates 

To determine the contact deformation of the metal-polymer substrates, it is crucial to 

determine their refractive indices first. In this regard, we used the methodology reported in our 

previous work where we used the RICM signature of a bare glass probe and fitted the known 

glass sphere profile to extract the refractive indices of Au-coated PDMS substrates 113. Briefly, 

RICM measurements were performed in ways similar to that described in section 5.2.5 except 

that the ink coated glass probe was replaced by the bare glass probe. By using the confocal 

mode of the RICM set-up, we obtain the interference fringes solely from the bare glass probe 

(see Figure C5-1, Appendix C). Consequently, from the RICM interference fringes, the 

refractive indices were determined by comparing the real profile of the bare glass probe (ℎ =

√26002 − 𝑎2 − √26002 − 𝑟2) with the reconstructed profile (ℎ = 𝑚𝜆/4√𝑛𝑎𝑖𝑟𝑛𝑃𝐷𝑀𝑆). Here, 

ℎ is the profile of the probe; 𝑎 is the contact radii between the probe and soft substrates; 𝑟 is 

the radius; 𝑚 is the order of consecutive bright and dark fringes; 𝜆 is the wavelength of laser; 

nair is the refractive index of air (nair = 1); nPDMS is the refractive index of PDMS. The 

determined results are illustrated in Figure 5-2 and C5-8, Appendix C. The refractive indices 

of Au-coated soft substrates were measured in the same method using ℎ𝑔,𝑟 = 𝑚𝜆/

4√𝑛𝑎𝑖𝑟𝑛𝐴𝑢 𝑃𝐷𝑀𝑆⁄ , where nAu/PDMS is the refractive indices of Au-coated soft substrate (see 

Figures 5-2 and 5C-9, Appendix C). 

 

Figure 5-2 Calculated refractive indices. Au-coated soft substrates: (a) P35, (b) P45, and (c) P60 with different 

sputter coating times of 0 s, 10 s, 30 s, and 60 s under wavelengths of 488 nm and 561 nm. 
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5.2.7 Measurements using Raman spectroscopy 

A Raman spectrometer (HORIBA scientific, XploRA Plus) equipped with a 

microscope (OLYMPUS, LMPlanFL N) was employed to further confirm the long-term 

deformation dynamics associated with the contact deformation of the substrate P60-Au (10 s). 

The wavelength of the excitation laser was 638 nm. The diameter of the laser spot focused on 

the substrate is less than 5 μm. The scattered laser was collected by a 50× objective lens with 

a numerical aperture (NA) of 0.5. The laser power was set as 1.41 mW with an integration time 

of 10 s. For Raman measurements without a glass probe, the laser was focused directly on the 

sample surface. For measurements with a glass probe, a 2.5-mm-radius hemispherical lens 

(BOHR OPTICS, H-K9L Half Ball Lens) was used to replace the glass probe and ink-coated 

probe used in the RICM measurements since the glass probe affects the laser path, inducing 

scattering. The actual image of the experimental measurement setup of Raman spectroscopy 

incorporating a hemispherical lens and the comparison of the effect of a hemispherical lens 

and glass probe on the laser spot are shown in Figures C5-10 and -11, Appendix C. During the 

Raman measurements, the laser spot was focused on the sample surface, which was close to 

the center contact area and within the contact deformation region (between points A and C in 

Figure 5-3(a) (right)). To ensure the same test point, the sample was kept stationary on the 

carrier table until the end of the test. The Raman spectra of the surface and internal of bare P10 

and P60 (Figure C5-12, Appendix C), and the surface of P60-Au (10s) without placing a 

hemispherical lens (Figure C5-13, Appendix C)  were examined for comparison. 

5.3 Results and discussion   

The schematic of the RICM laser paths of a glass probe in contact with a soft substrate 

is shown in Figures 3a and b. For a millimeter-sized glass probe on a P10 substrate, the contact 

area and contact deformation are determined by the elastic modulus and finite thickness of the 

soft substrate 44,113. In Figure 3b, for contact on P10 with finite thickness, a clean uniform 

pattern of concentric Newton’s rings occurred outside the contact area (the central dark region). 

However, the observed fringes offered no information regarding the deformation of the 
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underlying soft coating. In this system, three interfaces reflect light: the interface of a glass 

slide-PDMS, the interface of PDMS-air, and the interface of air-the edge of a glass probe. For 

P10, the contact interface is below the free surface of the soft coating, and the deformation 

profile of the soft substrate gradually goes up from its lowest position at the bottom of the 

probe to the free surface (see Figure 5-3(a) (left)). Since the elastic modulus of P10 is relatively 

large, the indentation depth is as small as a few nanometers. Under this condition, the incident 

angle is small, and most incident light goes through PDMS up to the edge of the glass probe. 

Consequently, the reflected light from the PDMS–air interface is negligible, being weak 

compared to the reflected light from the glass probe–air interface. Therefore, the clear 

interference fringes shown in Figure 5-3(b) (left) represent the profile of the glass probe 113. 

For the glass probe on a relatively softer substrate, i.e., P60, the periodic and sharp interference 

fringes often disappear over time and are replaced by partial complex interference fringes close 

to the contact zone of the probe with the PDMS (Figure 5-3(b) (pink box)). On the one hand, 

away from the contact zone, the interference fringes become progressively clearer, showing 

different periodicity (Figure 5-3(b) (right blue box)). Thus, though the outer ring of 

interference fringes originates from the deformation of the underlying soft coating, the inner 

ring of complex fringes results from the superposition of interference fringes from the glass 

probe and the soft substrate, making it difficult to determine the deformation profile near the 

contact boundary.  
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Figure 5-3 (a) Schematics of a 2.6-mm-radius glass probe in contact with PDMS 10:1 (P10) (left) and PDMS 60:1 

(P60) (right) coating of finite thickness of 35 µm and the laser path. n1, n2 and n3 are the indexes of refraction of 

glass slice, air, and PDMS coating, respectively. The origin O is inside the glass probe. Point D is the lowest point 

of the glass probe that contacted with soft coating. Point H1 is located at the interface between the PDMS coating 

and the glass slide. Point A is located at the contact boundary between the glass probe and the PDMS coating. 

Point B is the crossing point of the free surface of soft coating with the r-axis. Point C is the base of the contact 

ridge. (b) RICM observation of a bare 2.6-mm-radius glass sphere sitting on a soft substrate with different 

elasticities: P10 (35 µm) and P60 (35 µm), and the corresponding reconstructed profile of glass probe (left: blue 

box) and partial contact deformation profile of P60 (35 µm) (right: blue box) based on the interference fringes. 

We initially tried a wide range of probe materials, such as steel balls, ceramic balls, 

rubber balls, black polymer-coated glass spheres (uniform surfaces), and blue dye / Rhodamine 

6G / mark pen-dyed glass balls to overcome the challenges of analyzing complex interference 

fringes around the contact area of softer substrates caused by the contact with probes. However, 

all of them still reflected light from the probes. The challenge appears to be a trade-off between 

the smoothness of the probe and light absorption capability. To confirm the feasibility of using 

black ink-coated probe and reconstruct the deformation profile of Au-sputtered PDMS 
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substrates, we first applied the ink-coated probe on pristine PDMS substrates without thin 

metal films.  

5.3.1 Deformation profiles of pristine polymer substrates   

In Figure 5-4, we show the interferograms of P45 (35 µm) and P60 (35 µm) soft 

substrates using a black ink-coated probe of a weight of 1.3 mN, and a radius of 2.615 mm. 

Compared to the bare glass probe, the interference fringe pattern is significantly clearer near 

the contact boundary. The contact areas (central dark zone in Figures 5-4(c) and (e)) are mostly 

dark except at the edges where the roughness of the black ink surface induces local 

inhomogeneity. By summing areas of all the dark regions, the average contact radii of P45 (35 

µm) and P60 (35 µm) are determined to be 187.96 µm and 265.67 µm, respectively. The 

advantages of the ink-coated probe are illustrated in Figure 5-4a, where we set the free, 

undeformed part of the soft substrate as the horizontal zero-axis (r-axis). The probe deforms 

the free surface of PDMS; the lowest point D of the probe contacts and then compresses the 

PDMS soft substrate until it reaches the equilibrium configuration. The origin O (0,0) is inside 

the probe. The point B (b, 0) is on the interface between the probe and the r-axis. The final 

position of point D (0, √𝑅2 − 𝑏2 − 𝑅 ) is below the r-axis. The point A  (𝑎, √𝑅2 − 𝑏2 −

√𝑅2 − 𝑎2) is located at the boundary of the contact region of the probe and soft coating, which 

is also below the horizontal r-axis. Near the boundary of the contact zone (𝑎 < 𝑟 < 𝑐), the 

deformation profile of the soft substrates forms a ridge-like structure and eventually levels with 

the free surface at the point C (c, 0). For the region 𝑟 ≥  𝑐, the soft substrates are undeformed 

(Figure 5-4(a)).  

To reconstruct the deformation profile of the soft substrates, height information at point 

B is a prerequisite, which can only be resolved using the black ink-coated probe with no 

background reflections from the probe surface. From the interferograms, we extract the entire 

profile of the deformed soft substrate by setting the free undeformed surface as h = 0 and 

calculating the gradual increase in height using the relation:  



 

92 

 

∆ℎ = 𝑚𝜆/4𝑛 (5-1) 

where 𝑚 = 1 is the fringe order; 𝜆 is the wavelength of the laser (488 nm and 561 nm); 𝑛 is 

the refractive index of PDMS. We thus extract the contact ridge of P45 and P60 soft substrates 

where the maximum height and ridge width are represented as ℎ0 and 𝑙0, respectively (Figures 

5-4(c)-(f)). For a better representation of how the ridge deformation approaches the probe 

surface, we assume the ink-coated probe is a perfectly spherical and show the theoretical 

profile of the probe using ℎ = (√𝑅2 − 𝑎2 + ℎ0) − √𝑅2 − 𝑟2 . As opposed to a bare glass 

probe which severely restricted measurement capabilities close to the contact boundary 

between the soft substrate and the probe, i.e., the tip of the contact ridge (Figure 5-3(b)), here 

we enable the reconstruction of the entire deformation profile. From our experimentally 

extracted deformation profiles corresponding to the two wavelengths, P45 has ℎ0  = 2.07 µm at 

488 nm and 2.00 µm at 561 nm, and P60 has ℎ0 = 2.68 µm at 488 nm and 2.59 µm at 561 nm. 

Note that since the surface of the ink-coated probe is not as smooth as the bare glass probe, the 

contact area and interference fringes are not completely symmetrical. These features may have 

two implications: (1) it is impossible to do any angular averaging of the interference profiles 

to improve the signal-to-noise ratio, which may greatly enhance the determination of the 

location of the interference fringes and the associated resolution of the contact profiles; (2) it 

is impossible to extract quantitative data on the mechanical behavior of the soft layers from 

the contact mechanics description of the deformation ridge. Thus, partial fringes were chosen 

for analysis (white, dotted lines in Figures 5-4c and e, and Figure C5-14, Appendix C). Lastly, 

we observe that the maximum lateral extent of the ridge is at c = 305.51 µm for P45 and c = 

413.53 µm for P60. Consequently, upon subtracting the contact radius, we obtain the ridge 

width: 𝑙0  = 117. 55 µm for P45 and 𝑙0 = 147.86 µm for P60.   
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Figure 5-4 (a) Schematic of the ink-coated probe (R = 2.615 mm) on a soft PDMS substrate of finite thickness ~ 

35 µm. (b) Optical configurations of a four parallel dielectric layers model for simulating the curved surface of 

the black probe on the PDMS coating as illustrated in (a). n1, n2, n3 and n4 are the indexes of refraction of glass 

slice, air, PDMS coating, and ink, respectively. (c) and (e) The obtained interference signature generated by the 

ink-coated probe in contact with PDMS 45:1 (P45) and PDMS 60:1 (P60) with a thickness of 35 μm. (d) and (f) 
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Reconstructed profiles of the ink-coated probe and contact deformation of the soft substrates based on the 

interference signature along the white, dotted lines drawn in (c) and (e). The green and red symbols indicate the 

extracted height using ℎ𝑔,𝑟 = 𝑚𝜆𝑔,𝑟/4𝑛𝑃𝐷𝑀𝑆. The dark solid line indicates the theoretical profile of the ink-coated 

probe using ℎ = (√𝑅2 − 𝑎2 + ℎ0) − √𝑅2 − 𝑟2, h0 and l0 are the peak ridge height and width, respectively. 

5.3.2 Deformation profiles of metal-polymer bilayer substrates   

As demonstrated in the above section, the black ink-coated probe combined with DW-

RICM allowed us to reconstruct the entire contact deformation profile of pristine soft substrates, 

which is crucial for the in-depth understanding of soft contact deformation. Since bilayer or 

multilayer thin films composed of different characteristic materials are increasingly being used 

for technologies relying on miniaturization and multifunctionalities, such as metal-coated 

polymer/gel films in e-skin 245 and wearable sensors 246, investigating the contact deformation 

of such bilayers is both scientifically and technically important.  

To further extend the application of this technique, here, we demonstrate how the black 

ink-coated probe can measure the contact deformation of metal-PDMS bilayer substrates. For 

this, we prepared metal-PDMS substrates with Au-sputter depositions. The PDMS substrates 

used are P35, P45, and P60 with metal deposition times of 10 s (thickness ≈ 1.5 nm), 30 s 

(thickness ≈ 4.5 nm), and 60 s (thickness ≈ 9 nm). In Figure 5-5(a), we show the interferograms 

of a black ink-coated probe on Au-sputtered P60 substrates with deposition times of 10 s, 30 s, 

and 60 s. We observed that the contact area was not uniformly black, but rather a hybrid of 

localized bright (gold) and dark areas due to the roughness of the black ink coating and the 

presence of a thin layer of gold. Here, the black-inked surface absorbs most of the incident 

light that reaches the probe surface. At the same time, the existence of the Au layer enhances 

the intensity of reflected light, which in turn makes the interference fringes appear brighter. 

Therefore, the interference signature obtained using the ink-coated probe is distinctly clear and 

contains the relevant intensity information required for extraction of the deformation profile of 

the metal-polymer bilayer substrates (Figure 5-5(b)). As noted earlier, the difference in local 

height between two consecutive extrema, a minimum, and an adjacent maximum, is 𝜆/4𝑛 and 
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vice versa. Consequently, we can extract the deformation profile of the Au-sputtered soft 

substrate with a resolution of 𝜆/4𝑛 (0.09 μm for 488 nm and 0.15 μm for 561nm) from the 

interferograms, where n is the refractive index of Au-sputtered soft substrates ranging from 

1.41 ~ 0.90. As shown in Figure 5-5(c), the ridge-like deformation profile has a ridge height 

h0 ~ 2.46 µm which gradually decays away from the contact zone, i.e., the edge of the glass 

probe.  

 

Figure 5-5 (a) Unprocessed interference signature corresponding to the contact of the ink-coated probe with the 

Au sputtered soft substrates P60 with varying sputtering times. Scale bars: 50 µm. (b) A plot of raw and normalized 

intensity distribution for the P60 - Au (30 s) substrate along the white dashed line in (a). (c) Profile of the ink-

coated probe and contact deformation of the Au sputtered soft substrate based on the interference signature along 

the dashed line shown in (a). The green and red symbols indicate the height extracted using ℎ𝑔,𝑟 = 𝑚𝜆𝑔,𝑟/4𝑛𝑃𝐷𝑀𝑆. 

The dark solid line indicates the theoretical profile of the ink-coated probe using ℎ = (√𝑅2 − 𝑎2 + ℎ0) −

√𝑅2 − 𝑟2. 
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In Figure 5-6, we show the contact deformation for the ink-coated probe on Au-

sputtered soft substrates with varying deposition times. For all the soft substrates, the contact 

radius decreases with increasing Au deposition times, indicating the substrates become stiffer 

with increasing Au deposition time (or increasing Au film thickness) 113. For instance, for the 

P45 substrate with Au deposition time increase from 10 s to 60 s, the average contact radius 

decreases from 170.30 µm to 146.82 µm. Here, we note that the contact radius of the bare P45 

substrate is 187.96 µm. In addition, the ridge height h0 is higher for the bare PDMS and 

progressively decreases with increasing Au deposition (Figure 5-6(d)). Note that the marginal 

variation in the ridge height with Au deposition is most likely due to the finite thickness of the 

underlying soft coatings. A more pronounced change in the ridge height can be observed for 

thicker PDMS coatings. It is worthwhile to mention that the black ink coating may alter the 

mechanical properties at the contact interface. To evaluate this, we compare the contact radius 

of the bare glass probe and the ink-coated probe on the bare PDMS substrates as well as the 

PDMS-Au bilayer substrates (Figure C5-15, Appendix C). Note that there are limitations in 

accurately measuring the contact radius using the bare glass probe close to the ridge tip. 

Nevertheless, considering measurement errors, a rough comparison of the contact radius 

measured using a bare glass and ink-coated glass probe indicates that the contact radius is 

slightly lower for the ink-coated probe and the trend is consistent across all the substrates 

(Figure C5-15, Appendix C). Note that such slight alteration in mechanical properties of the 

contact interface due to the ink-coated probe does not affect the primary objective of our 

imaging modality, i.e., visualize the contact ridge with higher accuracy. 
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Figure 5-6 Reconstructed profiles of the ink-coated probe with a radius of 2.615 mm and the contact deformation 

of Au-coated (a) P35, (b) P45, and (c) P60 substrates at different Au deposition times of 10 s, 30 s, and 60 s based 

on the interferograms. The green and red symbols indicate the height extracted using ℎ𝑔,𝑟 = 𝑚𝜆𝑔,𝑟/4𝑛𝐴𝑢 𝑃𝐷𝑀𝑆⁄ . 

