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ABSTRACT

DEFORMATION AND ADHESION OF SOFT
COMPOSITE SYSTEMS FOR BIO-INSPIRED

ADHESIVES AND WRINKLED SURFACE
FABRICATION

FEBRUARY 2017

MICHAEL JAMES IMBURGIA

B.S., STATE UNIVERSITY OF NEW YORK AT BINGHAMTON

M.S., UNIVERSITY OF MASSACHUSETTS AMHERST

Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST

Directed by: Professor Alfred J. Crosby

The study of soft material deformation and adhesion has broad applicability to

industries ranging from automobile tires to medical prosthetics and implants. When a

mechanical load is imposed on a soft material system, a variety of issues can arise, in-

cluding non-linear deformations at interfaces between soft and rigid components. The

work presented in this dissertation embraces the occurrence of these non-linear defor-

mations, leading to the design of functional systems that incorporate a soft elastomer

layer with application to bio-inspired adhesives and wrinkled surface fabrication. Un-

derstanding the deformation of a soft elastomer layer and how the system loading and

geometry influence non-linear mechanical transitions, including interfacial failure and

surface buckling, are crucial for predicting the performance of the mechanical system.

This dissertation focuses on three soft composite systems of particular interest: (1)

ix



a multi-component, multiple adhesive contact surface device that allows for control

of reversible adhesive force with geometric arrangement, (2) a confined isolated shear

contact and an elastomeric coating, where the deformation and adhesion scale with

the degree of confinement, and (3) a thin film lamination technique involving a soft

substrate, where surface wrinkles are created and tuned in a continuous manner by

controlling interfacial strains via applied contact load and substrate curvature.

We first study the deformation and adhesion of a multi-component fabric-elastomer

system with multiple adhesive contacts, or “digits”. We conduct lap adhesion experi-

ments in a model three digit system, finding that increasing angular spacing between

adhesive digits increases system compliance and attenuates adhesive force capacity.

To describe these findings we develop several relationships between system loading,

materials properties, and geometry. We develop an equation which describes the re-

lationship of system compliance with individual digit compliance and angular spacing

between adhesive digits that agrees well with experimental data. Additionally, we de-

rive equations for adhesive force capacity in a multiple adhesive contact system that

agree well with experimental data. These explicit equations not only relate angular

spacing with force capacity, but include critical strain energy release rate, digit com-

pliance, and contact area. The equations derived and verified in this study will lead

to more complex adhesive device design, as well as provide a foundation for studying

the biomechanics of animals that use adhesion for locomotion.

Next, we examine the deformation and adhesion of a rigid punch contacting and

shearing a thin elastic coating. Using experiment we find that increasing confinement

leads to a decrease in compliance and an increase in adhesive force capacity. We

develop an explicit, semi-empirical equation with the help of finite element analysis to

describe the influence of confinement ratio on shear compliance. This derived equation

agrees with our experimental data, with the exception of a few data points that deviate

due to a pronounced normal force component. Additionally, we derive an equation
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for adhesive force capacity as a function of confinement, elastic coating modulus,

and critical strain energy release rate. We find experimentally that an increase in

adhesive force capacity was largely dictated by an increase in confinement, with some

additional contributions attributed to dissipative processes confined to the adhesive

crack tip. These equations will serve as a guide for decoupling the contributions

of geometry and materials parameters to adhesive force in systems involving a thin

elastic layer.

Lastly, we develop a fabrication technique that transforms the existing manufac-

turing process of film lamination to create tunable wrinkled surfaces in a thin film/soft

elastomer composite. We conduct experiments to find that the process parameters of

applied contact load and roller curvature can be used to control wrinkle aspect ratio.

Our experimental results convey that increasing applied contact load and decreasing

roller radius lead to an increase in wrinkle amplitude. Using both experimental re-

sults and finite element analysis, we develop a relation between wrinkle aspect ratio

and the process parameters of applied contact load and roller curvature. This explicit

equation allows us to predict the change in wrinkle amplitude for a given materials

system as process parameters are tuned using our modified film lamination technique.

Wrinkled surface technology has been envisioned in many applications ranging from

optoelectronics to enhanced adhesives. The technique presented here to tune wrin-

kle size in a continuous process can lead to the large scale manufacturing of these

previously proposed wrinkling technologies.
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CHAPTER 1

INTRODUCTION

1.1 Overview

Soft materials, such as elastomers, gels, and biological tissues, exhibit elastic be-

havior when subject to characteristically large strains. These materials are the basis

of many emerging technologies including soft robotics [1, 2, 3], 3D printed biologi-

cal materials [4, 5, 6], bio-inspired adhesives [7, 8, 9], and stretchable and flexible

electronics [10, 11, 12]. Many of these technologies incorporate materials and struc-

tures of widely varied mechanical properties, forming physical interfaces that can be

problematic for engineering design. When these soft composite systems undergo fi-

nite deformations, interfacial stresses arise due to a mismatch in materials properties,

leading to non-linear mechanical transitions including material fracture, interfacial

failure, and surface buckling. Understanding the development of interfacial stresses

is critical for predicting the limits of mechanical performance within soft composite

systems.

This dissertation begins with a brief overview of soft materials mechanics and the

adhesion involved in maintaining contact between soft and rigid surfaces. Following

introductory material, backgrounds on specific applications of bio-inspired adhesion

and wrinkled surface fabrication are discussed. The main content of this dissertation

is captured by the following questions, which serve as the intellectual merit of the

work:

• How does angular spacing influence the force capacity and compliance of a multi-

component shear adhesive device?
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• How does confinement affect the shear deformation and adhesion behavior of an

isolated contact and a soft elastomer coating?

• How can the deformation of an elastomer during a thin film-elastomer lamina-

tion process lead to the fabrication of tunable surface structures?

The scientific impact of this dissertation is two fold. First, it builds upon the foun-

dation of reversible adhesion work to advance bio-inspired adhesive device design, to

guide studies for performing quantitative biomechanical analyses for animals that

use adhesion, and to incorporate the influence of system confinement on reversible

adhesive performance. Secondly, this dissertation adds value to the existing multi-

layer composite manufacturing technique of film lamination by applying knowledge

of rolling contact models and soft material/thin film composite characterization to

tune controlled surface structures. With these findings, more complex manufacturing

designs and device optimizations for soft composites systems can be achieved.

1.2 Polymer materials mechanics

The mechanics of materials encompasses the elastic response of materials to body

or surface forces and the limits at which these materials undergo irreversible failure.

When choosing a material for mechanical function, we often consider elastic properties

such as material modulus, Poisson’s ratio, and resilience. For designing and predicting

material failure we might consider the fracture energy, the work of adhesion, or strain

at break. This section will provide a broad overview of the materials mechanics

relevant to the ensuing studies.

The stress-strain response of polymeric materials from a continuum mechanics per-

spective is often linear-elastic at a fixed temperature, fixed rate, and fixed pressure.

The ratio of stress to strain during the initial mechanical response of a linear-elastic

polymeric material, termed Young’s modulus, is largely determined by the mobility
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of the polymer backbone. The materials used throughout this dissertation are elas-

tomers and rigid thermoplastic polymers. Elastomers are materials that are liquid-like

and mobile on the molecular scale, but on the macroscopic scale, due to a percolating

connection between molecules called cross-links, are elastic. This liquid-like behavior

on the molecular scale gives elastomers their soft properties, seen in systems such as

natural rubber and siloxanes. Rigid thermoplastic polymers are materials that are

below their glass transition temperature, or the temperature below which the poly-

mer backbone mobility is reduced, resulting in stiffer mechanical responses. Classes of

rigid thermoplastic polymers include amorphous polymers, such as poly(styrene) and

poly(carbonate), and semi-crystalline polymers, such as poly(amide 6,6). Although

knowledge of rigid thermoplastic polymer deformation and failure are critical for un-

derstanding the limits of the highlighted systems that involve thin, rigid poly(styrene)

films and rigid poly(amide 6,6) fabrics, the larger portion of materials mechanics in

the studies presented here involve elastomer mechanics, so much of the focus will be

on phenomena related to elastomers.
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Figure 1.1. Linear-elastic and neo-Hookean constitutive behavior. Young’s modulus
of 275 kPa. Equation 1.1 is represented by the solid black line. Equation 1.2 is
represented by the dashed blue line. The percent difference in stress between the two
models as a function of strain is represented by the dotted red line. Values for the
stress difference are indicated on the right axis.
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In the low strain limit, i.e., ε < 0.1, the stress-strain response of elastomers can be

approximated as linear-elastic. The constitutive relation for an isotropic, linear-elastic

solid in uniaxial tension is represented by

σeng = Eεeng (1.1)

where σeng is the engineering stress in the extension direction, E is the Young’s mod-

ulus, and εeng is the engineering strain in the extension direction. Though this model

is a good approximation for elastomers at low strain, the experimentally observed

behavior of elastomers at finite strains is characterized by a slope that changes with

applied strain, known as a hyperelastic constitutive relation.

Hyperelastic models have been proposed previously, some of which are derived

from entropic elasticity of polymer chains (e.g., neo Hookean model), and others that

are developed via a phenomenological continuum mechanics approach (e.g., Mooney-

Rivlin model) [13]. The constitutive relation for an isotropic, incompressible neo-

Hookean solid in uniaxial tension is represented by

σeng =
E

3

(
λ− 1

λ2

)
(1.2)

where λ is the stretch ratio, defined as 1+εeng. Figure 1.1 shows the deviation of a neo-

Hookean constitutive model from a linear-elastic constitutive model at finite strains.

In the ensuing studies, we subject our elastomers to average strains that do not exceed

0.1, justifying the use of linear-elastic constitutive relations for analytical equations.

However, in some of the loading geometries and stress states presented, local strains

may exceed 0.1. For finite element models that support experiments, we use neo-

Hookean constitutive relations to better capture local stress states in elastomers.

Beyond material modulus, the materials properties relevant to mechanical function

that we consider include the work of adhesion between an elastomer and a contacting

4



surface. These materials properties will be addressed in the fundamentals of adhesion

chapter.

1.3 Adhesion of soft materials

The fundamental study of soft material friction and adhesion has garnered widespread

interest for its applicability to automobiles (e.g., tires and brake pads), the adhesives

industry (e.g., tapes and sealants), biomedical devices (e.g., synthetic cartilage and

skin applications), and even athletic performance (e.g., traction during running). Ad-

hesion is defined as the force or collective forces that preserve contact between two

individual bodies. Studying problems of adhesion requires an understanding of atomic

interactions between the two surfaces, chemical compositions of the two surface ma-

terials, and elasticity of the contacting bodies. The adhesion presented throughout

this dissertation involves the contact between two initially separated bodies, where

the primary intermolecular forces are omnipresent van der Waals forces.

Rigid Substrate

Stiff Pad

Soft Pad

P

P

Figure 1.2. Soft material contact. A stiff pad of material pressed into contact with
an arbitrarily rough surface by a load, P, results in very little real contact area. A
softer pad pressed into contact with an arbitrarily rough surface by a load P results
in greater contact area. If the load is removed, contact can remain for the soft pad as
long as the adhesion energy between the soft pad and rough surface is greater than
the energy required to deform the soft pad.
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van der Waals forces are dispersive intermolecular interactions that occur between

the molecules of any two surfaces and are especially prominent when two surfaces

are within several nanometers [14]. In order to make such intimate contact and

maximize total contact area, two bodies in close proximity must either have a low

degree of surface roughness or a low stiffness such that an applied normal pressure

can maximize contact. Figure 1.2 highlights this concept, where at a fixed normal

load, more conformal contact is achieved when a material is soft enough to conform

to surface asperities. However, once the normal load is removed, the maintenance of

adhesive contact is dependent on the competition between elasticity of the substrate,

surface roughness, and strength of van der Waals interactions between the two specific

bodies. The following section presents an energy balance to describe the adhesive

failure between two elastic bodies, incorporating contributions of van der Waals forces

as well as material elasticity.

1.3.1 Adhesion energy balance

For two perfectly smooth, rigid surfaces in contact, under thermodynamic equi-

librium, the energy required to separate the two surfaces is represented by

dUsurface = ωadA (1.3)

where dA is the differential reduction in contact area due to the propagation of an

interfacial crack and ωa is the work of adhesion between the two surfaces, defined as

ωa = γ1,air + γ2,air − γ1,2 (1.4)

where γ1,air is the surface energy of surface 1 in air, γ2,air is the surface energy of

surface 2 in air, and γ1,2 is the interfacial energy between surfaces 1 and 2. The work

of adhesion, ωa, is the energy per unit area required to overcome van der Waals forces

6



between two objects. When a deformable, elastic component is introduced to the

system, mechanical energy is incorporated into the total system energy

dUtotal = dUsurface + dUelastic + dUwork (1.5)

where dUelastic is the elastic energy stored in the deformable component and dUwork is

the mechanical work of the applied load. To describe the propagation of an interfacial

crack under equilibrium (dUtotal = 0), we minimize the energy stored in the mechanical

system with respect to a change in interfacial contact area, dA, represented by

G =
dUelastic
dA

+
dUwork
dA

(1.6)

where G is the strain energy release rate, or the change in energy of the mechanical

system per change of interfacial contact area. If G reaches a critical value, Gc, an

interfacial crack will propagate; this process occurs until enough energy is released

such that G < Gc [15]. Gc, termed the critical strain energy release rate, is a quantity

dependent on the two contacting materials. Gc = ωa if the system is under thermo-

dynamic equilibrium; however, experimentally there are various means of energetic

loss and the measured value of Gc is usually much larger than the thermodynamic

equilibrium value, ωa [16].

1.3.2 Rate-dependent adhesion

The origins of energy loss in elastic adhesive systems have been attributed to

viscoelastic losses confined to the crack tip [17], leading to a rate dependent Gc. For

elastomer systems where viscoelastic losses are confined to the crack tip, the strain

energy release rate can be represented by [17]

G = Go

[
1 +

(
V

V ∗

)n]
(1.7)
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where Go is the zero-velocity critical strain energy release rate, V is the velocity

of the interfacial crack, V ∗ is a parameter related to the timescale of viscoelastic

energy dissipation, and n is an empirical constant. If viscoelastic contributions are

minimized (i.e., V � V ∗), the strain energy release rate of Equation 1.7 approaches

the thermodynamic equilibrium value of Go = ωa. For the systems presented in

the following studies, applied average strain rate is fixed within individual studies

to minimize variation in crack velocity; however, crack velocity does not necessarily

depend on the rate at which macroscopic stress is applied. To address this point, each

of the following adhesion studies will involve an estimation or direct measurement of

crack velocity to predict the contributions of rate dependent adhesion.