The solid lines indicate the theoretical profile of ink-coated probes using ℎ = (√𝑅2 − 𝑎2 + ℎ0) − √𝑅2 − 𝑟2. (d) 

Ridge height h0 of different PDMS-Au bilayer substrates. Error bars represent the standard deviations of the 

reconstructed h0 obtained from measurements at the laser wavelengths (488 nm and 561 nm). In some cases, the 

error bars are smaller than the data symbols. 

5.3.3 Evolution of contact deformation   

The stability of metal-polymer bilayer substrates is vital for many applications. Hence, 

a thorough understanding of the long-term contact effects is necessary. The long-time 

deformation dynamics is particularly relevant for the thin metal film deposited on the gel-like 

PDMS, P60 substrates, containing a higher fraction of liquid-like non-crosslinked chains in the 
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polymer network. Together with the fact that the weight of the ink-coated probe will 

continuously compress the soft surface, increasing the indentation depth, the temporal contact 

dynamics offers rich physics. In Figure 5-7(a), we highlight the temporal interferograms for an 

ink-coated probe on a bare P60 substrate. Over a span of 35 hours, the surfaces exhibit 

significant changes. First, the contact radius and indentation depth increase (Figures 5-7(a) and 

(c)) due to the probe weight. And then, the ridge height decreases over time since long-term 

poroelasticity entails a viscous flow of free liquids away from the ridge; thus, lowering the 

ridge height. However, for the Au/PDMS substrate, the ridge height also increases while the 

contact radius and indentation depth increase over time (Figures 5-7(b) and (d), and Figure 5-

8). Although the metal deposition increases the elasticity of the bilayer substrates 113, free 

liquids in the PDMS can still flow away from the ridge lowering its height over time (see 

Figure 5-8). The counter-intuitive phenomenon of ridge height increase can be interpreted 

considering the long-term diffusion of the Au into the soft gel-like substrate. As shown in 

Figure 5-7(b), at the early stage, the contact area between the ink-coated probe and the P60 - 

Au (10 s) bilayer substrate is noticeably rough. However, over time, the contact area appears 

smoother and darker. Thus, two possible scenarios can occur that lead to ridge growth rather 

than decay: a) the Au gradually diffuses within the layer which leads to a decrease in stiffness 

or an increase in adhesive energy of the bilayer system. b) The contact deformation increases 

indentation depth and consequently the probe-gel interface gradually goes out of focus. 
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Figure 5-7 (a) Interferograms of a 2.615-mm-radius ink-coated probe on P60 soft substrate at 5 min, 11.5 hrs., 

and 35 hrs. after contact. (b) Interferograms of a 2.615-mm-radius ink-coated probe on P60 - Au (10s) metal - 

polymer bilayer substrate at 5 min, 12 hrs., and 27.5 hrs. after contact. (c) Plots of the ink-coated probe and contact 

deformation profiles for the interferograms shown in (a) at the location of the white dashed lines. (d) Plots of the 

ink-coated probe and contact deformation profiles for the interferograms (shown in (b)) at the location of the 

white dashed lines. The green and red symbols indicate the height extracted using ℎ𝑔,𝑟 = 𝑚𝜆𝑔,𝑟/4𝑛𝑃𝐷𝑀𝑆,𝐴𝑢/𝑃𝐷𝑀𝑆. 

The solid lines indicate the theoretical profiles of the ink-coated probes using ℎ = (√𝑅2 − 𝑎2 + ℎ0) − √𝑅2 − 𝑟2. 
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Figure 5-8 Evolution of ridge height h0 (a) and maximum lateral deformation, i.e., ridge width l0 (b) for bare P60 

and P60 with Au sputtering for 10 s. Error bars represent the standard deviations of the reconstructed h0 and l0 

obtained from measurements at the laser wavelengths (488 nm and 561 nm). In some cases, the error bars are 

smaller than the data symbols and are therefore not visible in the figure. 

The long-time deformation of P60-Au (10s) was further investigated by Raman 

spectroscopy to monitor the typical peak intensity of surface chemicals, as shown in Figure 5-

9. Note that the hemispherical lens was used instead of the glass probe because the 

hemispherical lens enables a better focus spot with less scattering and clearer signals under 

Raman Spectroscope (Figure C5-11, Appendix C) after a series of preliminary trials (C5.11, 

Appendix C). When the hemispherical lens is in direct contact with the surface of the soft 

substrate, the soft substrate deformed under the weight of the hemispherical lens, forming a 

contact deformation zone similar to the contact between a glass sphere and the soft substrate. 

Then the laser spot of Raman spectroscopy went through the center of the hemispherical lens 

and focused on the surface of deformation region. The Raman spectra (typical Raman peaks) 

we eventually obtain relates to the deformation region of the P60-Au (10s) as we shown in 

Figure 5-9 are same as the P60-Au (10s) without placing the hemispherical lens (Figure C5-13, 

Appendix C), which indicates that the Raman measurements results are not affected by the 

hemispherical lens. The characteristic bands of cured PDMS were observed at 486, 615, 707, 

1260, 1415, 2905, and 2967 cm−1, corresponding to Si-O stretch, C-Si stretch, SiC2 
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antisymmetric stretch, CH2 bending, CH3 symmetric stretch and CH3 antisymmetric stretch, 

respectively 129,247. The characteristic peaks that distinguish PDMS base from cured PDMS are 

related to vibration bands of the Si-CH=CH2 group at 1608 cm-1 (overlap with the phenyl group 

vibration) and 1400 cm-1 129,247. The Raman peaks related to Au were in the region from 1300 

to 1600 cm-1 and 2130 cm-1 248. Thus, all the characteristic peaks of cured PDMS and Au were 

observed even without the probe (hemispherical lens) in contact with the substrate. However, 

upon placing the probe, the intensities of all peaks became weaker. This is because the 

scattering of the laser by the probe led to a reduction in the intensity of reflected light. 

Furthermore, we observed that upon placing the probe on the metal-polymer bilayer substrate, 

the intensity of the peak at 2130 cm-1 decreased with increasing contact time and finally 

saturated when the contact time was longer than 24 hrs. This observation reiterates that close 

to the center contact area; the surface of the soft substrate continuously deforms as the contact 

time increases. As the Au diffuses into the PDMS, its intensity decays. Besides, the peak at 

1608 cm−1 corresponding to the Si-CH=CH2 group was observed up to the contact time of 15 

hrs, beyond which the observed peak disappeared. This illustrates that as the contact time 

increases and Au diffuses into the PDMS substrate, the Raman signature of the unreacted 

PDMS base, i.e., the free liquid inside the polymer network progressively decays since it is no 

longer being enhanced by the Au.  
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Figure 5-9 Raman spectra of P60 - Au (10 s) in contact with the glass probe (hemispherical lens) and its variation 

over time. 

Finally, it is worthwhile to note that the present experimental modality is simple and 

easy to use; and probes with other materials can be coated with black ink. Thus, this technique 

could be applied to other materials as well, such as steel balls. There is also flexibility in terms 

of probe size and weight making the method suitable for studies involving loading-unloading 

stress/stain cycles where control of applied force is highly desired. In Figure C5-16 (Appendix 

C), we demonstrated an example where an ink-coated steel probe with a larger diameter of 19 

mm is used to probe the contact deformation of a soft PDMS substrate. As revealed from the 

interference signature, the deformation profile, i.e., the contact ridge up to the contact boundary 

is reconstructed. The present study aligns well with the ongoing efforts to understand the 

contact deformation of bilayer soft substrates, as well as how nanoscale thin metal films affect 

soft contact behaviors. Hence, it is inspiring to contemplate how our work fits into the 

framework of soft contact, coatings development, and advancement of e-skin. Though contact 

dynamics of soft substrates have been reported previously 18,44,52,53,223,224,249,250, the contact 

deformation behaviors of viscoelastic substrates with sputtered metallic thin films were seldom 

investigated, such as the long-term contact behaviors of bilayer soft substrates with finite-

thickness. For the majority of studies, the contact ridge was observed where the underlying 
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soft substrates with semi-infinite thickness 18,223,224,250 or soft substrates swollen with silicon 

oil or modified with fluorescein molecules 223,224. Jensen, et al showed that the phase-separation 

of gel films formed the contact ridge near the contact line when a microscale silica sphere was 

on a gel film, which is consistent with our observations 224. Recently, Kim et al. investigated 

the long-term contact dynamic of gel film with finite-size effect and preload shown time-

dependent by DW-RICM because of the simultaneous existence of solid and liquid phases and 

the ridge evolution arises from the combining effect of the external preload, finite-size effect, 

and viscoelasticity 44. However, due to the limitation of the method using a bare glass sphere 

combing with DW-RICM, the contact ridge that was close to the contact boundary encountered 

interference by reflected light from the glass sphere and was predicted based on the volume of 

indentation of the glass sphere and the partial reconstruction of deformation profile 44,113. Our 

study provides a novel method to visualize the formation and change of contact ridges, 

resulting in a deeper insight into the soft contact systems. 

5.4 Conclusion 

As a proof-of-concept, we have demonstrated a novel interference modality for 

quantifying the contact deformation profiles of PDMS coatings, both bare and metal-deposited, 

with a finite coating thickness of 35 µm while varying the elastic modulus and metal deposition 

time. To achieve high-resolution quantification, we combine the use of a black ink-coated 

probe and dual wavelength-reflection interference contrast microscopy (DW-RICM). The 

interference fringes that were obtained embedded only the deformation signature of the bare 

or metal-polymer bilayer substrate enabling accurate extraction of the contact ridge profile in 

the vicinity of the contact region. Stray light is efficiently absorbed by the black ink coating. 

As a result, complete visualization of the contact ridge is possible, extending to the ridge tip 

where it meets the probe surface. For soft substrates with varying elasticity and metal (Au) 

deposition times, the ridge height, the ridge width, and the contact radius are examined. We 

note that regardless of Au deposition, soft substrates have a contact ridge, which is consistent 

with earlier studies using such soft substrates 18,44. Our analysis of long-term contact 
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deformation presents crucial insights. With increasing contact times, the soft substrates 

undergo increasing deformation, i.e., increasing indentation depth, and increasing ridge width 

but decreasing ridge height. The decreasing ridge height is well documented and highlights the 

role of long-term poroelasticity 44,224,251. However, when a thin metal film is deposited, the 

deformation increase is accompanied by a counter-intuitive observation of an increase in the 

ridge height. Using both RICM and Raman signatures, we have shown how the diffusion of 

the metal, i.e., Au into the PDMS contributes to this ridge growth either by decreasing the 

effective elasticity of the interface or by increasing the adhesion. 

The research findings not only offer fundamental insight into soft contact of thin metal-

polymer bilayer substrates but might also have profound technical implications for engineering 

applications, such as flexible pressure sensors 252,253, e-skin 254,255 and intelligent robotics 256. 

In those applications, soft surfaces are inevitably in contact with other objects and deform, 

affecting their performance. Understanding the contact deformation mechanism of such bilayer 

soft substrates will contribute to a deeper comprehension of the relationship between 

deformation and performance, which will contribute to the development of more targeted and 

application-specific industrial products. Future studies will need to address the composition 

and distribution of phase separation and elastic compressive deformation of substrates during 

the formation of contact ridge, as well as the contact ridge of different types of gels, such as 

hydrogel, having varying compressibility of the elastic network 257,258. A smooth surface, light-

absorbing probe is critically needed to complement the DW-RICM, thus enabling the proposed 

optical-based technology to be utilized in a broader application field. 
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Chapter 6 

Solvent-induced triradial pattern formation on solid-supported viscoelastic 

thin films and gel 

Solvent-driven surface instabilities in soft materials offer a powerful route to generate 

spontaneous patterns without external templating, yet the mechanisms governing their 

emergence, evolution, and long-term modulation remain elusive. Here, we uncover the time-

dependent formation of quasi-periodic triradial patterns on the surface of thin, soft films 

undergoing hexane extraction and drying. Using DW-RICM, we observe a reproducible 

morphological progression: from shallow circular domains at short extraction times to a well-

defined array of triradial, three-armed patterns at longer durations, driven by the buildup of 

internal stress, surface-to-bulk modulus gradients and network densification. Systematic 

studies across silicone elastomers and gels reveal that while the triradial patterning is broadly 

conserved, its geometry is tunable by factors such as cross-link density and solvent retention. 

These results establish a general mechanism of solvent-mediated pattern formation in soft films 

and offer a new strategy for designing dynamic and programmable surface architectures 

through controlled solvent processing. 

6.1 Introduction  

Surface pattern formation in soft materials represents a hallmark of out-of-equilibrium 

processes in both natural and engineered systems 259,260. Such patterns manifest across multiple 

length scales and functional contexts, from the morphological buckling of fruits and vegetables 

261, the folding of the cerebral cortex in biological tissues 262 and the wrinkling of human skin 

263,264, to desiccation-induced cracking in dried mud flats 265, and the controlled buckling of 

thin elastic films for flexible electronics and biomimetic surfaces 266–268. These structurally rich 

morphologies not only reflect underlying mechanical instabilities but also serve as functional 

architecture in nature inspiring diverse technological applications. Mechanically induced 
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surface instabilities, such as wrinkling 262, creasing 269, and buckling 259 have been widely 

studied in thin elastomer films, where stress gradients, elastic modulus gradients, and boundary 

constraints drive spontaneous symmetry breaking and ordered morphologies 259,262,266,269. 

Beyond mechanical triggers, external stimuli, including thermal gradients 270, electric fields 271, 

light-induced molecular reconfigurations 272,273, magnetic fields 274 and plasma 275 have also 

been employed to modulate surface instabilities in soft materials. These features enable 

dynamic and programmable patterning, providing versatile platforms for tuning wettability, 

adhesion, optics, and mechanotransduction, with applications spanning flexible electronics, 

soft robotics, and bioinspired coatings 268,273,275,276. 

Solvent-induced polymer reorganization represents a particularly effective strategy for 

triggering surface instabilities 20–25, which has been employed to achieve reversible modulation 

of cellular microstructural topologies 277, enhancement of mechano-sensitivity for mechano-

chromic polymers 278 and gelation of hydrogel 279. Particularly, upon swelling, soft films  

supported on to a rigid substrate are subjected to spatial gradients in elastic modulus and 

compressive stresses, decreasing from the top to the bottom, which can lead to buckling, 

wrinkling, or delamination after drying 21–25,280,281. While several studies have investigated 

surface wrinkling from such solvent processes 280,282,283, the full dynamic pathway from 

swelling to surface patterning remains elusive, especially in systems involving significant free-

liquid content and heterogeneous network densification 284,285. 

Here, we report the time-dependent formation of highly ordered triradial (three-armed) 

surface micro-nano structures (patterns) on soft elastomeric and gel films containing 

significant free liquid polymer chains, which are spin coated onto a rigid glass substrate 

(hereafter referred to as confined soft films) and are driven by prolonged solvent extraction. 

By immersing these confined soft, thin films in hexane for controlled durations and 

subsequently drying them under ambient conditions, we observe a reproducible evolution of 

surface morphology: from disordered circular domains for low extraction times to well-defined, 

periodic triradial ridge-like patterns upon extended solvent removal. Through Dual-
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wavelength reflection interference contrast microscopy (DW-RICM), atomic force microscopy 

(AFM), and Raman spectroscopy, we reveal that these patterns arise from solvent-induced 

gradients in modulus and internal compressive stress, which drive buckling instabilities and 

subsequent pattern formation. Furthermore, through systematic variation of material 

composition, i.e., different base-crosslinker ratios of the polymers, extraction time, and drying 

conditions, we demonstrate that the geometry and fidelity of the resulting surface patterns are 

governed by the coupling of the removal rate of the free liquid polymer chains, solvent uptake, 

structured surface network formation, and stress relaxation. These findings establish a general, 

lithography-free strategy for programmable surface patterning in soft matter systems and offer 

new insights into the mechanics of stress-driven self-organization in solvent-responsive 

polymeric materials. This work not only elucidates the underlying mechanism of stress-guided 

pattern formation but also opens new avenues for scalable, self-organized surface engineering 

in soft functional materials. 

6.2 Materials and experiments 

6.2.1 Materials 

Silicone elastomer Polydimethylsiloxane (PDMS) (SYLGARDTM 184 Silicone 

Elastomer Kit, Dow Corning) consisted of component A (base, Molecular weight (Mw): 27 

kg/mol) and component B (curing agent) was purchased from Sigma Aldrich. Silicone gel 

consisted of component C (base, Mw: 28 kg/mol, Gelest, DMS-V31), component D: (catalyst, 

Mw: 474.68 g/mol, Gelest, SIP6831.2), and component E: (curing agent, Mw: 1.95 kg/mol, 

Gelest, HMS-301) and all purchased from Gelest, Inc. Organic liquids, including hexane, 

ethanol, and isopropanol, were purchased from CHEM STORE of the University of Waterloo. 

All chemicals were used as received without further treatment.  
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6.2.2 Fabrication of silicone elastomer thin films 

The silicone elastomer thin films were fabricated by spin-coating PDMS solution on 

freshly cleaned glass slides (Microscope slides, Sail Brand, dimensions: 38.1 mm × 25.4 mm 

×1 mm) by a spin coater (Specialty Coating Systems, Spincoat G3-8). The thickness of the 

elastomer substrates was regulated by adjusting the volume of PDMS solution to 0.3 mL and 

the spin-coating speed to 2100 rpm. The glass slides were first thoroughly rinsed with 

isopropanol and ethanol, then dried with N2 gas before use. The PDMS solution was prepared 

by mixing component A and component B at weight ratios of  60:1, 64:1, and 80:1, respectively. 

The PDMS solution was uniformly mixed and degassed by a planetary mixer (Thinky 

Corporation, ARE-310) for 5 min, respectively, then spin-coated on the glass slides and cured 

at 80 ℃ for 14 hrs. The thickness of the elastomer thin films was determined using Field 

Emission Scanning Electron Microscopy (Zeiss UltraPlus FESEM). The PDMS substrate was 

named P60, P64, and P80 based on the aforementioned ratio of the base and crosslinker. 