1.4 Bio-inspired reversible adhesion

In nature many animals, including insects, spiders, lizards, and frogs, use spe-

cialized adhesive structures for climbing, consisting of fibrillar features or smooth

pads [18, 19, 20]. These specialized structures are compliant enough to make suffi-

cient contact with ecological substrates, sometimes with the help of a secreted liquid

layer [21]. In the absence of a liquid layer, referred to as dry adhesion, the forces

that hold compliant adhesive structures and ecological substrates together are van

der Waals forces [22]. In recent years the focus of research on reversible dry adhesion

has been understanding the van der Waals-based adhesive system of the gecko, the

largest organism to use adhesion for climbing. Of particular interest to engineers is

the high force capacity and easy release adhesive abilities of the gecko adhesive sys-

tem. It has been previously hypothesized that the main factor contributing to the

high force capacity and easy release is direction-dependent fibrillar features called se-

tae [18]. This has proven true for synthetic reversible dry adhesive systems, albeit for

contact areas that are sufficiently smaller than that of the gecko (i.e., A < 2cm2) [23].
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Recent research has proposed and substantiated the hypothesis that fibrillar fea-

tures are not necessary for high force capacity, easy release adhesives. Rather a

minimally compliant adhesive system with an efficient distribution of load is more

important [9, 23]. This concept is substantiated by a reversible adhesion scaling

developed for adhesive systems used for climbing. The scaling is derived using an

adhesion energy balance (Equation 1.5) under several assumptions [9]:

i.) the system is in thermodynamic equilibrium (i.e., dUtotal/dA = 0)

ii.) the system is in a fixed displacement scenario, (i.e., dUwork/dA = 0)

iii.) the crack propagates in an unstable manner (i.e., d2Utotal/dA
2 < 0)

iii.) elastic energy is conserved (i.e., dUelastic/dA = Gc)

The relation developed by Bartlett et al. takes the following form [9]:

a) b)

c)

Contact 
side of Pad

Embedded 
fabric

Figure 1.3. Smooth surface adhesive device. a) Schematic of reversible adhesive
device. The pad is the portion of elastomer that contacts the adherend. The tendon
is the portion of the fabric that is not embedded with elastomer. b) Cross section
SEM of elastomer embedded fabric. c) Plot of Force capacity vs

√
A/C. Green data

represents literature and measured values for natural reversible adhesive systems.
All other data are synthetic adhesive device data featured in Ref [9]. b) and c) are
adapted from Ref [9].
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Fc =
√

2Gc

√
A

C
(1.8)

where Fc is the force capacity, Gc is the critical strain energy release rate, related to

the specific van der Waals interactions between two contacting surfaces, A is the area

of initial contact of an arbitrary shape, and C is the adhesive system compliance. This

scaling proposes that maximizing adhesive contact area and minimizing compliance

of the adhesive system will maximize force capacity.

Using this concept a synthetic adhesive device was developed that consists of

a compliant elastomer pad embedded with a flexible fabric to maximize adhesive

contact area and a stiff in-plane fabric to minimize compliance in the direction of

loading (Figure 1.3a,b) [9, 24]. This device has been optimized to achieve loadings

up to 3000 N for a 100cm2 adhesive pad (Figure 1.3c) [9]. This scaling also has been

shown to explain the scaling of adhesion in animals over eight orders of magnitude in

size (Figure 1.3c) [9].

Recently, a study by Gilman et al. has investigated the relevance of this scaling

for closely-related animals in the gecko family by studying the adhesion of geckos on

plates of glass [25]. Gilman et al. found that the ratio of
√
A/C explains over 90%

of the variation in adhesive force capacity across seven species of gecko that vary

nearly an order of magnitude in size [25], substantiating the hypothesis that mini-

mally compliant adhesive systems are a significant factor in the scaling of adhesive

force capacity of climbing organisms. The evolutionary mechanism for a less com-

pliant adhesive system is an area of research that has not yet been explored. A key

component to the evolutionary hypothesis that geckos have developed less compliant

loading systems to accommodate greater adhesive force with increasing body size is

the size and arrangement of tendons for the adhesive pads in the gecko. The tendons

of the gecko, which are anchored to bone on one end, have been shown to be directly

integrated into the skin near the adhesive pads [9, 26]. This unique arrangement is
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hypothesized to be an evolutionary source of compliance control for scaling adhesive

force with body size.

Although this scaling relationship of Equation 1.8 has been instrumental in the

design of new synthetic adhesive systems and has provided new insight into the ad-

hesion mechanisms of climbing organisms, many questions remain with regard to its

limits and how the details of biological contacting systems can be understood for

continued refinement of synthetic design. In Chapter 2 we discuss the importance

of angular separation on system compliance and adhesive force capacity for multiple

adhesive“digits” loaded in parallel. In Chapter 3 we address the influence of a com-

pliant coating on the system compliance and adhesive force capacity of an isolated

contact in shear.

1.5 Surface wrinkling

Wrinkling is an instability that arises from the in-plane compression of a thin film

attached to a compliant substrate. There is a plethora of work that has been done to

understand and control the morphology of wrinkles [27, 28, 29, 30, 31], as well work

done to define the limits of the wrinkling instability [32, 33, 34, 35, 36].

An integral part of studying surface wrinkling is understanding the relations be-

tween the geometric and materials parameters that govern wrinkle feature size. When

a thin film attached to a compliant substrate is compressed beyond a critical strain,

the thin film will attempt to buckle out of plane. If the adhesion between the thin

film and compliant substrate is sufficient, the compliant substrate must stretch to ac-

commodate the thin film buckling. An energy balance between the thin film buckling

and the compliant substrate stretching results in a periodic pattern with a minimum

wavelength [37].

In the small strain limit, the minimum wavelength, λ, depends on the plane strain

modulus of the film, Ef , the thickness of the film, t, and the plane strain modulus of
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ε εEs , νs

Ef , νf

for ε > εc εε

for ε < εc

λ
A

t

Figure 1.4. Wrinkling schematic. A strain is applied to a thin film/soft substrate
composite. Beyond a critical strain (εc), the composite will wrinkle. The amplitude,
A, and wavelength, λ, are dependent on the film thickness, t, and the film and
substrate materials properties, denoted by the subscripts f and s, respectively.

the compliant substrate, Es [38].

λ = 2πt

(
Ef

3Es

)1/3

(1.9)

The critical strain, εc, required to wrinkle such a composite depends solely on the

materials properties of the film and the substrate, as long as the modulus of the film

is much greater than the modulus of the substrate [36, 38].

εc =
1

4

(
3Es

Ef

)2/3

(1.10)

The wrinkle amplitude, A (peak-to-valley distance), depends on applied strain to the

film, ε, as well as critical strain for wrinkling and thin film thickness [38].

A = 2t

(
ε

εc
− 1

)1/2

(1.11)
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For a fixed materials system, control of wrinkle amplitude depends only on applied

compressive strain to the film. In Chapter 4, we focus on changing parameters in a

plate-to-roll (P2R) film lamination process to change the applied compressive strain

to the film in order to control wrinkle feature size.

1.6 Dissertation outline

This dissertation is divided up into five parts, starting with this introductory

chapter, followed by three chapters reflecting on research projects, and concluding

with a chapter summarizing the presented research and its scientific impact.

In Chapter 2 we fabricate a multicomponent adhesive device with multiple contact

surfaces, or digits, for advancing the design of high shear capacity adhesives. Exper-

iments are conducted to explain the relationship between adhesive digit orientation

on the system compliance and adhesive force capacity of a multicomponent adhesive

device. We develop analytical models to provide a framework for the performance and

design of multiple contact adhesive devices, finding that the adhesive force capacity

can be directly controlled by varying angular orientation between digits.

In Chapter 3 we investigate the shear deformation and reversible adhesion of a

rigid flat punch contacting a soft, laterally-extensive elastomer layer. We investigate

the scaling of shear compliance, C, with the ratio of contact radius to elastomer layer

thickness, or confinement ratio (a/h), through both experiment and finite element

analysis. Using a reversible adhesion scaling analysis, we also investigate the rela-

tionship between the shear adhesion force capacity, Fc, and the confinement ratio

using experiments.