6.2.3 Fabrication of silicone gel thin films  

The silicone gel thin film was fabricated in a manner similar to the PDMS. First, 

solution #1 was prepared by mixing component C (base) with component D (catalyst) using 

weight ratio of 10:0.005 using the planetary mixer for 5 min. Then the solution #2 was prepared 

by mixing component C (base) with component E (curing agent) at a weight ratio of 10:1 using 

the planetary mixer for 5 min. Finally, solutions #1 and #2 were mixed in a weight ratio of 9:1, 

degassed, coated on the freshly cleaned glass slides, and cured at 80 ℃ for 14 hrs. 

6.2.4 Hexane-induced pattern formation  

The pre-cured soft substrates (silicone elastomer films and silicone gel films)  were 

placed in a beaker with the soft coating side on top and the glass substrate at the bottom. 200 

mL of hexane was carefully introduced along the inner walls of the beaker to minimize surface 

disturbance. Consequently, the beaker was covered with aluminum foil to suppress solvent 

evaporation. Substrates were swollen for 96 hrs, with hexane refreshed every 48 hrs. 
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Subsequently, the soft substrates were removed from the solvent and dried in air or an oven to 

ensure complete evaporation of the solvent. The regular pattern was formed during the 

evaporation process.  Swelling experiments were also performed for 8 min, 1 hr, and 10 hrs.  

6.2.5 DW-RICM measurement 

To analyze the hexane-induced pattern formation on the soft substrates, DW-RICM 

measurements were performed on a Zeiss LSM 800 inverted microscope using a microscope 

objective of 10x and a numerical aperture (NA) 0.3 (EC Plan-Neofluar) under two focused 

monochromatic light beams of wavelengths (488 nm (green) and 561 nm (red)). From the 

interferometric images, we first extract the intensity distribution for both wavelengths along a 

chosen slice. The intensity distribution reveals alternate peaks and valleys corresponding to 

bright and dark fringes. Consecutive bright and dark fringe represents a height variation of 

∆ℎ = 𝑚𝜆/4𝑛, where λg = 488 nm, λr = 561 nm, m is the order of the interference fringes and 

n (PDMS) ≈ 1.4. Using this relation, the entire height variation is calculated corresponding to 

both wavelengths. Note that intensity normalization is performed using the relation I0 = (I - 

Imin)/(Imax- Imin), where Imax and Imin are the minimum and maximum intensities for a particular 

intensity distribution.  

6.2.6 Optical Microscopic measurement 

To analyze the pattern formation on soft substrates, optical microscopy measurements 

were performed on a Zeiss LSM Observer.Z1m instrument with a magnification of 5×.   

6.2.7 AFM measurement 

To analyze the height and structure of the hexane-induced microstructural features on 

soft substrates surface, atomic force microscopy (AFM) was conducted using a Pacific 

Nanotechnology AFM Nano-R with a stylus profilometer (Veeco DekTak 8).  
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6.2.8 SEM measurement 

To analyze the thickness of the soft substrates before and after extraction of hexane for 

96 h, SEM measurements were conducted on a field emission scanning electron microscope 

(Zeiss UltraPlus FESEMs). The soft substrates were cut into 8 mm × 10 mm (width × length) 

pieces and mounted on the stub aligned at an angle of 90° with a conductive tape, with the soft 

coating layer facing outward and the glass slide in contact with the conductive tape, for SEM 

measurements. 

6.2.9 Rheological measurement 

To evaluate the viscoelastic properties of the soft substrates, rheological measurements 

were performed using a dynamic shear rheometer (AR 2000, TA Instruments) under a 

frequency sweep from 0.01 to 100 Hz at a strain amplitude of 1% and a normal force of 1 N. 

The PDMS mixtures, prepared at the specified base-to-curing agent ratios, were cast into 60-

mm diameter Petri dishes to a thickness of 2 mm and cured at 80 °C for 14 h. The cured PDMS 

samples were then cut into circular specimens of 25-mm diameter. Tests were carried out using 

a 25-mm parallel plate geometry at a constant temperature of 25 ℃. Prior to each measurement, 

the samples were allowed to equilibrate for 10 min to ensure stability. The shear storage 

modulus (G′) and loss modulus (G″) were recorded, and each measurement was repeated three 

times for reproducibility. The measured shear modulus values were later converted to Young’s 

modulus (E) using 𝐸 = 2𝐺(1 + 𝜗) with Poisson ratio 𝜗 (PDMS) ≈ 0.5.  

6.2.10 Raman spectroscopy measurement 

To analyze chemical signatures of the soft substrates before and after extraction of 

hexane for 96 h, as well as the formed patterns on soft substrates, Raman spectroscopy 

measurements were conducted on an alpha300 R Raman microscope (OXFORD instruments) 

using the 532 nm laser wavelength. To ensure spatial accuracy, a two-step focusing protocol 

was employed. The region of interest was first identified in video mode using a 10× (Zeiss EC 

Epiplan-Neofluar DIC) objective (NA = 0.25), followed by laser focusing with a 100× (Zeiss 
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EC Epiplan-Neofluar DIC objective) (NA = 0.9) to minimize the laser spot size. Raman spectra 

were acquired using the same 100× objective, with the laser power set to 50% and an 

integration time of 5 s. For unextracted samples, spectra were acquired at the substrate center. 

For extracted samples, spectra were collected at four positions: a reference point away from 

the pattern, the central vertex of the triradial structure, and two points along the selected arm: 

midpoint (Line1-1) and foot (Line1-2). This enabled spatially resolved comparison of chemical 

composition between patterned and non-patterned regions. 

6.3 Results and discussion 

6.3.1 Formation and characterization of solvent-induced patterns on silicone elastomer 

thin films.   

Figure 6-1(a) illustrates the schematic of the solvent-induced (swelling and evaporation) 

pattern formation process on a solid-supported soft PDMS coating (P60) of 30.76±0.28 µm 

thickness and Young’s modulus, E = 9.6 kPa (Figures D6-1(a) and (b), Appendix D).  A typical 

experiment involved swelling in hexane for 96 hrs followed by drying in ambient conditions 

for 10 mins. Post drying, the surface instabilities, i.e., the morphology of the patterns, were 

observed using DW-RICM (Figure 6-1(b)) and bottom-view optical microscopy (Figure 6-

1(c)). Both images reveal a quasi-periodic array of Y-shaped triradial (three-armed) 

microstructures on the overall surface, while DW-RICM imaging (Figure 6-1(b)) reveals a 

higher resolution with further zooming in on the pattern. The observed patterns display some 

common features: a characteristic inter-arm angle of approximately 120°, an average arm 

length of 53.82 ± 9.66 µm, and a center-to-center distance (pitch) of 91.02 ± 8.99 µm. From the 

DW-RICM measurements, we observe a uniform distribution with approximately 200 such 

patterns on a 1.02 mm x 1.02 mm region. The observed color variations in Figure 6-1(b) (last 

row) arise from the combined effects of laser wavelengths of 488 nm (green) and 561 nm (red), 

with each wavelength corresponding to a distinct interference condition related to the local 

surface topography. To investigate whether the quasi-periodic array of triradial (three-armed) 
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patterns exhibits any polarization-dependent optical response, polarized light microscopy was 

performed to examine the surface patterns under varying polarization angles (Figure D6-2, 

Appendix D). As expected for an isotropic material like PDMS, the observed surface 

morphologies remained unchanged with the rotation of the polarization angle. This result 

confirms that the surface pattern does not induce polarization effects and exhibits no optical 

anisotropy under polarized light. The atomic force microscopy (AFM) images (Figure 6-1(d)) 

and corresponding three-dimensional (3D) surface reconstructions (Figure 6-1(e)) further 

confirm that the triradial structures protrude above the substrate surface, with the central vertex 

reaching a height of approximately 450 nm. Thus, the instability reflects a ridge-like formation, 

rather than creases or wrinkles, with a ridge opening angle close to π. Such ridge-like 

instabilities are common for wetting and adhesion on soft substrates where elasticity and 

capillarity compete. However, unlike the smooth morphologies commonly observed for 

wetting or contact ridges 18,44,53,55,103,223, here, we observe that the morphology of the ridge is 

rugged with multiple undulations. Note that it is likely that these undulations are not actual 

pattern features and may have been induced by the AFM tip. Furthermore, we observe that the 

ridge half-width is maximum at the ridge tip with a typical value of approximately 8 µm and 

gradually decays to zero at the foot (Figures 6-1(b) and (d)).  
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Figure 6-1 (a) Schematic of the hexane-extraction experimental set-up. (b) Dual-Wavelength Reflection 

Interference Microscopy (DW-RICM) snapshots of the pattern formation. The green and the red channels reflect 
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imaging using 488 nm and 561 nm wavelengths, respectively. The combined channel image is the overlay of the 

green and red channel images. la represents the pattern arm length. (c) Optical microscopy snapshot of the pattern 

formation. (d) Atomic force microscopy scan and profile reconstruction of a pattern. (e) Profile of the ridge along 

the blue line highlighted in (d). The angles are shown for clarity. The dashed line is an approximate linear fit of 

the profile shown to highlight the angles. (f) Schematic of the ridge tip highlighting the opening angle.  

           It is noteworthy to mention that for surface-attached polymers, swelling-induced 

formation of creases and wrinkles on the free surface results from compressive stress release. 

Ridges can also occur by a phenomenon called buckle delamination, where the soft coating 

delaminates locally from the underlying rigid substrate 25. For both these cases, swelling 

induces an increase in the thickness of the soft layer. Interestingly, Y-shaped creases having 

an inter-arm angle of 120° have also been observed for swelled confined gels 23,286. However, 

for the present experiments, where swelling is followed by solvent evaporation, the Y-shaped 

ridge formation follows a decrement in its thickness of roughly 58.06 %, i.e., significant 

shrinking. Thickness measurements before and after extraction, conducted by scanning 

electron microscopy (SEM, Figure D6-3, Appendix D), revealed a reduction from 30.76±

0.28 µm to 12.9 ± 0.31 µm. A corresponding weight loss of approximately 60.02% indicates 

that the shrinkage is due to significant removal of free liquid chains within the PDMS network 

by hexane. Note that a pristine, unswollen PDMS substrate usually contains 60% free liquid 

phase by weight (labelled as P60) 
54. Thus, the initially swollen elastomer may have formed 

creases. However, following solvent evaporation, free liquids are extracted, the soft layer 

shrinks, and the associated compressive stresses result in out-of-plane ridge-like pattern 

formation. Lastly, we compare the ridge height with the characteristic elastocapillary length-

scale, lEC = γ/E, where γ is the PDMS surface tension. Considering γ ≈ 21 mN/m 287, lEC ≈ 2.18 

µm, which is approximately four times the ridge height of 450 nm. The overestimation may 

either be due to the enhanced elastic modulus of the PDMS layer of finite thickness or due to 

the elasticity increase post-extraction of free liquids. Longer time observation reveals that the 

pattern is highly stable and irreversible: a random incision on the surface does not affect the 

neighbouring patterns (Figure D6-4, Appendix D), i.e., there are no residual compressive 
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stresses and trapped liquid phase. Thus, surface tension and elasticity predominantly dictate 

equilibrium pattern profiles. 

 

Figure 6-2 (a) Raman spectra of pristine P60 and hexane-extracted P60 soft substrates. (b) Raman spectra of 

multiple selected positions around a pattern on the surface of the hexane-extracted P60 soft substrate. 

                 To shed further light on the pattern formation, we first assess the changes in the 

chemical signature of the substrates before and after solvent extraction and drying using Raman 

spectroscopy. As shown in Figure 6-2(a), the Raman spectra of pristine P60 and hexane-

extracted P60 with patterns exhibit identical peak positions, with characteristic signatures at 

486, 615, 707, 790, 865, 1265, 1410, 2905, and 2967 cm⁻¹ Raman shift, corresponding to Si-

O stretching, Si-C asymmetric stretching/ Si-CH₃ rocking, Si-C symmetric stretching, -CH₃ 

asymmetric rocking/ Si-C asymmetric stretching, -CH₃ symmetric rocking, -CH₃ symmetric 

bending/rocking, -CH₃ asymmetric bending, -CH₃ symmetric stretching, and -CH₃ 

antisymmetric stretching modes, respectively 67,129,247. Notably, no new peaks were observed 

after swelling in solvent and drying, and only a slight increase in Raman intensity was detected, 

indicating that hexane removal did not induce chemical bond cleavage or residue retention. 

The intensity enhancement is attributed to the densification of the polymer network structure 

following immersion and solvent evaporation 288. Further confirmation of chemical uniformity 

was obtained by comparing Raman spectra at multiple locations: a reference point on the 
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surface without patterns, the central vertex, and along two arms (both at the mid-arm and base 

regions) (Figure 6-2(b)). All spectra exhibited nearly identical profiles, verifying the chemical 

homogeneity of the patterned surfaces. Our Raman measurements reaffirm our earlier 

hypothesis of the removal of free liquid chains inducing polymer densification. Moreover, due 

to the absence of any hexane signature, we confirm that the developed ridges do not contain 

any trapped solvent close to the ridge tip. 

From our experiments, we observed that once the soft substrates are removed from the 

solvent and dried in air, the patterns gradually appear as the hexane evaporates. Consequently, 

we assess the influence of drying conditions on the final pattern morphology. To do that, we 

systematically compared the effects of different air flow rates (ambient air versus fume hood), 

drying durations, and drying temperatures. Figure 6-3 shows the surface morphology of the 

P60 soft substrate after drying under four different conditions: in ambient air for 10 mins 

(Figure 6-3(a)), in ambient air for 12 hrs (Figure 6-3(b)), in a fume hood for 12 hrs (Figure 6-

3(c)), and in an oven at 80 °C for 12 hrs (Figure 6-3(d)). Evident from Figure 6-3, no 

significant morphological differences were observed between the samples dried in ambient air 

or in the fume hood (Figures 6-3(a)-(c)); however, the pattern height increased from 

approximately 450 nm to 590 nm (Figure D6-5, Appendix D) under fume hood conditions, 

suggesting a modest influence of evaporation rate on vertical pattern amplitude. While the 

patterns obtained for the samples dried at elevated temperatures, i.e., in the oven exhibited 

lesser elevation (Figure 6-3(d)). Notably, the characteristic pattern lengths or the pattern 

density remained consistent across all drying conditions, with an average arm length of 

52.42 ± 7.99 μm (Figure D6-6(a), Appendix D).  The corresponding histograms (Figure D6-

6(b), Appendix D) further reveal that the distributions of arm length are unimodal and largely 

overlapping across different drying environments. In all cases, the majority of measured 

lengths fall within a range of approximately 40-70 μm. Neither the mean values nor the overall 

statistical distribution of arm lengths is substantially affected by the drying condition. These 

results indicate that the nature of pattern formation is insensitive to air flow rate and drying 
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time but may be influenced by the drying temperature. Based on these observations, subsequent 

drying experiments were performed under ambient air conditions. 

 

Figure 6-3 Effect of drying conditions on the pattern formation: (a) In air for 10 min, ( 

b) In air for 12 hrs, (c) In a fume hood for 12 hrs, and (d) In an oven for 12 hrs at 80 °C. The green (first column) 

and the red channels (second column) reflect imaging using 488 nm and 561 nm wavelengths, respectively. The 

combined channel image (third column) is the overlay of the green and red channel images. The final column 

images are zoomed-in versions of the combined channel images, highlighting a single pattern. 
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Pattern evolution with varying immersion times. To gain deeper insight into the dynamics 

of pattern formation, the soft substrates were immersed in hexane for varying durations (tE) of 

8 min, 1 hr, 10 hrs, and 96 hrs, followed by air drying to facilitate solvent evaporation. Note 

that during the first 10 min of evaporation, the majority of the hexane absorbed by the substrate 

is evaporated, and the weight of the soft substrate reaches a stable state. Subsequently, 

representative surface morphologies of the soft PDMS substrates with varying immersion 

times were characterized by DW-RICM (Figures 6-4(a)-(d)) for varying drying times (t0) of 

10 min and 90 min, respectively.  

At short solvent extraction time (tE = 8 min), the DW-RICM images (Figure 6-4(a)) 

reveal the presence of isolated, circular surface features sparsely distributed across the 

substrate. These circular domains, with radii ranging from 10 - 50 µm, exhibit weak optical 

contrast and gradual transitions at the circular edges without defined interference fringes under 

both wavelengths of 488 nm and 561 nm, indicative of shallow out-of-plane deformations on 

the order of hundreds of nanometers or less 78,235. Further, the signature appears to be sensitive 

to the imaging wavelength, i.e., bright fringes for green and dark fringes for red. Within the 

circle of some larger circular domains, the three arms can be faintly observed with an average 

length of 36.61 ± 8.86 μm (Figures 6-4(e) and D6-7(a), Appendix D). This morphology 

indicates that minimal swelling, likely induced by spatially heterogeneous solvent uptake, 

leads to slight expansion in regions of higher hexane absorption relative to their surroundings 

during solvent evaporation. Upon drying, this internal swelling mismatch generates weak in-

plane compressive stresses, which are relieved through subtle surface deformation. Such local 

swelling instabilities have been reported in other soft polymer systems where non-uniform 

solvent exposure gives rise to stress-driven morphological transitions even in the absence of 

large bulk deformation 289,290. And the observed weak triangular (Y-shaped) pattern may be 

associated with localized solvent swelling and volatilization, resulting in radially inward 

relaxation of compressive stresses 291,292. Consistent with this interpretation, optical 

microscopy images (Figure 6-4(e)) shows largely featureless surfaces, with only faint circular 
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features visible across the substrate. The weak optical contrast and lack of structural 

organization confirm that minimal shrinkage-induced reorganization has occurred at this stage. 

Further, the sample weight decreased by approximately 45.35% after 8 minutes of hexane 

immersion and evaporation, primarily due to the removal of unreacted PDMS base (Figure 6-

4(f)).  