In Chapter 4 we present and develop a patterning technique that relies on the

contact mechanics and geometry of rolling to create mechanically tunable wrinkled

surface structures. A plate-to-roll (P2R) geometry is used to laminate a thin film

onto a soft substrate. During this process the deformation of the soft substrate
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due to contact load, as well as deformation due to bending around the roller, can

induce wrinkling. Importantly, we demonstrate that the amplitude of wrinkles can

be controlled by applied contact load and roller curvature. We demonstrate this

using a 150nm poly(styrene) thin film supported on a silicon wafer and a 2mm thick

poly(dimethyl siloxane) rubber substrate. We develop semi-empirical equations to

describe the effect of applied contact load and roller curvature on the wrinkle aspect

ratio. To support experimental relationships between contact conditions and strain

at the roll/plate interface, finite element modeling (FEM) of a soft substrate in full-

friction rolling contact with a rigid plate is conducted.
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CHAPTER 2

INFLUENCE OF DIGIT ANGLE ON ADHESIVE FORCE

2.1 Introduction

In this study we fabricated a multicomponent adhesive device with multiple con-

tact surfaces, or digits, for advancing the design of high shear capacity adhesives.

Experiments are conducted to explain the relationship between adhesive digit orien-

tation on the system compliance and adhesive force capacity of a multi-component

adhesive device. We develop analytical models to provide a framework for the perfor-

mance and design of adhesive devices with multiple contacts, finding that the adhesive

force capacity can be directly controlled by varying angular orientation between dig-

its. The explicit relationship of system compliance in a multiple digit setup depends

directly and non-linearly on the angular orientation between digits. We also find

that the adhesive force capacity in a multiple digit setup depends inversely and non-

linearly on the angular orientation between digits. These findings can lead to more

complex adhesive device design, as well as guide biomechanical analyses of climbing

organisms with similar adhesive component arrangements.

2.2 Background

2.2.1 Previous work on bio-inspired fabric-elastomer adhesives

Bio-inspired adhesive design involves understanding examples of natural adhesive

systems and adapting chemistries or concepts into engineered, functional designs,

leading to creative solutions in the adhesives industry. Semi-permanent adhesive sys-

tems like that of the mussel rely on metal-coordination chemistries to exploit specific
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interactions between surfaces, creating intermolecular forces that can be tuned via pH,

leading to high force capacity glues that are resistant to rough tidal conditions [39].

Locomotive adhesive systems like that of the gecko rely on very weak intermolecular

forces between surfaces to create adhesion. But they are designed in such a way to

make large areas of contact and transfer load efficiently to the interface, leading to

high force capacity, easy release adhesion [40]. The system of the gecko includes a

variety of components with varying modulus, stiffness, and geometric arrangement to

achieve a design that effectively transfers load from the animal to the interface.

When studying the adhesion of natural systems, most of the components far from

the interface are neglected. The compliance of components far from an adhesive

interface have been shown to alter the adhesive force in synthetic systems [9, 41]

and recently have been shown to impact the adhesive force in natural systems [25].

This concept led to the design and refinement of bio-inspired, high force capacity

fabric-elastomer adhesives that are reversibly removable [9, 24, 42, 43, 44]. The bio-

inspiration element of this previous work lies in replicating a unique concept of load

bearing abilities within the gecko’s adhesive system - a flexible and conformal system

in the direction of contact (replicated by a soft elastomer coating with a flexible fabric

backing) and a stiff series of components in the direction of loading (replicated by

the shearing of a thin elastomer layer impregnated with stiff, planar fabric). This

concept was developed based on a reversible adhesion scaling [9]

Fc ∼
√
Gc

√
A

C
(2.1)

where adhesive force capacity, Fc, is described by the ratio of contact area to system

compliance in the loading direction, A/C, and the critical strain energy release rate,

Gc. This reversible adhesion scaling has been substantiated experimentally by ex-

plaining the performance of synthetic adhesive systems [9, 24, 43], as well as natural

adhesive systems [9, 25]. Furthermore, Equation 2.1 has led to the design of more
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complex, multicomponent systems for engineering device optimization [24, 42, 44, 45],

and the construction of synthetic models to provide feedback into the study of natural

adhesive systems [25, 42]. Focusing on both complex adhesive device design and feed-

back into the study of natural adhesive systems, here we present a new concept for

controlling adhesive force capacity in a multicomponent adhesive system with mul-

tiple contact surfaces, or “digits”, by investigating the influence of angular spacing

between adhesive components.

2.2.2 Sources of adhesion control in climbing animals

The inspiration for this device design arises from observations of geckos stati-

cally hanging on vertical substrates. Previous research on the forces geckos exert on

substrates during locomotion has focused on measuring reaction forces and studying

locomotive gait of geckos on inclined surfaces [46, 47], and how adhesive digit orien-

tation changes when the lizard is actively climbing uphill or downhill [48, 49]. Here,

we highlight unpublished work by Kuo et al., shown in Figure 2.1, which is focused

on observing the posture of Gekkonidae lizards statically hanging on glass substrates

that are oriented with the direction of gravity [50]. This unpublished data has yet to

be analyzed in detail from a biological perspective. However, it inspired the question

of how digit angle can influence adhesive force capacity.

In this specific scenario a gecko has climbed vertically up a plate of glass. The

gecko’s center of mass is in equilibrium, where the adhesive force exhibited on the glass

substrate is balanced by the gravitational force on the center of mass. The ability

of the gecko to move away from the ground depends on the movement of its center

of mass in relation to the glass substrate, the strength and angular orientation of its

musculoskeletal system, the strength of its adhesive structures, and the movement of

the substrate. Based on observations of statically hanging animals in Figure 2.1, the

G. vittatus specimen in Figure 2.1a, with the fore-aft axis of its body directed up,
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2 cm

a)

c)

b)

Figure 2.1. Various species of gecko hanging on a vertically-oriented glass pane [50].
Fore-aft refers to the snout-to-vent axis of the animal. Orientation direction refers
to the direction with respect to gravity. a)G.vittatus with a fore-aft, up orientation.
b)G.gecko with a fore-aft down orientation. c)G.vorax with a fore-aft, horizontal
orientation

away from the direction of loading (direction of gravitational force), has a posture

that is ready to move to oppose the loading direction. The forelimb adhesive digits

are aligned up and the hindlimb adhesive digits are spread out and oriented down.

We hypothesize that for locomotion which opposes loading, the degree of alignment

of adhesive components in the direction of loading are maximized. Additionally, for

providing load support and bracing during climbing, hindlimb digits are splayed to

provide resistance to slip.

For postures that are not oriented such that the animal can readily locomote to

oppose loading, we hypothesize that animals will organize their adhesive digits in

such a way that does not optimize adhesive force in the loading direction but rather

provides a more than sufficient amount of resistance against the load. G. gecko and G.

vorax of Figure 2.1b and c, respectively, have body orientations such that their fore-
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aft body axes are not aligned with the direction of gravity - they are in an orientation

less poised to move away from the loading direction. Additionally, they both have at

least three sets of digits oriented to oppose the loading direction and almost all digits

spread out. These observations led to one main hypothesis: the angular orientation

of adhesive components (digits and limbs) directly controls the maximum adhesive

force achievable in the direction of loading. Throughout this study a synthetic model

will highlight explicit relationships between adhesive digit orientation and the system

compliance and adhesive force capacity in the direction of loading.