 

Figure 6-4 Effect of hexane extraction time (tE) on the pattern formation on P60 substrates of 35 µm thickness: 

(a) tE = 8 min, (b) tE = 1 hr, (c) tE = 10 hrs and (d) tE = 96 hrs. Observations at two different drying times, tO = 10 

min and tO = 90 min, are shown. The green and the red channels reflect imaging using 488 nm and 561 nm 

wavelengths, respectively. (e) Corresponding optical microscopy images of the patterns. (f) Variation of post-

solvent extraction weight loss and arm length of the pattern la with different extraction times. Error bars for weight 

loss and length represent standard deviation from three independent experiments.  

Despite this weight loss, the limited morphological evolution observed indicates that 

the compressive stress or equivalently the strain has not reached the critical value necessary 
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for the formation of organized surface patterns. Importantly, analysis of the surface 

morphology across different drying times (10 min and 90 min) shows no significant evolution 

of these circular patterns. The faint circular features remain largely unchanged even after 

prolonged drying, indicating that the surface morphology stabilizes rapidly once solvent 

removal begins.  

Following a longer extraction time of tE = 1 hr, the surface morphology exhibits diffuse, 

patchy circular domains distributed across the substrate (Figure 6-4(b)). Within these domains, 

elongated and discernible three-armed structures with an average arm length of 

45.12 ± 12.15 µm (Figures 6-4(e) and D6-7(b), Appendix D) emerge at the centers, displaying 

partial spatial periodicity under DW-RICM imaging. Complementary optical microscopy 

imaging (Figure 6-4(e)) reveals no discernible triradial features, suggesting that the surface 

deformations are shallow and below the resolution limit of conventional optical techniques. 

Even after extended drying (up to 90 mins), the pattern morphology shows no significant 

evolution. Similarly, due to the removal of unreacted PDMS base, the sample weight decreased 

up to 53.67% after 1 hr of hexane extraction (Figure 6-4(f)). The increase in pattern length and 

weight loss with higher extraction duration indicates greater removal of unreacted PDMS base 

and deeper solvent penetration into the network, resulting in enhanced swelling. Upon drying, 

this generates larger internal compressive stress differentials, yet still insufficient to initiate 

ordered mechanical instabilities. The substrate thus remains in a transitional regime driven by 

anisotropic swelling and solvent evaporation, without progressing to fully periodic surface 

instabilities. 

Upon further increase of the extraction time, i.e., tE = 10 hr, the surface morphology 

undergoes a significant transformation (Figure 6-4(c)). DW-RICM images reveal the 

formation of more continuous and interconnected surface features across the substrate. Within 

these domains, triradial patterns become more distinctly defined, with an average arm length 

of 45.20 ± 8.37 µm (Figures 6-4(c) and (f)). The arms extend radially from a central vertex and 
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show increased spatial regularity compared to the structures observed at tE = 1 hr. The clearer 

periodicity and enhanced feature size suggest that sufficient solvent induced swelling has 

occurred to induce the critical modulus gradients 23 and compressive stresses required for 

distinct, ordered pattern formation. Nevertheless, complementary optical microscopy imaging 

(Figure 6-4(e)) shows that while faint outlines of larger features can be distinguished, full 

structural resolution remains limited at the optical scale, indicating that the surface topography 

is becoming more pronounced but still largely requires high-sensitivity wavelength-dependent 

imaging techniques to resolve finer details. The observed weight loss of approximately 56.31% 

after 10 hrs of hexane extraction reflects extensive removal of unreacted PDMS base and 

partial network reorganization.  

Notably, only after a prolonged extraction time of tE = 96 hrs, DW-RICM imaging 

reveals a clear quasi-periodic array of triradial microstructures uniformly distributed across the 

substrate (Figure 6-4(d). As mentioned previously, each microstructure consists of three arms 

spaced approximately 120° apart, with an average arm length of 53.82 ± 9.66 µm, indicating 

high geometric regularity (Figures 6-4(d)-(f)). This suggests that the mechanical instabilities, 

seeded during swelling and driven by stress accumulation and modulus gradients upon solvent 

evaporation, have fully developed and stabilized into an energetically favorable surface 

configuration. Complementary optical microscopy imaging (Figure 6-4(e)) resolves the 

surface pattern, confirming that the deformations are sufficiently large to be distinguished 

without high-resolution techniques. Notably, no significant morphological changes are 

observed after drying times of 10 and 90 minutes, indicating rapid stabilization of the surface 

features following solvent evaporation. A weight loss of approximately 60.02% reflects the 

near-complete removal of unreacted PDMS base and substantial network densification (Figure 

6-4(f)). Thus, it is likely that large compressive stresses accumulated during drying exceeded 

the critical threshold for long-range mechanical ordering, resulting in highly periodic and 

mechanically stable surface patterns. 
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6.3.2 Formation and characterization of solvent-induced patterns on silicone gel thin 

films  

To further validate the universality of the observed pattern formation, glass substrates 

coated with a commercially available silicone gel with a thickness of 26.88 ± 1.05 μm were 

also used. The Young’s modulus (E) of the silicone gel is 5.6 kPa 51 and the amount of uncross-

linked free liquid chains here is around 64 % 44 i.e., higher than that of P60 (60%). In a manner 

consistent with previous experiments, the confined gel substrates were immersed in hexane, 

followed by drying in air to allow solvent evaporation. Figure 6-5(a) shows the representative 

RICM snapshots for a silicone gel substrate immersed in hexane for 96 hrs, followed by 10 

mins of air drying. Similar to PDMS substrates, triradial (three-armed) ridge-like patterns were 

observed with a uniform distribution throughout the substrate. However, the arms are 

significantly broader here, yielding a flower-petal-like morphology. Image analysis reveals a 

consistent arm length of 38.6 ± 5.31 μm (measured at the arm axis) and an average center-to-

center distance (pitch) of 65.79 ± 7.62 µm between neighbouring patterns. Thus, compared to 

PDMS, both the average arm length and the pitch of the patterns are lower here. However, the 

patterns observed here are significantly broader, with a maximum width of approximately 20 

µm at the peak. The black regions observed in our interference signature may reflect trapped 

liquid phase or high interface slopes. Interference fringes only along the central axis of the arm, 

i.e., top of the ridge are distinctly visible (Figure 6-5(a), last column). Interference intensity 

and corresponding height extraction along the ridge reveal the maximum ridge height to be 

around 3 µm, i.e., significantly higher than that observed for patterns on PDMS. Comparison 

with the characteristic elastocapillary length-scale of the gel, i.e., lEC = γ/E ≈ 4 µm, yields 

satisfactory agreement with the magnitude of the peak ridge height. Furthermore, compared to 

the sharp peak profiles on PDMS, the ridge profile close to the peak here suffers a shape 

inversion. In other words, close to the peak, the pattern appears to have folded upon itself, 

forming a localized crease. Independently performed AFM scans confirm this crease formation 

(Figure D6-8, Appendix D). Consequently, it is difficult to define a ridge opening angle. 



 

123 

 

Additionally, interference fringes in the space between adjacent patterns indicate some height 

variations on the free surface of the gel. It is likely that the final pattern forms on a wrinkled 

surface induced by initial swelling. Finally, SEM measurements (Figure D6-9, Appendix D) 

exhibit a reduction in film thickness from 26.88 ± 1.05 μm to 3.6 ± 0.21 μm after extraction, 

providing evidence of coating shrinkage due to the removal of unreacted PDMS base. Silimarly, 

longer time observation reveals that the pattern is highly stable and irreversible: a random 

incision on the surface does not affect the neighbouring patterns (Figure D6-10, Appendix D), 

i.e., there are no residual compressive stresses and trapped liquid phases. Thus, surface tension 

and elasticity predominantly dictate equilibrium pattern profiles. 

 

Figure 6-5 (a) Pattern formation on silicone gel substrates after 96 hrs of hexane immersion followed by drying 

in air. The green (first column) and the red channels (second column) reflect imaging using 488 nm and 561 nm 

wavelengths, respectively. The combined channel image (third column) is the overlay of the green and red channel 

images. The final column images are zoomed-in versions of the combined channel images, highlighting a single 

pattern. (b) Variation of normalized intensity I0 corresponding to the green and red wavelengths along the white 

dashed line shown in the last image of (A). (c) Height profile (h) extracted from the intensity distribution of (B). 

The green and the red symbols represent height extracted from 488 nm and 561 nm wavelengths, respectively 

(see methods).  
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               In a manner consistent with patterns on PDMS, here also, we observed that the 

instabilities are sensitive to solvent immersion times (Figure 6-6 and Figures D6-11 and 12, 

Appendix D). For low extraction times (tE = 8 min), the DW-RICM images of the silicone gel 

substrate (Figure 6-6(a)) reveal the presence of isolated, circular surface features sparsely 

distributed across the substrate, consistent with the topology observed in the PDMS system 

(Figure 6-6(a)). However, the circular domains in the gel substrate are generally smaller in size, 

with radii ranging approximately from 5 to 40 µm. Notably, the internal triradial motifs, which 

could be faintly observed in PDMS (Figure 6-6(a)), are extremely distinct in the gel system 

(Figure 6-6(a) and Figures D6-11 and 12, Appendix D). These structures exhibit well-defined 

radial symmetry with visible arms extending from a central point, often separated by 

approximately 120°, even at this early extraction stage. The average arm length is measured to 

be 38.19 ± 5.15 μm. Despite the clear visibility of these patterns under DW-RICM, they remain 

undetectable under conventional optical microscopy, indicating that the surface deformations, 

while morphologically defined, are still relatively shallow in height. This suggests that 

although mechanical instability has been initiated, the overall amplitude of deformation 

remains below the resolution threshold of standard optical imaging techniques. A weight loss 

of approximately 50.95% at this stage indicates substantial solvent uptake and extraction. The 

early manifestation of well-defined triradial patterns may be attributed to the lower 

crosslinking density or higher solvent absorption capacity of the gel matrix, which facilitates 

earlier development of modulus gradients and the associated compressive stresses that drive 

surface buckling. These observations underscore a potentially greater sensitivity of the gel 

network to solvent-induced stress gradients and suggest that the mechanical instability 

threshold may be reached more rapidly in this system, even at shorter extraction durations. 

                 At a longer extraction duration of tE = 1 hr, the surface morphology of the silicone 

gel substrate exhibits a notable evolution: a significant increase in the number and size of 

patterned features, with triradial patterns now dominating the surface (Figure 6-6(b) and 

Figures D6-11 and 12, Appendix D). These structures display well-defined three-armed 
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geometries with enhanced contrast and spatial regularity. Each arm radiates symmetrically 

from a central vertex, forming angles of approximately 120°, consistent with isotropic 

compressive stress release. The average arm length is measured to be 53.66 ± 9.38 μm. 

Importantly, the triradial patterns are now clearly visible under conventional optical 

microscopy (Figure 6-6(e)), indicating that the surface deformations have increased 

sufficiently. The improved pattern visibility at both low and high magnification suggests that 

not only the lateral dimensions but also the vertical height variations of the features have 

significantly increased. A weight loss of approximately 62.13 % at this stage reflects extensive 

extraction of unreacted PDMS base and a higher degree of network densification compared to 

the 8-minute swelling duration. This substantial solvent removal likely contributes to a sharper 

modulus gradient between the drying surface and the still-soft interior, thereby amplifying 

compressive stresses and facilitating the robust formation of surface patterns. Overall, these 

results indicate that the silicone gel matrix, due to its high solvent uptake capacity and 

compliant network structure, rapidly accumulates sufficient stress to initiate and sustain 

organized surface instabilities. The appearance of well-developed, optically visible triradial 

patterns at this early time point underscores the high responsiveness of the gel system to 

solvent-induced mechanical instabilities. 
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Figure 6-6 Effect of hexane extraction time (tE) on the pattern formation on silicone gel substrates of 35 µm 

thickness: (a) tE = 8 min, (b) tE = 1 hr, (c) tE = 10 hrs, and (d) tE = 96 hrs. Observations at two different drying 

times, tO = 10 min and tO = 96 min, are shown. The overlay of the green and the red channels images are shown 

here. Individual channel images are shown in the Appendix D (Figure D6-11, Appendix D). (e) Corresponding 

optical microscopy images of the patterns. (f) Variation of post-solvent extraction weight loss and arm length of 

the pattern la with different extraction times. Error bars for weight loss and length represent standard deviation 

from three independent experiments. 
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When the extraction time was extended to tE = 10 hrs, the surface morphology of the 

silicone gel substrate underwent a pronounced transformation, presenting a well-developed 

and highly ordered triradial structure (Figure 6-6(c)). Compared to earlier stages, the patterns 

exhibited improved clarity, uniformity, and spatial regularity. The average arm length 

increased to 59.78 ± 12.04 μm, significantly longer than that observed at shorter extraction 

times, indicating continued growth and relaxation of the surface features. Importantly, the 

triradial structures became clearly visible under conventional optical microscopy (Figure 6-

6(e)), with individual arms and central vertices sharply resolved without the need for high-

sensitivity imaging techniques. This enhanced visibility suggests that both the lateral 

dimensions and vertical amplitudes of the surface deformations increased substantially, 

reflecting a more advanced stage of mechanical buckling. A mass loss of approximately 63.44 % 

after 10 hrs of extraction, suggesting near-complete removal of extractable unreacted PDMS 

base. This extensive solvent extraction likely generates a pronounced surface-to-bulk modulus 

gradient, wherein a stiffened surface layer overlays a softer interior. The resulting strong 

compressive stresses are sufficient not only to induce buckling but also to drive the formation 

of highly regular and energetically favorable surface microstructures. Collectively, these 

observations demonstrate that silicone gel matrices can rapidly evolve into highly ordered 

arrays of triradial patterns upon prolonged solvent extraction. The marked improvement in 

structural clarity and uniformity underscores the critical role of extraction time and solvent-

induced mechanical gradients in directing the pattern formation process. 

After an extended extraction time of tE = 96 hrs, the surface morphology of the silicone 

gel substrate (Figure 6-6(d)) remains largely consistent with that observed at tE = 10 hrs (Figure 

6-6(c)), presenting a dense and well-organized array of triradial microstructures with high 

spatial regularity and uniformity. These features are also distinctly visible under conventional 

optical microscopy (Figure 6-6(e)), with clear resolution of the individual arms and central 

vertices. Interestingly, despite the overall morphological similarity, the average arm length of 

the triradial structures decreases to 38.6 ± 5.31 μm at this stage, compared to 59.78 ± 12.04 μm 



 

128 

 

after 10 hrs of extraction. The weight loss of approximately 63.67 %, nearly identical to that 

observed at 10 hrs, suggesting that solvent extraction had effectively reached saturation and 

that further extraction no longer significantly alters the bulk composition. The observed 

reduction in arm length, despite the stable mass, likely reflects a densification and structural 

relaxation process within the surface layer. Prolonged solvent depletion and continued drying 

can induce additional network rearrangements and compaction, leading to contraction of pre-

formed surface features without further material removal 281. Specifically, secondary relaxation 

phenomena, such as polymer chain reorganization and residual stress relaxation within the 

stiffened surface layer, can cause slight retraction of the buckled structures 23,293, thereby 

reducing the characteristic arm length while preserving the overall pattern morphology and 

spatial distribution. These findings highlight that while the primary pattern formation is 

governed by solvent-induced mechanical gradients and compressive instabilities at early to 

intermediate extraction stages, prolonged solvent extraction and drying introduce secondary 

network relaxation processes that can subtly reshape the final surface morphology. This 

behavior is consistent with prior observations of post-buckling evolution in solvent-processed 

polymeric systems 281. 
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Figure 6-7 Atomic force microscopy scans of the pattern formation on silicon gel substrates for swelling durations 

of (a) tE = 1 hr and (b) tE = 10 hrs. (c) DW-RICM images of a similar pattern formation for swelling duration of 

1 hr. The green (first column) and the red channels (second column) reflect imaging using 488 nm and 561 

wavelengths, respectively. (d) Height profile (h) extracted from RICM images along the white dashed line in (c). 

The green and the red symbols represent height extracted from 488 nm and 561 nm wavelengths, respectively 

(see methods). The patterns in (b) and (c) are not the exact same pattern.  

            To further quantify the evolution of surface deformation during hexane extraction, the 

height of the patterns formed in the silicone gel substrates after extraction times of 1 hr and 

10 hrs were analyzed by atomic force microscopy (AFM) (Figures 6-7(a) and (b)). AFM scans 

reveal that for tE = 1 hr, the pattern morphology reflects a sharp ridge-like profile where the 

peak height reaches 0.16 μm (Figure 6-7(a)). This formation is similar to that observed for 

PDMS substrates (Figure 6-1(d)). The similarity can be interpreted from a comparing the 

fraction of uncrosslinked free liquid chains between PDMS and silicone gel: a minimally 

swollen gel surface extracts amount of free liquid similar to moderately or fully swollen PDMS. 
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However, the AFM scan reveals that the free surface of the gel is wrinkled, which was not 

observed for PDMS. As the extraction time increases to 10 hrs, the pattern, however, 

experiences a morphological change: close to the center, a sharp crease appears. This feature 

is independently confirmed using DW-RICM imaging and height extraction (Figures 6-7(c) 

and (d)). The maximum height occurs at a slight offset whose magnitude varies between 2-

3 μm. Further, these measurements confirm a substantial increase in vertical deformation with 

gel swelling time, consistent with enhanced internal stress generation and modulus gradient 

development due to enhanced network swelling 23. The trend remains consistent for substrates 

swollen for 96 hrs, as previously shown (Figure 6-5). It is noteworthy to mention that the 

appearance of the dark regions on the patterns (Figures 6-5(a), 6-6(a) and 6-7(c)) and the 

localized crease formation for gel substrates swollen for 10 hrs or longer (Figures 6-5(c) and 

6-7(d)) reiterates our previous hypothesis that some fraction of either the solvent or the free-

liquid chains may have gotten trapped within the evolving pattern peak during swelling.  