2.3 Approach

This bio-inspired adhesive device study utilizes an arrangement of adhesive com-

ponents where three identical digits are adhered to a substrate and loaded simul-

taneously. Changing digit orientation is a strategy to change system compliance in

the direction of loading, which has been shown in other systems to impact adhe-

sive force capacity. System compliance is the collective compliance of components in

the adhesive system, where the increase of the compliance of a single digit can aug-

ment the compliance of the entire system. Here, a systematic variation of outer digit

orientation relative to a center digit is conducted to determine its effect on system

compliance. Additionally, the effect of outer digit orientation in a multiple contact

adhesive system on adhesive force capacity is highlighted. Understanding the degree

to which spreading out digits influences adhesive device performance will lead to more

complex adhesive device designs and further development of biomechanics models for

natural adhesive systems. First, synthetic adhesive digits are fabricated, consisting

of an elastomer contact surface and a flexible, stiff fabric for applying load across the

contact surface. Second, the compliance and force capacity of each individual digit

is characterized for reference during analysis of the three digit device setup. Third,

the three adhesive digits are loaded simultaneously to determine the compliance and
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force capacity of the loading system with a specified orientation. This system is then

subject to different orientations to make clear the effect of angular spacing on three

digit adhesive device performance.

2.4 Experimental

2.4.1 Device fabrication

A two-part siloxane-based elastomer [SYLGARD R© 184, Dow Corning, Inc.] is

mixed in a 10:1 ratio of pre-polymer to cross-linker, degassed for 10 min, and poured

into a 100x100x1mm plate glass mold. A plain-weave nylon fabric [95 gsm, JoAnn

Fabrics] is used as received, cut to size, and placed over the uncured elastomer. The

sample is cured at 20
◦
C for 120hrs. Fabric-elastomer samples were cut to size, as

shown in Figure 2.3a, where the length of the fabric as cut is the fill direction. Poly-

carbonate pieces [Makrolon R©, Covestro AG] were cut to size and glued to the bottom

of the fabric using a cyanoacrylate super glue [Loctite R©, Henkel Corp.] to act as an

attachment point, called an anchor. The wrist was 3D printed using ABS plastic from

a fused-filament fabrication 3D printer [Dimension uPrintSE Plus, Stratasys, Inc.].

The 3D printed wrist was marked with rules between 0
◦

and 90
◦

in 15
◦

increments

(Figure 2.2a).

2.4.2 Device testing

Lap shear tests of three synthetic adhesive “digits” adhered to a polycarbonate

substrate [Makrolon R©, Covestro AG] loaded simultaneously were measured using an

Instron 5564 tensile testing machine. Three adhesive digits anchored by a “wrist”

(Figure 2.2a) were loaded, where the center digit was kept parallel to the loading di-

rection and the angle of the outer adhesive digits were varied. Tests were conducted

at 10 mm/min. Force-displacement data were analyzed to define the adhesive force

capacity and the compliance of the testing system. The force capacity is the force at
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adhesive failure, indicated by the dashed line in Figure 2.2b. The compliance of the

testing system is measured by taking the inverse of the slope of the loading curve, indi-

cated by the solid line in Figure 2.2b. A linear fit is applied to the force-displacement

data between two user defined data points. The initial point qualitatively corresponds

to the point at which all three digits are loaded simultaneously. The final point is the

force at adhesive failure.

a)

Wrist

Adhesive

4 cm

Digit

b)

Figure 2.2. Three-digit adhesive device and testing. a) Schematic of adhesive digit
testing setup. Three adhesive “digits” are attached to a “wrist”, which is secured to
the bottom of the testing setup. Using markings on the wrist, the angular spacing
between digits is set during attachment onto a plate of polycarbonate. The polycar-
bonate is attached to a displacement actuator and a force sensor to load the device. b)
Representative force-displacement curve highlighting Fc, the adhesive force capacity,
and C, the compliance of the testing system.

2.5 Individual digit characterization

2.5.1 Individual digit structure and compliance

An adhesive digit consists of an elastomer pad and a fabric tendon, as shown in

Figure 2.3a. Each individual digit is loaded in the setup shown in Figure 2.2a and the

force capacity and compliance in the direction of loading are quantified as described
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Figure 2.3. Synthetic adhesive digit design. a) Synthetic adhesive digit dimensions.
The pad is the region of fabric embedded with elastomer. The tendon is the region
of pure fabric. b) Synthetic adhesive digit loading.

previously. The results are recorded in Table 2.2. For an individual digit, the com-

pliance is dependent on both the elastomer deformation and the fabric deformation.

Analytical expressions for the compliance of multiple components of fabric-elastomer

adhesive devices have been shown previously [44], including direct relations of materi-

als properties and geometry. In this study, the compliance of the pad and tendon are

investigated, as well as the compliance of the skin - the portion of fabric embedded

with elastomer. The compliance of an elastomer pad in shear has been previously

described using a shear block relation:

Cpad =
h

wLpµ
(2.2)

where h is the elastomer thickness, Lp is the length of the pad, w is the width of the

pad, and µ is the shear modulus of the pad. The compliance of a fabric tendon in

extension has been previously described using a uniaxial extension equation:
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Ctendon =
Lt
twE

(2.3)

where Lt is the length of the tendon, t is the thickness of the fabric, w is the width

of the tendon, and E is the effective Young’s modulus of the fabric. The compliance

of a fabric-elastomer skin in extension has been previously described using a uniaxial

extension equation:

Cskin =
Lp
twE∗

(2.4)

where Lp is the length of the pad, t is the thickness of the fabric, w is the width of the

tendon, and E∗ is the composite modulus of the fabric-elastomer. Relevant geometric

parameters used in this study are summarized in Table 2.1.

w (mm) Lp (mm) Lt (mm) h (mm) t (mm)
18 15 50 1.2 0.2

Table 2.1. Experimental geometries for individual digits.

2.5.2 Compliance of device components

To highlight contributions of individual components to the overall compliance of

an adhesive digit, the compliance of each component is either calculated (i.e., pad and

skin) or directly measured (tendon). The results for this analysis are recorded in Ta-

ble 2.2. To calculate compliance of the pad and skin, measured geometric parameters

and materials properties are first quantified.

For the elastomer, a Young’s modulus of E = 1.02 MPa (±0.03 MPa standard

deviation, n=8) and a critical strain energy release rate of Gc = 0.19 ± 0.03 J/m2

are reported from normal adhesion (tack) tests on independent samples of elastomer

prepared under identical curing conditions. Tack tests are conducted using a 4.71mm

radius glass hemispherical probe indenting a 2.47mm thick slab of elastomer at a

rate of 10µm/s. A custom-built contact adhesion testing setup is used, consisting

of a displacement actuator [Inchworm 8300, Burleigh Instruments], a microscope for

23



Component C (mm/N) E (MPa) Fc (N)
Elastomer pad 0.012 1.02±0.03 -
Fabric tendon (fill) 0.096±0.004 145 -
Fabric tendon (warp) 0.036±0.001 371 -
Fabric skin (fill) 0.029 145* -
Center digit 0.125±0.006 - 8.76±1.04
Right digit 0.133±0.005 - 7.55±1.22
Left digit 0.135±0.006 - 6.69±1.05

Table 2.2. Results of component and single digit testing. Compliance values, C,
are either calculated using Equations 2.2 or 2.4 (elastomer pad and fabric-elastomer
skin, respectively) or directly measured in the Instron 5564 setup (fabric tendon).
Elastic modulus values, E, are determined from either a tack test (elastomer pad)
or calculated using the stiffness from tensile tests and the cross-sectional geometry
(fabric). Tensile tests are conducted for n=5 fabric samples in both the warp and fill
directions. We report the mean values with the standard deviation. Adhesive force
capacity, Fc, is determined from lap shear tests.

imaging contact area [Zeiss Axiovert 200M], and a custom-built single capacitor-

aluminum cantilever load cell [PISeca D-510.020 single-electrode capacitive sensor and

PISeca E-852.10 signal conditioner, Physik Instrumente, GmbH]. Elastomer modulus

and critical strain energy release rate are determined using a JKR analysis [16]. The

following equations are used to determine modulus [16]:

P = E∗
{

4a3

3R
fp − 2afc

(
a2

R
fδ − δ

)}
(2.5)

where P is applied load, E∗ is the plane strain modulus of the elastomer, a is the con-

tact radius, R is the radius of the probe, δ is the displacement, and fp, fc, and fδ are

corrections for the load, compliance, and displacement relations due to confinement,

defined as

fp =

(
1 + 0.33

(a
h

)3)
(2.6)

fc =

(
1 + 1.33

(a
h

)
+ 1.33

(a
h

)3)−1
(2.7)

fδ =

(
0.4 + 0.6 exp

(
−1.8a

h

))
(2.8)
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where h is the thickness of the elastomer layer. To determine E, we plot P with the

right hand side of Equation 2.5 and find the slope of the indentation portion of the

curve. The slop corresponds to the plane strain modulus of the elastomer, E∗, which

is defined as E∗ = E/(1− ν2). To determine Gc, we use the following relation [16]:

G =

(
4a3E∗

3R
fp − P

)2
8πE∗a3

fGp (2.9)

where G is the strain energy release rate and fGp is the correction factor to account

for confinement, defined as

fGp =

0.56 + 1.5
(
a
h

)
+ 3

(
a
h

)3(
0.75 +

(
a
h

)
+
(
a
h

)3)2
 (2.10)

The reported Gc corresponds to the value of G calculated using Equation 2.9 with

input parameters of the maximum tensile load and corresponding area. These values

are used to capture the maximum Gc achieved with this tack loading and geometry

for qualitative comparison to Gc values under loading conditions of this experimental

adhesive digits study.

For the effective modulus of the fabric, independent tensile tests using a sample

of nylon fabric are conducted using an Instron 5564 testing apparatus. Figure 2.4a

presents five replicates of force-displacement curves for the fabric in both the warp

direction and the fill direction. A linear fit is applied to the data to determine the

stiffness for the fabric in both the fill and warp directions. As expected, the tensile

stiffness of the fabric in the warp direction is different from that in the fill direc-

tion [51]. Fabric stiffness in orthogonal directions may vary on the processing condi-

tions during weaving, or even post-processing conditions. For a plain-weave fabric,

there are many sources for variation of tensile properties in orthogonal directions, in-

cluding yarn twist and crimp. Yarn twist is the amount of torsion applied to a bundle
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of fibers, or yarns, before placing in the loom, which in turn can change the tensile

stiffness of the yarn. Crimp is the degree to which yarns are bent to accommodate the

weaving process. Depending on how much tension is placed on the warp yarns during

weaving, this can change the amount of fabric crimp in the warp direction. Addition-

ally, post-processing techniques such as calendering can change the stiffness of the

fabric through decrimping. Decrimping is the straightening of bent yarns that are

woven over-and-under orthogonal yarns. In this sample, the load-displacement curve

b)a)

Figure 2.4. Digit component analysis. a) Load-displacement curve of fabric in warp
(red) and fill (blue) directions. Linear fits are applied to the fabric extension data,
represented by the dashed black lines to determine an effective tensile modulus, E.
b)Shear stress decay of an adhesive lap joint. Using the geometry and materials
properties of this system, the shear stress decay is calculated using Equation 2.11.
Dashed black lines represent the point of 50% reduction in shear stress at the interface.

for the warp direction shows a generally linear trend, devoid of an initial decrimping

region, most likely the result of post-processing (Figure 2.4a). The load-displacement

curve for the fill direction has a region of low stiffness, followed by a region of higher

stiffness (Figure 2.4a). This initial region of low stiffness is attributed to decrimping,

whereas the following region is attributed to yarn extension. For the adhesive digits

in this study, the fabric is cut such that the fill direction is along the main axis of
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the adhesive digit. The linear fit for the fill fabric of Figure 2.4a does not capture

the trend of the data; however, we use the linear elastic approximation to simplify

equations for capturing trends of compliance and force capacity, and for making ap-

proximations for shear stress decay length. Using the compliance measured from these

independent tensile tests, an effective tensile modulus of the fabric can be calculated

by considering cross-sectional geometry.

The compliances of the elastomer pad in shear, the fabric tendon in extension,

and the fabric-elastomer of the skin in extension approximately equal the compliance

measured of individual digits adhered to polycarbonate. Previous calculations of skin

compliance consider the fabric-elastomer via a composite modulus, E∗, using a Voigt

model [44]. Here, the compliance of the skin is calculated such that the modulus of the

elastomer is ignored for the purpose of a qualitative comparison between calculated

compliance and measured compliance. Thus, in Table 2.2 the modulus of the skin

reported is the effective modulus of the fabric in extension.

2.5.3 Shear stress decay

In the specific mechanical loading of adhesive digits, referred to as lap joint testing,

the extension of the backing can result in a decay of shear stress. This decay arises

from a lag of stress transferred from the extensible backing to the interface. The

adhesive is loaded from the bottom of the tendon contact, designated as x = 0 in

Figure 2.3b, to the top. The shear stress that develops at the interface will decay in

the x-direction according to the relation [52]

τ/τo = e−αx; α =
( µ

htE

)1/2
(2.11)

where τ/τo is the normalized shear stress and x is the distance from the bond line.

Using measured values from Tables 2.1 and 2.2, the shear stress decay for a nylon

fabric backing and a PDMS elastomer adhesive layer is calculated and shown in
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Figure 2.4b. From this calculated curve, the adhesive digit geometry in this study

(Lp = 15mm) is chosen such that the shear stress does not fall below 50% along the

length of the pad.

2.6 Results and discussion

2.6.1 Influence of digit angles on system compliance

The change in system compliance, Csys, as a function of angular orientation, θ,

is presented in Figure 2.5a. As the angle between digits is increased, the compli-

ance of the system increases. To explicitly describe this trend, we implement a

two-dimensional vector analysis of the three-digit system before and after load is

applied. A schematic of the three-digit setup attached to a substrate is presented in

Figure 2.5b. We present an idealized model of the three-digit system (Figure 2.5c),

where each digit is considered to be a tension member pinned at adhesive contact.

Force transmission through the system is examined using a free-body diagram (Fig-

ure 2.5d), assuming quasi-static equilibrium and small displacements such that each

member is considered a rigid body. Using the free-body diagram, the sum of the

forces in the x-direction are represented as

∑
Fx = 0 : F2 sin (θ12) = F3 sin (θ13) (2.12)

where F2 is the force transmitted through the right digit, F3 is the force transmitted

through the left digit, θ12 is the angular orientation between the right and middle

digit, and θ13 is the angular orientation between the left and middle digits. The sum

of the forces in the y-direction are represented as

∑
Fy = 0 : Fsys = F1 + F2 cos (θ12) + F3 cos (θ13) (2.13)
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where Fsys is the force applied to the three-digit system and F1 is the force transmitted

through the middle digit. To describe the compliance of the system, assuming all

c)

a)

Fsys , δsys

A.
. .

. ..