Existing literature has shown that during the drying stage of surface folds, flow reversal can 

cause formation of creases close to the fold tip, i.e., the ridge peak 294. Thus, the appearance of 

the dark regions may very well correspond to the trapped hexane phase (n = 1.37) or the trapped 

free liquid phase (n ≈ 1.4), both of whose refractive indices are close to that of silicon gel (n ≈ 

1.4), resulting in no interference fringe formation. This feature becomes more evident when 

different drying conditions are used (Figure 6-8).  

Even though the overall morphology of the patterns remain insensitive to drying 

conditions with a marginally smaller pattern dimesion (arm lengths) for drying in oven, we 

observe that for drying in oven the black regions are not observed (Figure 6-8(c)) indicating 

complete removal of hexane or the free liquid phase. Further, height extraction along pattern 

arm reveals that the ridge profile does not exhibit the crease formation close to the ridge peak 

(Figure D6-13, Appendix D). Note that independently performed Raman spectroscopy 

measurements, before and after solvent extraction, reveal no new peaks, and thus may not be 

able to resolve the trapped phase, possibly due to evaporation under the laser intensity (Figure 
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D6-14, Appendix D). Taken together, these results confirm that the formation of triradial 

patterns in the silicone gel arises from physical reorganization and stress-driven deformation, 

albeit with a possible presence of a trapped free-liquid phase.  

 

Figure 6-8 Effect of drying conditions on the pattern formation: (a) In air for 10 min, ( 

b) In air for 12 hrs, (c) In an oven for 12 hrs at 60 °C. The green (first column) and the red channels (second 

column) reflect imaging using 488 nm and 561 nm wavelengths, respectively. The combined channel image (third 

column) is the overlay of the green and red channel images. The final column images are zoomed-in versions of 

the combined channel images, highlighting a single pattern. 

To further validate the generality of the observed post-extraction morphological 

evolution, particularly the reduction in triradial arm length likely caused by secondary 

relaxation and network compaction, two additional silicone-based elastomer systems, P64 

(PDMS base and crosslinker ratio = 64:1, see methods and E ≈ 4 kPa 295) and P80 (PDMS base 
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and crosslinker ratio = 80:1, see methods and E ≈ 1 kPa 295), were prepared and analyzed 

(Figure 6-9). The formulation P64 was selected to match the free liquid content of the silicone 

gel (approximately 64 wt%, as the weight loss of silicone gel extracted in hexane for 10 hrs 

and 96 hrs), thereby serving as a compositional analogue. In contrast, P80, with a higher fraction 

of uncross-linked fluid and lower network stiffness, was employed to assess the response of 

even softer elastomer networks. By comparing the pattern evolution in these materials, we aim 

to elucidate whether similar secondary relaxation-induced morphological retraction occurs 

across elastomer systems of varying mechanical compliance and free-liquid content. From our 

RICM signature, we observe that the morphology is like the silicone gel substrate with a broad 

flower petal-like configuration with significant dark regions indicating trapped free liquid 

phase (Figure 6-9(a) and 9(b)). Further, the ridge profiles also exhibit the crease formation 

close to the ridge tip (Figure 6-9(c) and 9(d)) with an average vertical height at par with that 

observed in silicone gel substrates. However, quantitative analysis reveals that the average arm 

length of patterns is 57.62 ± 5.79 µm and 59.43 ± 9.02 µm for P64 and P80, respectively. Both 

these values are significantly higher that that observed for patterns on the silicone gel substrate 

and more at par with that observed for P60 (Figure 6-4(f) and Figure D6-15(a), Appendix D). 

The histograms and corresponding fitted distributions of the arm length la (Figure D6-15(b), 

Appendix D) show a systematic shift with increasing free liquid content. For substrates with 

lower free liquid (e.g., P60), the distribution is centered at shorter lengths (∼50 μm) with a 

relatively narrow spread. With increasing free liquid fraction (P64 and P80), the distributions 

progressively broaden and shift toward larger values, with mean lengths exceeding 60 μm and 

a noticeably wider variance. This trend indicates that the presence of free liquid promotes the 

formation of longer and more heterogeneous arms. Consequently, even though the pattern size 

increases as the elasticity of the PDMS decreases and free liquid content increases, the 

correlation across elastomer (PDMS) and silicone gel substrate is not straightforward. 

Furthermore, similar to previous surfaces, here also, the patterns are fully developed and 

exhibit no transient states beyond the extraction time of 10 hrs (Figure D6-16, Appendix D).  
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Figure 6-9 Pattern formation for PDMS substrates with different base-crosslinker ratios: (a) PDMS 64:1 and (b) 

PDMS 80:1. The green (first column) and the red channels (second column) reflect imaging using 488 nm and 

561 nm wavelengths, respectively. The combined channel image (third column) is the overlay of the green and 

red channel images. The final image in each row is the zoomed-in image of a pattern. Compared to PDMS 60:1, 

these surfaces have a higher fraction of free liquid chains and lower elasticity. (c) and (d) Height profiles (h) 

extracted from RICM images along the white dashed lines in (a) and (b). The green and the red symbols represent 

height extracted from 488 nm and 561 nm wavelengths, respectively (see methods). 

6.3.3 Mechanism of solvent-induced soft thin film surface patterning 

Time-resolved observations of surface morphology evolution in confined soft 

substrates (P60 and silicone gel) during n-hexane extraction and drying reveal a multistage 

pattern formation process governed by the massive removal of unreacted free liquid polymer 
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chains, solvent uptake, internal stress buildup, ordered lattice structure arrangement, 

mechanical instability, and final stabilization. The process occurs in five distinct stages: 

 

Figure 6-10 Schematic of the solvent-induced surface pattern formation mechanism in confined soft elastomer 

films, highlighting the five distinct stages: (a) Pre-extraction and early solvent extraction (see step 1 in the main 

text), (b) Progressive swelling (see step 2 in the main text), (c) Solvent evaporation (see step 3 in the main text), 

(d) Mechanical instability, and pattern formation and stabilization (see steps 4 and 5 in the main text). 

1. Initial Extraction. Selective removal of free liquid chains: At early stages of solvent 

extraction, hexane preferentially removes unreacted, free liquid polymer chains from 

the soft polymer network. This results in a reduction of the spatial density within the 

network, effectively loosening the polymer mesh and allowing solvent molecules to 

more easily diffuse into the crosslinked matrix (Figure 6-10(a)). The ensuing modest 

swelling leads to minor, localized perturbations in the film, but remains insufficient to 

generate the compressive stress required for the onset of surface instability.  

2. Progressive Swelling. Solvent Penetration, Network Expansion, and Ordered 

Lattice Structure Arrangement: As the extraction time increases, a greater 

proportion of free, unreacted chains are removed, allowing more hexane molecules to 

infiltrate the crosslinked three-dimensional (3D) polymer network. This process results 
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in pronounced swelling, accompanied by internal polymer reorganization (Figure 6-

10(b)). Further, during this process, prominent surface-to-bulk gradients in both elastic 

modulus and internal stress begin to emerge. Specifically, the top surface layer, being 

less constrained and more accessible to solvent, undergoes greater expansion compared 

to the underlying bulk. This differential swelling continues until the compressive stress 

accumulated in the surface layer is counterbalanced by the surface elasticity. As the 

swelling progresses, the polymer network on the free surface tends to self-organize into 

locally ordered lattice-like arrangements, likely due to cooperative molecular 

realignment under solvent-mediated plasticization 296,297.  

3. Solvent Evaporation. Asymmetric Deswelling, Reorganization and Film Thinning: 

Upon removing the sample from the solvent bath, rapid evaporation of hexane from the 

free surface initiates contraction of the swollen polymer chains, particularly in the 

previously expanded surface layer (Figure 6-10(c)). Meanwhile, hexane retained in the 

deeper regions of the film, especially within the denser, bulk network, evaporates more 

slowly. This deswelling asymmetry induces molecular rearrangement within the bulk 

polymer network, promoting polymer chain aggregation in the bulk. As a result, the 

center of the crosslinker network of the film becomes denser and thicker than the 

surrounding areas. Once most of the solvent has evaporated, the vertical redistribution 

of polymer becomes frozen in time, and the film exhibits a thinner profile overall due 

to the combined effects of free molecules extraction and post-swelling contraction.  

4. Mechanical Instability. Pattern Formation via Buckling: The surface pattern arises 

at this point: as the topmost crosslinked layer attempts to contract and match the 

underlying polymer height, which now features localized polymer densification and 

height differences, mechanical instabilities are triggered due to the mismatch in 

shrinkage and elastic constraint. This stress imbalance leads to the formation of surface 

buckling patterns, particularly the observed triradial (Y-shaped) microstructures 

(Figure 6-10(d)). 
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5. Final Stabilization. Quasi-periodic Pattern Emergence: At sufficiently long 

extraction times (e.g., 96 hrs), the cumulative effects of solvent-induced swelling, 

network densification, and stress accumulation culminate in the emergence of a quasi-

periodic array of ordered patterns. Weight loss, thickness reduction, and topographic 

analysis confirm extensive free molecules loss and polymer reorganization, indicating 

that these surface features represent an energetically stabilized, mechanically 

equilibrated configuration. 

6.4 Conclusion  

Collectively, the results presented here establish a generalized framework for solvent-

induced surface patterning in soft elastomer and gel networks. Across multiple material 

systems with varying crosslink densities and solvent affinities, we observe a reproducible 

transition from shallow, disordered swelling domains to well-defined triradial microstructures, 

driven by free liquid chains removal, solvent-induced swelling, internal stress accumulation, 

and the development of surface-to-bulk modulus gradients. The emergence of a quasi-periodic 

array of triradial patterns reflects a mechanically favorable mode of stress release, while the 

subsequent dimensional retraction observed at extended extraction durations highlights the role 

of post-buckling relaxation and network densification. Importantly, the spatial fidelity, 

symmetry, and long-term stability of the resulting patterns are strongly modulated by intrinsic 

material parameters such as free liquid content, elastic compliance, and swelling capacity. 

These insights enable rational design strategies for encoding surface patterns through 

controlled solvent processing and material selection. 

Beyond fundamental interest, these findings offer practical implications for soft surface 

engineering in applications ranging from optical interference structures 298 and tunable wetting 

surfaces 299 to bioinspired topographies 300 and stretchable devices 301. By coupling simple 

solvent extraction protocols with tailored elastomer formulations, a broad range of hierarchical, 

self-organized surface architectures can be generated without the need for lithography or 
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templating. Unlike conventional lithographic techniques, solvent-induced pattern formation is 

inherently self-organized, substrate-conformal, and scalable, making it attractive for 

applications in flexible electronics 302 and smart coatings 303,304. This work thus bridges 

fundamental understanding with application-oriented design, paving the way for solvent-

responsive materials in next-generation surface engineering. Moreover, the high-resolution 

and morphologically rich patterns generated here present an opportunity for integration with 

data-driven approaches such as machine learning. By leveraging image-based pattern 

recognition or correlating polymers and solvent parameters with pattern geometries, these 

structures could be used to train predictive models for topography control, enabling inverse 

design in soft material systems. Beyond scientific insights, our experiments using advanced 

microscopic techniques can generate beautiful images, which demonstrate the artistry of 

science and even rival the beauty of nature. 
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Chapter 7 

Conclusions and Future Outlook 

7.1  Conclusions of present research 

The objective of this dissertation was to investigate the interfacial behaviors of soft 

polymer thin films and metal-polymer bilayers under contact and solvent stimuli. To address 

the four interconnected scientific questions identified at the outset, two advanced techniques: 

confocal Raman spectroscopy and DW-RICM, were employed to explore localized interfacial 

deformation of polymer thin films under external loading, optical and mechanical properties 

of metal-polymer bilayers, dynamic contact behavior of softer metal-polymer bilayers, and 

solvent-induced surface instabilities and pattern formation in polymer thin films. These studies 

have demonstrated correlations between microscopic structures and macroscopic mechanical 

behaviors, contributing to the scientific understanding of functional soft interfaces and 

providing effective experimental methodologies for their characterization and practical 

applications. The conclusions and some scientific and practical insights acquired from each 

chapter are listed below. 

In chapter 3, confocal Raman spectroscopy was used to establish an in-situ imaging 

technique capable of visualizing soft contact deformation. This technique involves Raman 

mapping measurements along the x, y, and z axis around the contact interface of a silicone 

elastomer on a glass substrate. Consequently, the present technique provides chemical 

signatures across different confocal planes around the region of interest. The mapping 

identified the relative intensity of the Raman peak at 2905 cm-1 to be the most definitive 

signature enabling detection of the spatial variation of the silicone contacting interfaces. Using 

this signature, we developed a framework of generating Raman contour maps that embed 

crucial information, such as the position of the contact interface, contact radius, and indentation 

depth, without extensive reliance on predefined material parameters. It reveals that, for stiffer 
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PDMS (P10), Hertz theory remains valid even a/H = 3.6. This novel Raman-based framework 

provided unprecedented insights by linking chemical signatures with measurable physical 

parameters, thus establishing a robust analytical approach for characterizing soft contact. It 

raises promising prospects of future work following the onset of inside molecular distributions 

within deformation region of soft contact and would provide guidance for the characterization 

of such elastomer across a wide array and would benefit emerging technologies. 

In chapter 4, DW-RICM was used as an efficient method for simultaneously measuring 

the effective refractive index and elastic modulus of metal-polymer bilayers. By employing 

interference signatures at wavelengths of 488 nm and 561 nm from a spherical glass probe of 

known geometry, the refractive indices and elastic moduli of nanoscale Ag and Au coatings 

deposited on PDMS substrates with varying stiffness and thickness were quantitatively 

determined. Results demonstrated a notable decrease in the effective refractive index with 

increased metal deposition time, showing excellent agreement with independent UV-Vis 

spectroscopy measurements. Furthermore, elastic moduli derived using Hertz contact theory 

exhibited a clear increase with increasing metal deposition time. This robust yet 

straightforward methodology addresses limitations of traditional techniques that require 

multiple complex experimental procedures, thereby providing valuable experimental and 

theoretical foundations for the precise design and characterization of metal-polymer bilayer 

materials with tailored optical and mechanical properties. 

In chapter 5, DW-RICM was innovatively advanced by employing black ink coated 

probes to effectively eliminate optical interference inherent to transparent glass probes. This 

enabled precise characterization of the dynamic behavior of contact ridges. Through detailed 

analysis of PDMS substrates with varying Au deposition times, it was found that increasing 

metal deposition time enhanced substrate stiffness, consequently decreasing both the contact 

radius and ridge height. Additionally, it revealed that the metal-polymer bilayers exhibited a 

continuous increase in ridge height over time, which is different with bare PDMS. Raman 

spectroscopy confirmed this phenomenon arises from the long-term diffusion of metal into the 
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soft substrate, decreasing interfacial stiffness or enhancing adhesion. This newly developed 

methodology overcomes measurements challenges, providing essential experimental tools and 

theoretical insights for better understanding interfacial behaviors in flexible electronics, 

intelligent sensors, and wearable devices based on metal-polymer composite thin films. 

In chapter 6, DW-RICM was utilized to reveal the mechanism behind solvent-induced 

patterns formation on soft polymer films. Systematic variation of solvent extraction time and 

drying conditions clearly showed morphological evolution from shallow circular domains into 

stable, well-defined triradial structures. Studies of silicone elastomer and gel with varying 

stiffness and crosslink densities indicated that lower crosslinking densities and higher free-

liquid contents enhance the pattern size and accelerate their formation. Raman spectroscopy 

further confirmed that these patterns arise not from chemical changes. These insights not only 

elucidate a general mechanism for solvent-driven self-organized surface pattern formation on 

soft polymer thin films, but also provide a scalable, lithography-free approach to creating 

tailored microstructures relevant to flexible electronics, smart coatings, and bio-inspired 

surfaces. 

In summary, this dissertation integrates spectroscopic and optical methodologies to 

systematically address aforementioned questions in soft interfaces. The analytical frameworks 

and key findings presented herein advance the fundamental understanding and provide robust 

experimental tools essential for the rational design, precise characterization, and practical 

application of advanced soft-material interfaces. 

7.2 Suggestions for future research  

The spectroscopic and optical methods developed in this dissertation have significantly 

advanced our understanding of soft interface mechanics. However, further refinements are 

necessary to broaden their applicability and enhance analytical precision. Based on the 

methodological limitations identified, this section proposes several directions for future 
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research, aimed at both deepening fundamental insights and enabling practical applications of 

the interfaces of soft materials. 

Firstly, future work could extend confocal Raman spectroscopy methodologies to non-

Hertz (conformal) contact configurations. While the current study primarily focused on 

relatively stiff PDMS substrates (~1.6 MPa), softer materials, such as lightly crosslinked 

PDMS 103, silicone gels 19, or hydrogels 104, often exhibit more complex deformation features, 

including pronounced contact ridges, liquid menisci, or phase separation phenomena 51,58. Such 

features complicate Raman spectral analysis, necessitating the adaptation of existing data 

processing frameworks. Besides, integrating Raman spectroscopy with DW-RICM may 

provide complementary chemical and topographical data, significantly enhancing the 

capability to interpret complex interfacial phenomena. 

Regarding DW-RICM, in Chapter 4, it was successfully applied to determine the 

refractive index of polymer thin films and metal-polymer bilayers. The glass slide / PDMS (or 

Ag-/Au-coated PDMS) / glass sphere system were analyzed under the simplifying assumption 

of three parallel stratified layers with normal incidence. While this approximation is valid 

within the analyzed region, deviations emerge at larger radial distances where curvature effects 

become significant. Future studies should investigate the transition between the parallel-layer 

and curvature-dominated regimes in a more systematic manner. In particular, additional optical 

factors such as the numerical aperture of the objective, the pinhole size in confocal detection, 

and the angular distribution of incident light should be considered. These parameters are 

expected to influence the effective optical path length and the sensitivity of the interference 

signal to curvature, thereby determining the range of validity of the current approach. 