.
DB

CE

G

H

3 1 2

b)

d)

θi L

δsys

Fsys

L + δd
θf

Fsys

F1

F2F3

x

y

θ13 θ12

Figure 2.5. Three-digit adhesive device deformation. a) Compliance vs. outer digit
orientation, θ. Open red square data represent experimentally measured values and
the solid blue line represents the calculated compliance of Equation 2.18 using values
of individual digit compliance from single-digit tests. b) Schematic of the three-digit
adhesive device. A displacement, δsys is applied to the adhesive system, transmitting
a force, Fsys throughout the system. c) Undeformed geometry (solid black lines)
and deformed geometry (dashed blue lines). d) Free-body diagram of a three-digit
adhesive device.

components are linear-elastic, we substitute δ/C for each of the force components of

Equation 2.13, leading to the following relation

δsys
Csys

=
δ1
C1

+
δ2
C2

cos (θ12) +
δ3
C3

cos (θ13) (2.14)
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where δsys is the displacement of the entire system in the load direction, Csys is the

compliance of the system in the load direction, δn/Cn for n=1, 2, and 3 represent

the ratio of displacement to compliance along the length of the digit for the middle,

right, and left digits, respectively. Solving for Csys, we find the following relation that

describes the system compliance

Csys =

{
1

C1

+
δ2

C2δsys
cos (θ12) +

δ3
C3δsys

cos (θ13)

}−1
(2.15)

Equation 2.15 is a generalized relation for a three-digit system with components of var-

ied compliance and angular orientation. Here, displacements in the direction of load-

ing are equivalent for all digits, so δsys=δ1. To represent our experimental conditions,

we simplify the system compliance relation such that θ12=θ13=θf , C1=C2=C3=Cd,

and δ2=δ3=δd, resulting in the following relation

Csys =

{
1

Cd
+ 2

δd
Cdδsys

cos (θf )

}−1
(2.16)

where Cd is the compliance of an individual digit, δd is the displacement of an outer

digit parallel to its length, and θf is the angle between an outer digit and the center

digit after loading. δd can be defined in terms of known system geometry,

δd = δsys cos (θf ) (2.17)

If the system displacement is small relative to the initial digit length (δsys/L � 1),

we can assume a small displacement condition. Due to the uncertainty in θi during

experiments (±2
o
) and the assumption of small system displacement, θf ≈ θi. Using

these assumptions and inserting Equation 2.17 into Equation 2.16, the simplified

expression for total system compliance in the direction of loading becomes

Csys =

{
1

Cd
+ 2

1

Cd
cos2 (θi)

}−1
(2.18)
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The total compliance as a function of outer digit orientation is calculated using exper-

imental values from Table 2.2 and inserting them into Equation 2.18. The calculated

compliance correlates well with the experimental data, as shown by the solid blue

curve in Figure 2.5a.

2.6.2 Active control of reversible adhesive force

Following the scaling of Equation 2.1, the compliance of an adhesive testing system

directly influences adhesive force capacity. In this experimental setup, the angular

spacing of the adhesive digits acts as a way to control adhesive force capacity via a

change in compliance. Figure 2.6 represents data obtained from experiments describ-

ing the influence of outer digit orientation on adhesive force capacity. Figure 2.6a

highlights the scaling of adhesive force capacity with the ratio of measured contact

area to measured compliance in the loading direction. For small angles, a general

agreement is shown with the scaling 0.5 from Equation 2.1. However, for larger

angular orientations, this type of scaling analysis breaks down.

Equation 2.1 was derived assuming when the force in the adhesive system, Fsys,

reaches a critical value, Fc,sys, the entire adhesive contact area, A, fails in one step.

In our adhesive system, we consider failure to be when a single adhesive surface fails

completely; however, force is transferred through all three adhesive digits over three

adhesive areas. The force in the three-digit adhesive system before adhesive failure is

presented by Equation 2.13, determined from the free-body diagram of Figure 2.5d.

The force of the system reaches a critical value when a single component reaches its

critical value. If we first focus on failure of only the middle digit, the force capacity

of the middle digit is represented as

Fc,1 =
√

2Gc,1

√
A1

C1

(2.19)
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a) b)

Figure 2.6. Three-digit adhesive device force capacity. a) Plot of Force capacity, Fc,
vs. adhesive area of the system and system compliance in the direction of loading,
Asys/Csys. Open red square data represent experimentally measured values and the
solid blue line represents a line with a slope of 0.5. b) Force capacity vs. outer digit
orientation, θi. Open red square data represent experimentally measured values and
the solid blue line represents a fit of Equation 2.22. The dotted black line represents
Equations 2.23 and 2.24.

where Gc,1 is the critical strain energy release rate of the middle digit, A1 is the area

of contact of the middle digit, and C1 is the individual compliance of the middle digit.

If we insert Equation 2.19 into Equation 2.13, we find

Fc,sys,1 =
√

2Gc,1

√
A1

C1

+ F2cos (θ12) + F3cos (θ13) (2.20)

where Fc,sys,1 is the critical force reached in the three-digit system for adhesive failure

of the middle digit, F2 is the force transferred through the right digit, and F3 is

the force transferred through the left digit. To describe F2 and F3 in terms of known

quantities such as the individual digit compliances, C2 and C3, and outer digit angular

orientations, θ12 and θ13, we consider the force transmitted through an individual digit

as Fd = δd/Cd. Using the relation of Equation 2.17, which describes the displacement

of an individual digit in terms of the system displacement, Equation 2.20 becomes
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Fc,sys,1 =
√

2Gc,1

√
A1

C1

+
δsys
C2

cos2 (θ12) +
δsys
C3

cos2 (θ13) (2.21)

If we substitute δsys = Fc,sysCsys into Equation 2.21, the relation of force capacity of

the three-digit system for middle digit failure becomes

Fc,sys,1 =
√

2Gc,1

√
A1

C1

[
1− Csys

C2

cos2 (θ12)−
Csys
C3

cos2 (θ13)

]−1
(2.22)

Equation 2.22 represents the force capacity of the three-digit system where the mid-

dle digit fails first, highlighting the influence of individual digit compliance, angular

spacing, and system compliance. For systems where the middle digit may not be

the first to fail, we derive force capacity equations for the right and left digits in an

analogous manner,

Fc,sys,2 =
√

2Gc,2

√
A2

C2

cos (θ12)

[
1− Csys

C1

− Csys
C3

cos2 (θ13)

]−1
(2.23)

Fc,sys,3 =
√

2Gc,3

√
A3

C3

cos (θ13)

[
1− Csys

C1

− Csys
C2

cos2 (θ12)

]−1
(2.24)

where Fc,sys,2 is the force capacity of the three-digit system where the right digit fails

first, and Fc,sys,3 is the force capacity of the three-digit system where the left digit

fails first. Equations 2.22-2.24 represent the criteria for adhesive failure of a single

digit in a three-digit system, of which the lowest Fc,sys is the first criterion met in the

adhesive system.

In our system we assume Gc,1 = Gc,2 = Gc,3 = Gc, C1 = C2 = C3, A1 = A2 = A3,

and θ12 = θ13. For this set of assumptions Fc,sys,1 is the lowest of the three criteria

of Equations 2.22- 2.24 for θ > 0. Using this criterion Equation 2.22 is fit to the

experimental data in Figure 2.6b by a single parameter, Gc, showing good agreement.

We find the fit value of Gc = 19.7 J/m2 to be significantly larger than the Gc for this

elastomer in the normal direction using independent tack tests. A discussion of this
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difference is presented in the following section. Equations 2.23 and 2.24 are calculated

using the fit value of Gc and plotted with the experimental data in Figure 2.6b,

showing significant departure at angles larger than 30◦.

The relations of Equations 2.22- 2.24 have several implications for adhesive device

design. The force capacity of a system with multiple adhesive contacts loaded in par-

allel can be explicitly described for components with varied area, Gc, compliance, or a

combination of these. Using these relations as a design tool, area, Gc, compliance, or

angular spacing can be tuned to achieve predictable force capacities. As an example,

we incorporate the critical strain energy release rate, Gc, of the adhesive system into

our explicit equations, which will lead to more complex device optimization such as

tailoring materials properties of the adhesive pads for use on “real world” surfaces,

as previously described by King et al. [24].

Additionally, Equations 2.22- 2.24 have malleability to adapt to existing reversible

adhesive systems where numerous adhesive contacts are loaded in parallel [23, 42].