Incorporating such considerations through experimental calibration or optical modeling would 

provide a more comprehensive framework for extending RICM analysis to broader geometries 

and material systems. Besides, although its efficacy in probing soft contacts has been 

demonstrated, future efforts should focus on engineering probe coatings with tailored spectral 

absorption or reflectance characteristics to substantially enhance the accuracy of height 
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measurements and interfacial morphology characterization. Current techniques suppress 

unwanted reflections using black-ink coatings; however, achieving an optimal balance 

between optical absorption and surface smoothness remains challenging. In addition, 

integrating DW-RICM with advanced data-driven methods presents exciting opportunities. As 

demonstrated in Chapter 6, DW-RICM effectively captured solvent-induced surface 

instabilities, revealing detailed morphological features. Future research could leverage image 

processing techniques and machine learning algorithms to systematically extract 

morphological descriptors, correlate them to underlying material and solvent parameters, and 

develop predictive models. This approach could facilitate inverse design strategies, enabling 

precise control of interfacial architecture and functionality in soft materials. 

Furthermore, the solvent-induced pattern formation described in Chapter 6 deserves 

deeper theoretical and computational investigation. Numerical modeling methods, such as 

finite-element simulations, would clarify key mechanisms underlying these observed 

morphological changes, particularly internal stress accumulation, solvent transport dynamics, 

and modulus heterogeneity. Additionally, systematic studies on factors including polymer 

properties, solvent polarity, film thickness, and crosslink density will enhance reproducibility 

and enable better control over pattern formation. Moreover, incorporating optically active 

materials (e.g., nanoparticles or two-dimensional materials) into PDMS could further tailor the 

optical properties of these surface patterns, thus broadening their potential function. 
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Appendix A 

Supporting Information for Chapter 3 

A3.1 The thickness of the PDMS film measurement: 

The thickness of the soft substrate was determined by a Field Emission Scanning 

Electron Microscopy (Zeiss UltraPlus FESEMs). After preparation, the soft substrate was cut 

into 8 mm × 10 mm (width × length) pieces and mounted on the stub aligned at an angle of 90° 

with a conductive tape, with the PDMS layer facing outward and the glass slide in contact with 

the conductive tape, for SEM measurements. The corresponding cross-sectional SEM image 

is shown in Figure A3-1. To assess the spatial uniformity, the PDMS film thickness was 

measured at three different positions in each of three independent images. From these 

measurements, the average thickness of the PDMS layer was determined to be 35.43 ± 0.31 

µm. 

 

Figure A3-1 The cross sectional SEM image of the PDMS layer coated on a glass slide. 
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A3.2 The transmittance and reflectance of the glass slide and PDMS coated glass slide 

 

Figure A3-2 (a) Plots of transmittance using UV/Vis spectroscopy measurements for glass slide and PDMS 

coated glass slide. (b) Plots of reflectance using UV/Vis spectroscopy measurements for glass slide and PDMS 

coated glass slide. 

 

A3.3: The calculated refractive indices of the glass slide and PDMS thin film  

From transmittance and reflectance measurements, the refractive indices of the glass 

slide and the PDMS thin film were determined. As shown in Figure A3-3(a), the total 

transmittance of the glass slide system can be expressed as 203, 

 𝑇 = 𝑇12𝑇21/(1 − 𝑅21
2 ) (A3-1) 

where, the reflectance between medium 1 and medium 2, 𝑅12 = 𝑅21 = ((𝑛2 − 𝑛1)/(𝑛2 +

𝑛1))2  and the transmittance between medium 1 and medium 2, 𝑇12 = 𝑇21 = (4𝑛1𝑛2)/

(𝑛1 + 𝑛2)2. n1 and n2 are the refractive indices of medium 1 and medium 2, respectively.  In 

this system, n1 = 1, the transmittance T = 91.7%. Accordingly, the refractive index of the glass 

slide is obtained as 𝑛2 = 𝑇−1 + √𝑇−2 − 1 = 1.53. Similarly, the total transmittance of the 

PDMS coated glass slide system (Figure A3-3(b)) can be expressed as 203, 
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 𝑇 = 𝑇12𝑇23𝑇31/((1 − 𝑅23
2 )(1 − 𝑅31

2 )) (A3-2) 

where, the reflectance between medium 2 and medium 3, 𝑅23 = ((𝑛2 − 𝑛3)/(𝑛2 + 𝑛3))2, the 

reflectance between medium 3 and medium 1, 𝑅31 = ((𝑛3 − 𝑛1)/(𝑛3 + 𝑛1))2 , 𝑇23 =

(4𝑛2𝑛3)/(𝑛2 + 𝑛3)2  , and the transmittance between medium 3 and medium 1,  𝑇31 =

(4𝑛3𝑛1)/(𝑛3 + 𝑛1)2. In this system, n1 = 1, n2 = 1.53, and the transmittance T = 92.3%. The 

refractive index of PDMS was determined to be 1.44. 

 

 

Figure A3-3 (a) Schematic of light transmitting through a glass slide. (b) Schematic of light transmitting through 

the PDMS coated glass slide. n1, n2, and n3 are the refractive indices of air, glass, and PDMS, respectively. 

 

A3.4 The Raman spectra of glass and P10 (PDMS 10:1) at different laser powers 

 

Figure A3-4 The Raman spectra of (a) glass and (b) P10 (PDMS 10:1) at laser powers of 0.13 mW, 1.41 mW, and 

3.77 mW between 400 cm-1 to 3200 cm-1 Raman shift. 
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A3.5: Laser spot diameter of conventional Raman spectroscopy 

Based on the laws of optics, the minimum achievable laser spot size (diameter, D) is 

diffraction-limited and is determined by the wavelength of the laser (𝜆) and the numerical 

aperture of the microscope objective lens (NA) 72: 

𝐷 = 1.22𝜆/NA (A3-3) 

In our experiments, the laser wavelength 𝜆 is 638 nm, NA is 0.5 and thus, the corresponding 

laser spot diameter D is 1.56 μm. 

 

A3.6: Lateral resolution of Raman spectroscopy 

The lateral resolution in x- and y- axis ( ∆𝑥, ∆𝑦 ) of Raman spectroscopy is defined as 

the minimum distance between two points that can be clearly distinguished on a microscope 

image, i.e. half the width of the Airy disk 135. Based on the Rayleigh criterion 305,  

∆𝑥, ∆𝑦 = 0.61𝜆/NA (A3-4) 

where 𝜆 is the laser wavelength, NA is the numerical aperture of the objective lens. In our 

experiments, the laser wavelength is 638 nm, NA is 0.5 and the corresponding lateral resolution 

in x- and y- axis ( ∆𝑥, ∆𝑦 ) is 0.78 μm. 

 

A3.7: In-depth resolution of Raman spectroscopy 

The in-depth resolution (∆𝑧) of Raman spectroscopy is defined as half the width of the 

axial intensity profile and can be approximated by the following expression 135,306,307 

∆𝑧 = 𝜆/(𝑛0 𝑠𝑖𝑛 𝜃)2 (A3-5) 
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where 𝜆 is the laser wavelength and 𝑛0 is the refractive index of the medium separating the 

objective from the target substrate (air, in our case). In our experiments, the laser wavelength 

is 638 nm, 𝑛0 sin 𝜃 = NA = 0.5. Thus, ∆𝑧(𝑡ℎ𝑟𝑜𝑢𝑔ℎ 𝑎𝑖𝑟, 𝑛0 = 1) = 𝜆/(NA)2 = 2.55 μ𝑚. 

 

 

A3.8: The penetration depth of laser in air, glass and PDMS 

 

Figure A3-5 Schematic of the laser spot focused on the interface of different materials (a) air, (b) glass, and (c) 

PDMS film. n0, n1, and n2 are the refractive index of air (1.0), glass (1.5) and PDMS (1.4), respectively and n0 ＜

n2 ＜n1. θ0,  θ1, and θ2 are the maximum angle with respect to the optical axis in the observation medium (here is 

air) and in the analyzed material: glass and PDMS, respectively and θ0 ＞ θ2 ＞ θ1 (see text). δ0, δ1, and δ2 are the 

real penetration depth of laser in air, glass and PDMS, respectively. 

During Raman mapping measurement, the optical path of the laser first goes through 

the air medium and then focuses on the target substrate, where the diameter of the laser spot is 

D. The volume of light used for Raman spectroscopy depends on the size of the pin hole, the 

objective lens and the laser wavelength. In our experiments, the laser wavelength (~638 nm), 

pinhole (~300 μm) and the objective lens (50x) used are constant. During measurements, the 

penetration depth of laser beam depends on the refractive index of the target substrates. In our 

system, the surrounding medium is air (𝑛0 = 1) and the target substrates are glass (𝑛1 = 1.53)  

and PDMS (𝑛2 = 1.44) creating the condition 𝑛0 < 𝑛2 < 𝑛1. Therefore, we set the penetration 

depth in air as the apparent depth 𝛿0 and illustrate the schematic of the penetration depth in air 
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during Raman mapping in Figure A3-5(a). According to Snell's law, we know that 𝑛0 sin 𝜃0 =

𝑛1 sin 𝜃1 = 𝑛2 sin 𝜃2. Since 𝑛0 < 𝑛2 < 𝑛1, we can infer that from Snell’s law that 𝜃0 > 𝜃2 >

𝜃1. The schematics of the penetration depth in glass and PDMS during Raman mapping are 

depicted in Figure A3-5(b) and (c), respectively. The penetration depths of analysis in glass 

and PDMS can be expressed as: 

δ1 = (tan 𝜃0 / tan 𝜃1)𝛿0 (A3-6) 

δ2 = (tan 𝜃0 / tan 𝜃2)𝛿0 (A3-7) 

Since, 𝜃0 > 𝜃2 > 𝜃1,  and tangent is an increasing function its principal interval (-π/2, π/2), 

therefore, tan 𝜃0 > tan 𝜃2 > tan 𝜃1. Then, we can conclude 𝛿1 > 𝛿2 > 𝛿0. 

 

A3.9: Comparison with Hertz contact theory and Winkler model 

Both Hertz contact theory and the Winkler foundation model describe elastic 

deformation under external loading but apply to distinct scenarios. Several studies have 

examined the transition in contact response from Hertz theory (for elastic half-spaces) to the 

Winkler model (for thin elastic layers on a rigid substrate) as the layer thickness varies, 

providing mathematical formulations for the transition between these regimes 37–40. To 

elucidate this transition, we consider an elastic layer of finite thickness H, subjected to 

indentation by a rigid spherical indenter (Hertzian configuration), with a rigid substrate beneath 

(Winkler-like boundary condition). 

Hertz contact theory describes the deformation of semi-infinite elastic bodies, where 

the stress and displacement fields are governed by elastic half-space theory:  

𝛿 = (9F2/16𝑅𝐸∗2)
1
3 (A3-8) 

The contact radius 𝑎, and the applied force 𝐹 satisfy the relationship: 

𝑎 = (3FR/4𝐸∗)
1
3 (A3-9) 

where 𝐹 is the applied force, 𝑅 = (1/𝑅1 + 1/𝑅2)−1 is the reduced radius, 𝑅1and 𝑅2 are the 

radii of the glass probe (~2600 μm) and the soft substrate (~ +∞), respectively. 𝐸∗ =
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[(1 − 𝜗1
2)/𝐸1 + (1 − 𝜗2

2)/𝐸2]−1  is the effective Young’s modulus where 𝐸1and 𝐸2 are the 

Young’s moduli of the glass probe and the soft substrate, respectively. Here, 𝜗1 and 𝜗2 are the 

Poisson’s ratios of the glass probe and the soft substrate, respectively, and 𝛿 is the indentation 

depth.  

The Winkler model assumes that 1) the substrate consists of independent springs, 

meaning deformation at one location does not influence neighboring regions. 2) the 

deformation occurs only in the normal direction, with no lateral interactions. 3)the foundation 

stiffness is characterized by a modulus 𝑘 (unit: N/m3), which relates the local pressure 𝑞(𝑥) to 

displacement 𝑤(𝑥) via: 

𝑞(𝑥) = 𝑘𝜔(𝑥) (A3-10) 

For a thin elastic layer of finite thickness 𝐻, the effective foundation stiffness is approximated 

by: 

𝑘 ≈ 2𝐺(1 − 𝜗)/𝐻(1 − 2𝜗) (A3-11) 

where 𝐸 and ϑ are Young’s modulus and the Poisson’s ratio of the elastic layer, respectively. 

Such that the indentation force and displacement exhibit a linear relationship: 

𝐹 ≈ 𝑘𝑆δ (A3-12) 

where 𝑆 is the contact area. The transition from Hertzian to Winkler-like behavior is governed 

by the dimensionless thickness parameter 𝜆: 

𝜆 = 𝐻/𝑎 (A3-12) 

where 𝑎 is the contact radius. The model transition occurs as follows: For 𝜆 ≫ 1 (thick elastic 

layers, small contact radius): the substrate has negligible influence, and Hertzian contact 

mechanics applies. For 𝜆 ≪ 1 (thin elastic layers, large contact radius): the substrate imposes 

a dominant influence, and a Winkler-type foundation better describes the response 39,40.  

In our case, the thickness (𝐻) of P10 film is 35.43 ± 0.31 μm and the contact radius 

obtained from optical imaging is aexp= 127.6 ± 3.2 μm, therefore, λ = H/a = 35.43/127.6 = 

0.28＜ 1, which means the Winkler-type foundation may be suitable for our system. 
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Consequently, we calculated the indentation depth based on the Winkler theory, assuming near 

incompressibility of PDMS and using two test cases ϑ = 0.45 and ϑ = 0.48 140. In our system, 

the applied force F = 5.12 mN, the thickness of the PDMS layer, H = 35.43 μm, and S = π  

aexp
2 = 5.1×10-8 m2. Further, since 𝐺 = 𝐸/2(1 + 𝜗) and E = 1.62 MPa, we calculate G = 0.66 

MPa and G = 0.65 MPa for ϑ = 0.45 and ϑ = 0.48, respectively. Consequently, using Eq. (A3-

12), we calculate 𝑘(𝜗 = 0.45) = 2.0 × 1011 N/m3 and 𝑘(𝜗 = 0.48) = 4.8 × 1011 N/m3. 

Using these values in Eq. (A3-13), we estimate 𝛿 = 𝐹/𝑘𝑆 =
5.12×0.001

2×1011×3.14×(127.6×10−6)2
=

0.5 μm for ϑ = 0.45 and 𝛿 = 𝐹/𝑘𝑆 =
5.12×0.001

4.8×1011×3.14×(127.6×10−6)2 = 0.2 μm for ϑ = 0.48.  
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Appendix B 

Supporting Information for Chapter 4 

B4.1: Calculation of Young's modulus from UMT experiments 

The tensile stress 𝜎 and strain 𝜀 of the soft PDMS substrates were determined using 

𝜎 = 𝐹/𝐴0 and 𝜀 = ∆𝐿/𝐿0, where 𝐹 is the tensile force and 𝐿0 is the length of the substrates. 

Since PDMS is an elastomer, the true stress and true strain can be expressed as 𝜎∗ = 𝜎(1 + 𝜀) 

and 𝜀∗ = ln(1 + 𝜀) 171. Consequently, the Young's modulus 𝐸 can be obtained from Hooke's 

law in the low strain limit using 𝐸 = 𝜎∗/𝜀∗  52,206,308, as shown in Figure B4-1. Linear 

regression was performed within the initial strain regime to minimize error, ensuring that the 

modulus was extracted from the elastic response. 

 

Figure B4-1 (a) Tensile stress-strain curves for PDMS 10:1 (P10) and 20:1 (P20) substrates. (b, c) True tensile 

stress versus true strain for P10 and P20, respectively, along with the fitted slopes corresponding to the Young’s 

modulus (E (P10): 1.88 MPa;  E (P20): 0.68 MPa). The linear regressions were performed in the low-strain regime, 

and the fitted slopes were confirmed to lie within the 95% confidence interval.  

 

B4.2: Calibration of the sputter coating rate 

For calibration, a clean glass slide was placed horizontally on the substrate holder 

inside the vacuum sputtering chamber with the Ag target positioned above it. The chamber was 
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evacuated to a base pressure of 0.5 - 100 mTorr to remove residual gases, and high-purity argon 

gas was introduced as the working medium. Upon applying a voltage (target as the cathode 

and the substrate as the anode), the argon atoms were ionized to generate a plasma. Energetic 

Ar+ ions bombarded the target surface, ejecting Ag atoms that condensed onto the glass slide 

to form a uniform thin-film coating.  

To verify the sputtering rate, part of the glass slide surface was masked with another 

glass slide during deposition. After sputtering, the mask was removed, and the step height of 

the Ag film was measured by atomic force microscopy (Pacific Nanotechnology AFM Nano-

R) and confirmed with a stylus profilometer (Veeco Dektak 8) (Figure B4-2(a) and (b)). 

Typically, the thickness of Ag deposited on the glass slide for 120s was observed to be 18 nm. 

Attempts to apply the same method to measure the thickness of the Ag coating on 

PDMS surface, the masking procedure resulted in surface wrinkles, making direct thickness 

measurements unreliable (Figure B4-2(c) and (d)).  

 

Figure B4-2 (a) and (c) Atomic force microscopy (AFM) scans of sputtered Ag layer on bare and PDMS 10:1 

coated glass slides. (b) and (d) Plot of Ag layer thickness corresponding to the micrographs shown in (a) and (c) 

along the marked lines. 
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B4.3: Surface Morphology of Bare and Ag-Coated PDMS Substrate

 

Figure B4-3 SEM micrographs of (a) bare PDMS (10:1), (b) PDMS (10:1) coated with Ag for 60 s, and (c) 

PDMS (10:1) coated with Ag for 120 s. 

 

B4.4: Uncertainty in glass sphere radius and refractive index for RICM height estimation 

For a sphere (with radius of R) - plane geometry, the gap height at a lateral distance r 

can be approximated as: 

 ℎ(𝑟) = 𝑟2/2𝑅 (B4-1) 

The error propagation gives: 

 𝜕ℎ/𝜕𝑅 = −𝑟2/2𝑅2 = −ℎ/𝑅 (B4-2) 

The relative error is 𝛥ℎ/ℎ ≈ 𝛥𝑅/𝑅 . For the glass sphere used in this work (R0 = 

2600 μm), the typical manufacturing tolerance is ±5 µm in diameter (ΔR ≈ 2.5 μm in radius). 

This corresponds to a relative uncertainty of 
𝛥𝑅

𝑅0
≈ 0.096 %. Taking a representative height 

scale around h ≈ 8 µm ( calculated based on: 𝑅0 − √𝑅0
2 − 𝑟0

2 = 7.7 μm, the perfect fitting 

range r0 ≈ 200 μm (see B4.6)), the propagated uncertainty is 𝛥ℎ ≈ 0.008 𝜇𝑚, which is below 

the pixel size and can be negligible. Hence, the glass sphere can be reasonably assumed to be 

perfectly spherical.  

To assess the impact of the glass sphere refractive index uncertainty on RICM height 

reconstruction, we apply a similar error-propagation analysis. For normal incidence, the 
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reconstructed height depends inversely on the refractive index, giving 𝛥ℎ ≈ (ℎ/𝑛)∆𝑛. Using 

the same representative height scale h ≈ 8 µm and n = 1.47,  the refractive index uncertainty 

as ∆𝑛 = 0.03 (1.47 vs. 1.50) results in 𝛥ℎ ≈ 0.16 μm. This is far smaller than the micrometer-

scale feature of interest in the experiments. 

Therefore, both the glass sphere radius tolerance and the uncertainty in refractive index 

introduce negligible errors in RICM height estimation. 

 

B4.5: Reconstructed profiles based on different expressions of neff 

 

Figure B4-4 Plot of glass sphere profiles, i.e., variation of h over r on PDMS 10:1 substrates corresponding to 

interference signature using various expressions of neff in Eq. 4-2 (see main text): neff = nair (squares), neff = nPDMS  

(pentagram), 𝑛eff = √𝑛air𝑛PDMS  (circles), 𝑛eff = 𝑛air + 𝑛PDMS  (cross), 𝑛eff = (1/𝑛air + 1/𝑛PDMS)−1  (crossed 

circles). The solid line shows the geometrical glass profile. 

 

B4.6: Comment on effective refractive index 

In our extraction of glass sphere profiles on Ag/PDMS substrates, we have used an 

effective refractive index accounting for refractive indices of both PDMS (Ag/PDMS) and air 

mediums. The concept of effective refractive index (𝑛eff) is often used in optical fiber field to 
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define the guided model through the fiber core and clad 309,310. The 𝑛eff must follow below 

equation: 

 min[𝑛1, 𝑛2] ≤ 𝑛eff ≤ max[𝑛1, 𝑛2] (B4-3) 

The single mode structure of the optical fiber is made up of two kinds of materials: core 

and clad with different refractive index of 𝑛1 and 𝑛2. In our system, the light also goes through 

two types of mediums: PDMS (or Ag/PDMS) and air. We observe that our proposed effective 

refractive index 𝑛eff = √𝑛air𝑛Ag PDMS⁄  in glass-Ag/PDMS system meets the condition of Eq. 

(B4-3). 

 

B4.7: Data processing procedure for extracting effective refractive index from DW-

RICM measurements 

As described in Section 4.2.3 during confocal RICM measurements, the Z-stack 

multidimensional acquisition function was employed to scan from the upper interface of the 

glass slide to a height of approximately 44 µm above the free surface of the PDMS coating. 80 

slices per sample per experimental run is obtained, which is adequate to identify the 

interference planes(s) of interest. The procedure for processing DW-RICM images, extracting 

interference fringe profiles, and subsequently fitting refractive indices is described in the 

following steps:  

Step 1: Selection of analysis region. The scanned image file was opened in the DW-

RICM software (ZEISS ZEN 2.6 lite). A line was drawn across the center of the contact area 

to extract a one-dimensional fringe intensity profile. The line was positioned such that the 

interference fringes were symmetrically distributed on both sides of the contact region. Areas 

containing impurity particles or surface defects were deliberately avoided to minimize 

artifacts.  

Step 2: Identification of the interference planes(s) of interest. The focal plane of 

interest was determined by inspecting the variation of fringe intensity with respect to the z-

axis position. Typically, both image clarity and overall fringe intensity increased with 
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increasing z. At a critical z position, the image reached the maximum sharpness and contrast, 

and the overall intensity of interference fringes attained its maximum. This position was 

considered the focal plane of interest. Beyond this plane, further increase in z-axis position 

caused the contact edge to brighten in sharply, while  the location of the maximum fringe 

intensity shifted laterally outward .  

Step 3: Extraction of fringe intensity and images. After identifying the focal plane, 

the interference fringe intensity profile along the selected line was extracted using the DW-

RICM software, and the corresponding image at that position was saved. To ensure the 

accuracy of the focal plane determination, fringe patterns within a ±5 μm range around the 

focal plane along the z-axis were typically included for analysis. 

Step 4: Reconstruction of the glass sphere profile. From the extracted images, the 

average contact radius a was determined, and the center of the contact area was set as the origin 

O(0,0). The real geometrical profile of the glass sphere (with radius R0 = 2600 μm) was 

calculated according to: 

 ℎ = √26002 − 𝑟2 − √26002 − 𝑎2 (B4-4) 

where r is the radial coordinate.  

            Step 5: Fringes normalization and refractive index extraction. The raw intensity 

I(a, u) together with the positional information was extracted. The fringe intensity was 

normalized using the relation: 

 𝐼0 = (𝐼 − 𝐼𝑚𝑖𝑛)/(𝐼𝑚𝑎𝑥 − 𝐼𝑚𝑖𝑛) (B4-5) 

where 𝐼0 is the normalized intensity of the fringes, I is the measured intensity,  𝐼m𝑎𝑥 is the 

maximum intensity of a particular distribution, 𝐼m𝑖𝑛 is the minimum intensity of a particular 

distribution. Subsequently, based on the contact radius and origin position, the r-coordinates 

corresponding to the maxima and minima of the normalized fringes were identified, and the 

total number of data points for each set of maxima and minima was recorded. We introduced 

the effective refractive index 𝑛𝑒𝑓𝑓 = √𝑛𝑎𝑖𝑟𝑛𝑃𝐷𝑀𝑆,   𝐴𝑔/𝐴𝑢−𝑃𝐷𝑀𝑆 .  These data were then fitted 

to the theoretical relation: 
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 ∆ℎ𝑔,𝑟 = m𝜆/4√𝑛𝑎𝑖𝑟𝑛𝑃𝐷𝑀𝑆,   𝐴𝑔/𝐴𝑢−𝑃𝐷𝑀𝑆 (B4-6) 

where ∆ℎ𝑔,𝑟  is the reconstructed profile based on the interference fringes, 𝑚 is the fringes 

order, and 𝜆 is the illumination wavelength (488 nm and 561 nm). By fitting the profile of 

∆ℎ𝑔,𝑟 with the geometric profile of the glass sphere ℎ, the refractive indices of PDMS (𝑛𝑃𝐷𝑀𝑆) 

and metal-polymer bilayers (𝑛𝐴𝑔/𝑃𝐷𝑀𝑆, 𝑛𝐴𝑢/𝑃𝐷𝑀𝑆) were obtained.  

During this fitting process, we first observed that the interference fringe intensity 

generally increased with radial distance r, then decreased beyond a certain point, and became 

nearly constant around r ≈ 200 μm. This behavior suggests that r ≈ 200 μm represents a 

transition region in the optical response. Consistently, for radial distances r ≤ 200 μm, all of 

the reconstructed profiles based on eq. (B4-7) were closely matched with the true profile of the 

glass probe. However, for r > 200 μm, slight deviations were observed (Figures 4-4(b) and (d), 

4-6(c), and 4-8(b)), with the reconstructed profiles fitted with effective refractive index neff 

tending to underestimate the true probe profile. This deviation can be attributed to the 

increasing slope of the spherical curvature at larger r, which leads to an increase in the effective 

air gap thickness in the optical path. Therefore, a reliable fitting range can be identified as r0 ≈ 

200 μm, within which the RICM fringe-based reconstruction matches the geometric profile 

well. Since our analysis region is confined to relatively small areas, we approximate the glass 

slide / PDMS (or Ag- /Au- coated PDMS) /glass sphere system as three parallel layers. 

Nevertheless, the limitations of this approximation should be acknowledged when extending 

to larger 𝑟, where curvature effects become non-negligible.  

 

B4.8: Comparison of Hertz and JKR Predictions for P10 and P20  

Hertzian prediction: in our experiment, the glass sphere contacts with the soft substrates 

(P10 and P20, respectively). The weight of the glass sphere applied to the force (F = 1.24 mN), 

and the Hertzian contact radius 𝑎𝐻 is  

𝑎𝐻 = (3FR∗/4𝐸∗)
1
3 (B4-7) 
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where the reduced radius 𝑅∗ = (1/𝑅1 + 1/𝑅2)−1, 𝑅1and 𝑅2 are the radii of the glass probe 

(~2600 μm) and the soft substrates (~+∞), respectively; the effective Young’s modulus 𝐸∗ =

[(1 − 𝜗1
2)/𝐸1 + (1 − 𝜗2

2)/𝐸2]−1 where 𝐸1and 𝐸2 are the Young’s moduli of the glass probe 

(64 MPa) and the soft substrates (P10:1.58 MPa; P20:1.43 MPa), and 𝜗1  and 𝜗2 are their 

Poisson’s ratios (both ~ 0.5). Based on these parameters, the Hertzian predictions are for P10, 

aH = 104.7 μm and for P20, aH = 108.2 μm. 

The JKR contact radius is given by: 

𝑎𝐽𝐾𝑅 = [3𝑅∗ (𝐹 + 3𝜋𝑤𝑅∗ + √6𝜋𝑤𝑅∗𝐹 + (3𝜋𝑤𝑅∗)2) 4𝐸∗⁄ ]

1
3
 (B4-8) 

where w is the is the work of adhesion. According to Yu et al. (2015) 206, the measured values 

of w: for P10 with glass lens, w = 64.6 ± 3.2 mJ/m2 and for P20 with glass lens, w = 87.8 ± 

4.3 mJ/m2. Based on these parameters, the JKR predictions are for P10, aJKR = 170.5 μm and 

for P20, aJKR = 188.5 μm.  

The DMT contact radius is given by: 

𝑎𝐷𝑀𝑇 = [3𝑅∗(𝐹 + 4𝜋𝑤𝑅∗) 4𝐸∗⁄ ]
1
3 (B4-9) 

where w is the is the work of adhesion. Based on above mentioned parameters, the DMT 

predictions are for P10, aMDT = 145.8 μm and for P20, aDMT = 161.4 μm. Both are far larger than 

the experimental results (P10: aexp = 103.7 μm; P20: aexp = 106.7 μm). Thus, Hertz theory 

provides a more appropriate description for our PDMS-glass contact system, as the effective 

adhesion is negligible under the present conditions. 

 

B4.9: Calculation of refractive index from UV/VIS spectroscopy measurements 

From Transmittance and Reflectance measurements, we can calculate the refractive 

index of pristine PDMS substrates as well as Ag coated PDMS substrates. As shown in Figure 

B4-10, the total transmittance of the system can be expressed as, 

 𝑇 = 𝑇12𝑇23𝑇31/(1 − 𝑅23
2 )(1 − 𝑅31

2 ) (B4-10) 
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where, the reflectance between medium 2 and medium 3,  𝑅23 = ((𝑛2 − 𝑛3)/(𝑛2 + 𝑛3))2, the 

reflectance between medium 3 and medium 1, 𝑅31 = ((𝑛3 − 𝑛1)/(𝑛3 + 𝑛1))2 , the 

transmittance between medium 2 and medium 3, 𝑇23 = 4𝑛2𝑛3/(𝑛2 + 𝑛3)2 , and the 

transmittance between medium 3 and medium 1, 𝑇31 = 4𝑛3𝑛1/(𝑛3 + 𝑛1)2 . Consequently, 

using known values of the transmittance, reflectance, and the refractive indices of 𝑛1 and 𝑛2, 

the refractive index 𝑛3 can be calculated. 

 

 

B4.10: Reconstructed profiles of glass spheres on P10 (35 μm) and P20 (35 μm) under water 

 

Figure B4-5 (a) and (c) Interference signatures of glass spheres on pristine, thin (35 µm) PDMS 10:1 and 20:1 

substrates submerged under DI water. (b) and (d) Plots of the glass sphere profiles corresponding to the 

interference signatures shown in (a) and (c). The symbols represent the height extracted using ∆ℎg,r =

𝑚𝜆g,r/4√𝑛water𝑛PDMS  and the solid lines represent the theoretical glass profile, i.e., ℎ = √26002 − 𝑎2 −

√26002 − 𝑟2. Here, a is the contact radius. 
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B4.11: The refractive index of bare Ag 

 

Figure B4-6 Plot of refractive index measurement of bare Ag. 

 

B4.12: Reconstructed profiles of glass spheres on P10 (35 μm)-Ag(10s) and P10 (1 mm)-

Ag(10s)  

 

Figure B4-7 (a) and (b) Interference signatures of glass spheres on thin (35 µm) and thick (1 mm) PDMS 10:1 

substrates with Ag layer of deposition time 10s. (c) Plots of the glass sphere profiles corresponding to the 
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interference signature shown in (a) and (b). The symbols represent the height extracted using ∆ℎg,r =

𝑚𝜆g,r/4√𝑛air𝑛Ag PDMS⁄  and the solid lines represent the theoretical glass profile, i.e., ℎ = √26002 − 𝑎2 −

√26002 − 𝑟2. Here, a is the contact radius. 

 

B4.13: Reconstructed profiles of glass spheres on P10 (35 μm)-Ag(60s) and P10 (1 mm)-

Ag(60s)  

 

Figure B4-8 (a) and (b) Interference signatures of glass spheres on thin (35 µm) and thick (1 mm) PDMS 10:1 

substrates with Ag layer of deposition time 60 s. (c) Plots of the glass sphere profiles corresponding to the 

interference signature shown in (a) and (b). The symbols represent the height extracted using ∆ℎg,r =

𝑚𝜆g,r/4√𝑛air𝑛Ag PDMS⁄  and the solid lines represent the theoretical glass profile, i.e., ℎ = √26002 − 𝑎2 −

√26002 − 𝑟2. Here, a is the contact radius. 
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B4.14: Reconstructed profiles of glass spheres on P10 (35 μm)-Ag(120s) and P10 (1 mm)-

Ag(120s)  

 

Figure B4-9 (a) and (b) Interference signatures of glass spheres on thin (35 µm) and thick (1 mm) PDMS 10:1 

substrates with Ag layer of deposition time 120 s. (c) Plots of the glass sphere profiles corresponding to the 

interference signature shown in (a) and (b). The symbols represent the height extracted using ∆ℎg,r =

𝑚𝜆g,r/4√𝑛air𝑛Ag PDMS⁄  and the solid lines represent the theoretical glass profile, i.e., ℎ = √26002 − 𝑎2 −

√26002 − 𝑟2. Here, a is the contact radius. 
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B4.15: Reconstructed profiles of glass spheres on P20 (35 μm)-Ag(90s) and P20 (1 mm)-

Ag(90s)  

 

Figure B4-10 (a) and (b) Interference signatures of glass spheres on thin (35 µm) and thick (1 mm) PDMS 20:1 

substrates with Ag layer of deposition time 90 s. (c) Plots of the glass sphere profiles corresponding to the 

interference signature shown in (a) and (b). The symbols represent the height extracted using ∆ℎg,r =

𝑚𝜆g,r/4√𝑛air𝑛Ag PDMS⁄  and the solid lines represent the theoretical glass profile, i.e., ℎ = √26002 − 𝑎2 −

√26002 − 𝑟2. Here, a is the contact radius. 
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B4.16: Reconstructed profiles of glass spheres on P20 (35 μm)-Ag(120s) and P20 (1 mm)-

Ag(120s)  

 

Figure B4-11 (a) and (b) Interference signatures of glass spheres on thin (35 µm) and thick (1 mm) PDMS 20:1 

substrates with Ag layer of deposition time 120 s. (c) Plots of the glass sphere profiles corresponding to the 

interference signature shown in (a) and (b). The symbols represent the height extracted using ∆ℎg,r =

𝑚𝜆g,r/4√𝑛air𝑛Ag PDMS⁄  and the solid lines represent the theoretical glass profile, i.e., ℎ = √26002 − 𝑎2 −

√26002 − 𝑟2. Here, a  is the contact radius. 

B4.17: Comparison of predicted elastic (Young's) modulus using Hertz and JKR theories 

 

Figure B4-12 Comparison of predicted elastic (Young's) modulus values for Ag coated PDMS films using Hertz 

and JKR theories for (a) PDMS 20:1 substrates of film thickness 35 µm with varying Ag deposition times, (b) 
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PDMS 20:1 substrates of film thickness 35 µm  with varying Ag deposition times, and (c) PDMS 10:1 and 20:1 

substrates of film thickness 1 mm with varying Ag deposition times. Error bars represent standard deviations 

calculated from three independent experiments. In some cases, they are smaller than the symbol size and thus not 

visible. 

 

B4.18: Schematic of Ag sputtered PDMS film adhered to glass slide 

 

Figure B4-13 Schematic of Ag sputtered PDMS film adhered to glass slide set-up. n1, n2 and n3 are the refractive 

indices of air, glass, and Ag coated PDMS medium, respectively. 
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B4.19: The transmittance and reflectance of PDMS (10:1 and 20:1) with different Ag 

deposition time  

 

Figure B4-14 Plots of transmittance using UV/Vis spectroscopy measurements for PDMS 10:1 with Ag 

deposition (a) and PDMS 20:1 with Ag deposition (b). Plots of reflectance using UV/Vis spectroscopy 

measurements for PDMS 10:1 with Ag deposition (c) and PDMS 20:1 with Ag deposition (d). 
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B4.20: The transmittance and reflectance of PDMS (10:1 and 20:1) with different Au 

deposition time 

 
 

Figure B4-15 Plots of transmittance using UV/Vis spectroscopy measurements for PDMS 10:1 with Au 

deposition (a) and PDMS 20:1 with Au deposition (b). Plots of reflectance using UV/Vis spectroscopy 

measurements for PDMS 10:1 with Au deposition (c) and PDMS 20:1 with Au deposition (d). 
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Appendix C 

Supporting Information for Chapter 5 

C5.1 The principle of DW-RICM 

The basic principle of dual wavelength - confocal Reflection Interference Contrast 

Microscopy (DW-RICM) comprises the interference of two or more electromagnetic (EM) 

waves 311,312. Typically, DW-RICM set-up observations under monochromatic epi-

illumination, which consists of a light source, an inverted microscope equipped with an antiflex 

objective and a CCD camera 201. When the uniform monochromatic plane wave passes through 

the sample with multilayer, the light will reflect from different interfaces and interfere with 

each other, which implies that the detected intensity of interference fringes is linked to the 

substrate-object distance. To take the example of glass – glass contact (glass sphere contact 

with glass slide), the schematic and the corresponding distinctive bright and dark interference 

fringing are shown in Figures C5-1(a) and (b). Two interfaces can reflect the incident light: the 

glass slide – air interface (electric field 𝐸1, intensity 𝐼1) and the air – glass sphere interface 

(electric field 𝐸2, intensity 𝐼2), and create the resultant electric field 𝐸 are given by 203: 

𝐸 = |𝐸1| + |𝐸2| exp(𝑖𝛿) = |𝐸1| + |𝐸2|{𝑐𝑜𝑠(𝛿) + 𝑖𝑠𝑖𝑛(𝛿)} (C5-1) 

where 𝛿  is the phase difference between 𝐸1  and 𝐸2 . When the two reflected lights are 

superimposed, the resultant (measured) light intensity 𝐼 is determined by the ensemble average 

of the square of the resulting electric field 𝐸 311. Besides, since the two reflected light are in 

parallel oscillations, the interfered light intensity can be theoretically expressed as below 311: 

𝐼 ∝ |𝐸|2 = 𝐼1 + 𝐼2 + 2√𝐼1𝐼2𝑐𝑜𝑠𝛿 (C5-2) 

Where 𝛿 = 4𝑛𝜋ℎ/𝜆, when the refractive index of the multi-layer structure of the sample 

increases or decreases monotonically in sequence, which is called 𝜋-shift 79,202. Otherwise, 𝛿 =

4𝑛𝜋ℎ/𝜆 + 𝜋. The 𝜆 is the wavelength of monochromatic light (here, 𝜆𝑔 = 488 nm  and 𝜆𝑟 =

561 nm). The 𝑛 is the refractive index of the corresponding medium layer. The unknown 
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intensities 𝐼1  and 𝐼2  can be expressed as, 𝐼max =  𝐼1 + 𝐼2  + 2√𝐼1𝐼2  and 𝐼min =  𝐼1  + 𝐼 2 −

2√𝐼1𝐼2. Thus, the normalized intensity is 𝐼0 can be expressed as: 

𝐼0 = (𝐼 − 𝐼𝑚𝑖𝑛)/(𝐼𝑚𝑎𝑥 − 𝐼𝑚𝑖𝑛) = (𝑐𝑜𝑠𝛿 + 1)/2 (C5-3) 

Therefore, the height profile ℎ is as below:  

 
ℎ = 𝜆𝑎𝑟𝑐𝑜𝑠 {2 (

𝐼 − 𝐼𝑚𝑖𝑛

𝐼𝑚𝑎𝑥 − 𝐼𝑚𝑖𝑛
) − 1} /4π𝑛 (C5-4) 

Based on the simultaneous intensity information from the two wavelengths, the 

height information of any point in the interface can be unambiguously resolved. In the 

simplest case, when 4𝜋𝑛ℎ/𝜆 = 𝑚𝜋, the height difference between consecutive bright and 

dark fringes of the same fringe order 𝑚 can be expressed as, 

 ∆ℎ = 𝑚𝜆/4𝑛 (C5-5) 

where 𝑚 is the number of peak points. For the glass – glass contact system, the medium layer 

between the glass slide and glass probe is air, hence 𝑛𝑎𝑖𝑟 = 1. The height of the glass sphere 

corresponding to both wavelengths can be extracted by taking 𝑛𝑎𝑖𝑟 = 1  into the above 

equation, which is in excellent agreement with the theoretical profile of the glass sphere, i.e., 

ℎ(𝑟) =  𝑅 − √R2 − 𝑟2, where 𝑅0 = 2600 𝜇𝑚 is the radius of the glass sphere (Figure C5-

1(c)).  

 

Figure C5-1 (a) Schematic of a glass sphere atop a glass slide. (b) Interference signature corresponding to green 

and red wavelengths for the system shown in (a). The scale bar represents 50 µm. (c) A plot of the glass sphere 

profile along the dashed white lines for the interference signature in (b). The symbols represent the height 



 

200 

 

extracted corresponding to the green and red wavelengths using the relation ∆ℎg,r = 𝑚λg,r/4𝑛air and the solid 

line represents the theoretical glass profile. 

 

C5.2 Images of black ink-coated glass probe 

 

 

Figure C5-2 Optical images of the black ink-coated glass probe before and after sonication. 

 

C5.3 The roughness of the mixture black ink-coated glass slides 

 

Figure C5-3 The roughness (1.29 μm) of the mixture black ink (with a thickness of 15 μm)-coated on glass slides 

using surface profiler measurements. 

 

 

 



 

201 

 

C5.4 The reflectance (R) and transmittance (T) of the black ink 

 

Figure C5-4 Plots of reflectance (a) and transmittance (b) using UV/VIS spectroscopy measurements for glass 

slide, black ink #1 (with a thickness of 15 μm) coated on a glass slide, and the mixture black ink with a weight 

ratio of black ink #1 and black ink #2 = 1:1 (thickness of 15 μm) coated on glass slide. 

 

C5.5 The optical loss (L) of black ink 

 

Figure C5-5 Plots of optical loss using UV/VIS spectroscopy measurements for a glass slide, black ink #1 (with 

a thickness of 15 μm) coated on a glass slide, and the mixture black ink with a weight ratio of black ink #1 and 

black ink #2 = 1:1 (thickness of 15 μm) coated on a glass slide. 
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C5.6 The thickness of sputter-coated gold on glass slides 

 

Figure C5-6 Atomic force microscopy (AFM) scans and thickness measurement of sputtered Au layer on a glass 

slide for 2 min. 

 
 

C5.7 The image of the experimental measurement set-up using DW-RCIM  

 

Figure C5-7 The photograph of the experimental measurement set-up using DW-RICM. 
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C5.8 The refractive index of P10 (𝟑𝟓𝝁𝒎) and P20 (𝟑𝟓𝝁𝒎) 

 

Figure C5-8 Unprocessed interference signature corresponding to the glass sphere (R0 = 2.6 mm) on (a) PDMS 

10:1 (P10) and (d) PDMS 20:1 (P20) coatings of finite thickness at 35 µm. (b) and (e) Plots of raw (I(a,u)) and 

normalized (I0) intensity with radial location r for the slice shown in (a) and (d), respectively. (c) and (f) Plots of 

glass sphere profile for the interference signature shown in (a) and (d) along the dashed lines. The symbols 

represent the height extracted using ∆ℎg,r = 𝑚λg,r/4√𝑛air𝑛PDMS and the solid lines represent the theoretical glass 

profile, i.e., ℎ = √26002 − 𝑎2 − √26002 − 𝑟2. Here, a is the contact radius. 
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C5.9 The refractive index of Au-coated PDMS 

 

Figure C5-9 Unprocessed interference signature corresponding to the glass sphere (R0 = 2.6 mm) on 35-μm-

thickness (a) P35, (c) P45, and (e) P60 films deposited with Au for 60 s, 60 s and 30 s, respectively. (b), (d) and (f) 

Plots of the glass sphere profile for the interference signature shown in (a), (c), and (e) along the dashed lines. 

The symbols represent the height extracted using ∆ℎg,r = 𝑚λg,r/4√𝑛air𝑛Au PDMS⁄  and the solid lines represent 

the theoretical glass profile, i.e., ℎ = √26002 − 𝑎2 − √26002 − 𝑟2. Here, a is the contact radius. 
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C5.10 The experimental measurement set-up using Raman Microscopy 

During the Raman measurements, the sample was positioned on the carrier stage with the 

Au/PDMS side facing upwards. A hemispherical lens was then placed on the sample’s surface, ensuring 

direct contact. The weight of the lens exerted pressure on the sample surface, causing deformation. The 

laser was directed through the objective lens (50×) and the hemispherical lens, before focusing on the 

sample’s surface (the red point in Figure C5-10). This focal point was near the center of the contact 

area and within the region of contact deformation. 

 

Figure C5-10 The photograph of the experimental measurement set-up using Raman Microscopy. 

 

C5.11 Comparison of the effect of the hemispherical lens and the glass probe on Raman 

laser spot 

Comparative measurements were performed by focusing the laser spot on the sample surface 

in three different cases: (1) The laser was focused on the sample surface without going through the 

hemispherical lens (Figure C5-11a left) / glass probe (Figure C5-11a right). (2) The laser was passed 

through the edge of the hemispherical lens (Figure C5-11b left) / glass probe (Figure C5-11b right) and 

then reached the free surface of the sample. (3) The laser light passed through the center region of the 

hemispherical lens (Figure C5-11c left) / glass probe (Figure C5-11c right) and then reached the free 

surface of the sample. The corresponding Raman laser spots are shown right beside each optical images. 

For case 1#: the laser spot is a small and bright spot (Figure C5-11b left and right). For case 2#: the 

laser spot was deformed due to the scattering of the hemispherical lens and glass probe edge (Figure 
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C5-11d left and right). For case 3#: in the case of the glass probe, the laser spot disappeared due to the 

scattering effect of the glass probe (Figure C5-11f right). The carrier stage was moved upward until the 

limiting position of the instrument of the reached (Figure C5-11g right). However, the laser still could 

not focus on a spot (Figure C5-11h right). This implies that the Raman laser cannot go through the glass 

probe and focus on the sample surface. In this way, the Raman spectrum we eventually obtain only 

relates to the glass probe and is not usable for the present work. Thus, the hemispherical lens provides 

a small, bright spot with a slight scattering. 

 

Figure C5-11 The photograph of the experimental measurement set-up of the Raman laser focused on (a) the 

sample surface without going through the hemispherical lens (left) and the glass probe (right); (c) the sample 

surface with going through the edge of the hemispherical lens (left) and the glass probe (right); (e) the sample 

surface with going through almost the center of the hemispherical lens (left) and the glass probe (right). The 
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corresponding laser spot of the Raman laser focused on (b) the sample surface without going through the 

hemispherical lens (left) and the glass probe (right); (d) the sample surface with going through the edge of the 

hemispherical lens (left) and the glass probe (right); (f) the sample surface with going through almost the center 

of the hemispherical lens (left) and the glass probe (right). 

C5.12 The Raman spectrum of the surface and interior of P10 and P60 

 

Figure C5-12 Raman spectrum of the surface and inside of P10 and P60. 

 

C5.13 The Raman spectrum of the surface of P60 - Au (10s) 

 

Figure C5-13 Raman spectrum of the surface of P60-Au (10s) without placing the hemispherical lens. 
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C5.14 The reconstructed deformation profiles of P60 

 

 Figure C5-14 (a) and (c) Unprocessed interference signature corresponding to the black probe (R = 2.615 mm) 

on a 35-μm-thickness P60. (b) and (d) Profiles of the probe and deformation of the soft substrate based on the 

interference signature shown in (a) and (c) along the marked line drawn. The green and red symbols represent the 

height extracted using ℎ𝑔,𝑟 = mλg,r/4nPDMS and the dark solid line represents the theoretical profile of  ink coated 

probe, i.e., ℎ = (√𝑅2 − 𝑎2 + ℎ0) − √𝑅2 − 𝑟2. 
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C5.15 The contact radius of ink coated probe and bare glass probe contacting with 

different soft substrates    

Figure C5-15 The contact radius of ink coated probe and bare glass probe contacting with different soft substrates. 

Error bars represent the standard deviation from three independent experiments. 

C5.16 The ink-coated steel probe with a larger diameter of 19 mm contact with a soft 

PDMS substrate 

 

Figure C5-16 (a) Interference signature of a truncated ink-coated steel probe with a diameter of 19 mm on a 35-

μm-thick soft PDMS film. The green and red interference signatures correspond to 488 nm and 561 nm 

wavelengths, respectively. (b) Profile of the contact ridge along the white line shown in (a). The green and red 

symbols represent the height extracted using ℎ𝑔,𝑟 = 𝑚λg,r/4𝑛PDMS and the dark solid line represents the 

theoretical profile of the ink-coated probe, i.e., ℎ = (√𝑅2 − 𝑎2 + ℎ0) − √𝑅2 − 𝑟2.  
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Appendix D 

Supporting Information for Chapter 6 

 

Figure D6-1 (a) The cross sectional Scanning Electron Microscopy (SEM) image of the P60 (PDMS base and 

curing agent ratio: 60:1) layer coated on a glass slide. (b) Rheology measurements showing the variation of storage 

modulus, G′ (closed symbols) and loss modulus, G″ (open symbols) with frequency, ω for the P60 soft substrate. 

 

Figure D6-2 Polarized optical microscopy images of a soft PDMS P60 substrate after immersion in hexane for 96 

hrs and drying in air. 
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Figure D6-3 The cross sectional SEM image of a soft PDMS P60 substrate after immersion in hexane for 96 hrs 

and drying in air. 

 

Figure D6-4 Dual-wavelength reflection interference contrast microscopy (DW-RICM) images of the soft PDMS 

P60 substrate after 96 hrs hexane extraction and 90 min air drying. The image shows the morphology of the surface 

pattern at a region mechanically cut by a blade to examine pattern change across the cut. 
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Figure D6-5 Atomic force microscopy (AFM) scan and profile of a pattern of the soft PDMS P60 substrate after 

96 hours hexane extraction and 12 hrs fume hood drying.  

 

 

Figure D6-6 (a) Variation of pattern arm length with drying conditions for PDMS P60 substrate swollen in hexane 

for 96hrs. Error bars represent the standard deviation of the pattern lengths measured from a single sample. (b) 

Corresponding histograms showing the distribution of arm lengths for each drying condition, with fitted curves 

included to illustrate the overall spread of the data. 
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Figure D6-7 Dual-wavelength reflection interference contrasts with microscopy (DW-RICM) images and the 

corresponding zommed-in images of the pattern structure for soft PDMS P60 substrates with hexane extraction 

times of (a) 8 min and (b) 1 hr for air drying  times of 10 min and 90 min. The green color corresponding to laser 

wavelength of 488 nm. 

 

 

Figure D6-8 Atomic force microscopy (AFM) scan and profile of a pattern of the soft silicone gel substrate after 

96 hrs hexane extraction and air drying.  
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Figure D6-9 The cross sectional SEM images of a soft PDMS P60 substrate before (a) and after immersion in 

hexane for 96 hrs and drying in air (b). 

 

Figure D6-10 Dual-wavelength reflection interference contrast microscopy (DW-RICM) images of the soft 

silicone gel substrate after 96 hrs hexane extraction and 90 min air drying. The image shows the morphology of 

the surface pattern at a region mechanically cut by a blade to examine pattern change across the cut. 
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Figure D6-11 Dual-wavelength reflection interference contrast microscopy (DW-RICM) images of the silicone 

gel soft substrate with hexane extraction times of (a) 8 min, (b) 1 hr, (c) 10 hrs, and (d) 96 hrs for air drying times 

of 10 min and 90 min. The green and red color corresponding to laser wavelength of 488 nm  and 561 nm, 

respectively.  
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Figure D6-12 Dual-wavelength reflection interference contrast microscopy (DW-RICM) images and the 

corresponding zommed-in images of the pattern structure for silicone gel soft substrates with hexane extraction 

times of (a) 8 min and (b) 1 hr for air drying  times of 10 min and 90 min. The green color corresponding to laser 

wavelength of 488 nm.  

 

Figure D6-13 (a) Dual-wavelength reflection interference contrast microscopy (DW-RICM) image of a single 

pattern on soft silicone gel substrate swollen in hexane for 96 hrs and then dried in an oven for 12 hrs at 60°C. (b) 
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and (c) Variation of the pattern height profile along the dashed lines representing the ridge slope (x) and the ridge 

side (x0).  

 

Figure D6-14 (a) Raman spectra of the gel soft substrates before and after hexane extraction of 96 hrs and drying 

in air more than 24 hrs. (b) Raman spectra of the pattern on the gel soft substrate surface. 

 

 

Figure D6-15 (a) Variation of post-solvent extraction weight loss % and arm length of the pattern la of P60, P64, 

P80, and silicon gel substrates with hexane extraction time of 96 hrs followed by drying in air. Error bars for 

weight loss and length represent standard deviation from three independent experiments. (b) The distribution of 

arm lengths la of P60 (52.54 ± 7.74 μm), P64 (60.97 ± 7.36 μm), P80 (62.67 ± 11.08 μm), and silicone gel (40.14 ± 

5.50 μm) under the same extraction and drying conditions. 
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Figure D6-16 Dual-wavelength reflection interference contrast microscopy (DW-RICM) images of PDMS 

substrates with different base-crosslinker ratios: (a) PDMS 64:1 and (b) PDMS 80:1 with hexane extaction (tE) 

for 10 hrs and then dry in air for 10 min. The green (first column) and the red channels (second column) reflect 

imaging using 488 nm and 561 nm wavelengths, respectively. The combined channel image (third column) is the 

overlay of the green and red channel images. Compared to PDMS 60:1, these surfaces have a higher fraction of 

free liquid chains and lower elasticity.  
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