In our study, we use θ as a tool to vary compliance of the adhesive system and

observe its impact on adhesive force capacity. Other studies, including Bartlett et

al. and Hawkes et al., present experiments where compliances of individual adhesive

contacts have inherent variation, leading to a variation in adhesive force capacity of

the entire system [23, 42]. The equations developed in our study provide a foundation

to use the variation of individual digit compliance to predict overall adhesive device

performance.

Equations 2.22- 2.24 also have applicability for animal biomechanics studies. The

variability in angular spacing between adhesive digits is explicitly related to the vari-

ability in system compliance using Equation 2.18. Furthermore, Equations 2.22- 2.24

explicitly define the variability in adhesive force capacity as the result of variation in

angular spacing between digits. For the studies previously conducted on the orien-

tation of gecko adhesive digits during locomotion on inclined substrates [48, 49], the
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equations presented here explicitly define the penalty in adhesive force capacity when

adhesive digits have large angular separations.

2.6.3 Gc for shear loading in a three-digit system

The fit value of Gc = 19.7 J/m2 is two orders of magnitude larger than the Gc

measured in the normal direction during independent tack tests. This large difference

in critical strain energy release rate of shear loading compared to normal loading has

been seen previously in elastomeric systems. The large difference seen here can be

attributed to frictional energy dissipation, mode of stress transfer, rate dependent

adhesion, or a combination of these.

First, in similar shear loading geometries the presence of microslip has been ob-

served experimentally, even in the absence of macroscopic relative translation between

the two surfaces [53]. In these cases an increase in Gc has been recorded, attributed

to the presence of microslip causing frictional energy dissipation. Second, the critical

strain energy release rate for pure, mode II shear failure is known to be considerably

larger for many polymer interfaces. Although we cannot confirm the exact stress

distribution at the interface in these experiments, the shear stress decay model pre-

sented above suggests that significant shear stresses exist within the interfacial area.

Therefore, these shear stresses likely lead to mode mixity of failure, different than

pure mode I, hence leading to an increased Gc. Finally, the rate dependence of adhe-

sion for cross-linked elastomers has been shown previously to influence Gc [54]. The

samples presented here are designed to transfer stress in such a way that “unstable”

failure occurs between the adhesive and the adherend, leading to rates of crack prop-

agation orders of magnitude faster than the stress loading rate. The rate of crack

propagation in these experiments is not directly measured, though it can be esti-

mated from force-time curves. If we assume maximum contact area is maintained at

maximum force and contact area of a single digit is lost when the force drops to zero,
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the rate of area loss is estimated to 0.89mm2/s. We can convert this to a linear rate

by taking the square root to estimate a crack velocity of 30mm/s. For the normal

tack experiments, the rate of crack propagation is directly measured to be 0.2mm/s.

Previous research describes the dependence of G on the crack velocity to the n power

(i.e., G ∼ V n), where n is an empirical constant reported to be between 0.5 and 0.7

for elastomers [16]. If we compare G in shear to G in the normal direction, using

n=0.6, the G in shear is estimated to be ∼20 times larger than the G in the normal

direction. Considering these three mechanisms of frictional energy dissipation, mode

of stress transfer, and rate-dependent adhesion, we expect the Gc in the shear direc-

tion to be larger than the Gc measured in the normal direction by more than an order

of magnitude.

2.7 Conclusions

The adhesive system of the gecko includes a variety of components with varying

modulus, stiffness, and geometric arrangement to achieve a design that effectively

transfers load from the animal to the adhesive interface. We created a geometric ar-

rangement of adhesive components in a synthetic system, inspired by the foot of the

gecko, such that explicit relationships with the compliance and adhesive force capac-

ity of a multiple contact system are developed. We found that the system compliance

depends directly on the angular spacing between adhesive digits. Additionally, we

found that the adhesive force capacity depends inversely on the angular spacing be-

tween adhesive digits. Explicit relationships were developed to quantify the trade-off

of adhesive force capacity as angular orientation between digits is increased, leading

to a model for gecko locomotion studies. Furthermore, the explicit relationships de-

veloped in this study provide a general framework for existing adhesive devices with

multiple contact surfaces, where the influence of variation in compliance of individual

components on adhesive force capacity is quantified. Finally, the equations developed
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here link materials properties and geometry to optimize the performance of adhesive

systems with multiple contact surfaces.
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CHAPTER 3

COATING COMPLIANCE OF AN ISOLATED CONTACT
IN SHEAR

3.1 Introduction

In this study we investigate the shear deformation and reversible adhesion of a

rigid flat punch contacting a soft, laterally-extensive elastomer layer. We investigate

the scaling of shear compliance, C, with the ratio of contact radius to elastomer layer

thickness, or confinement ratio (a/h), through both experiment and finite element

analysis. Using a reversible adhesion scaling analysis we also investigate the rela-

tionship between the shear adhesion force capacity, Fc, and the confinement ratio

using experiments. We find that the shear compliance of this specific geometry and

loading condition depends non-linearly and inversely on the confinement of the sys-

tem. Additionally, we find that the shear adhesion force capacity scales non-linearly

with the confinement ratio. These scalings have significant implications for future

normal and shear adhesion studies, especially for the fields of bio-inspired adhesion

and micro-contact printing.

3.2 Background

3.2.1 Animal locomotion studies

Our study of a rigid punch shearing a thin elastomer coating is motivated by

understanding the scaling of reversible adhesion in nature. For adhesive systems that

are reversibly removable, such as the adhesive system of the gecko, the maximum force

achievable before interfacial failure, known as the force capacity (Fc), is dependent
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on three parameters: (i) the critical strain energy release rate, Gc, which is generally

related to the specific interfacial chemistries between two surfaces, (ii) the adhesive

contact area, A, and (iii) the inverse of compliance of the testing system, 1/C [9]. This

scaling of Fc ∼
√
GcA/C (Equation 1.8) has been shown to be valid for synthetic and

natural systems that range several orders of magnitude in size. Based on physical

principles, similar to the foundations of Equation 1.8, hypotheses of evolutionary

pathways for scaling reversible adhesion in nature have primarily focused on the

development of setae, or hairy protuberances on animal attachment pads, which have

been proposed to impact Gc [18]. These hairs provide enough flexibility to make

adhesive contact with an ecological substrate, while also being stiff when loaded.

There are several physical mechanisms that highlight the impact of varying shape

and arrangement of synthetic adhesive posts, which mimic the shape and structure of

setae, on Gc, including increased adhesive perimeter [18], optimal contact shape [55],

and sub-critical attachment size [56]. These studies led to the creation of engineered

biomimetic adhesives that have outperformed the abilities of the gecko [57], the largest

animal to use reversible adhesion for climbing. However, most of these devices have

been limited to sizes less than 1cm2. Additionally, more recent biological research

has highlighted that the shape and arrangement of setae in closely-related animals

(geckos, flies, beetles, and spiders) does not change significantly for animals that

range more than three orders of magnitude in size [58, 59], leaving open questions as

to what other mechanisms explain the scaling of reversible adhesive force with system

size.

A recent study by Gilman et al. demonstrated that the ratio of A/C was the most

significant descriptor of the variation in adhesive force capacity in closely-related or-

ganisms (gecko family) that range an order of magnitude in size [25]. This finding

implies that larger animals have developed less compliant loading systems to accom-

modate larger force capacities. To substantiate these findings, we proposed shear
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a) b)

Figure 3.1. Lap adhesion testing of a gecko on glass. a) Image of Gecko testing
adapted from Ref [25]. The gecko, gripped by an animal handler at the torso, is
encouraged to place its two forelimb feet onto glass. The glass is attached to a force
sensor and a displacement actuator. b) Representative force-displacement curve of
a gecko adhesion test from Ref [25]. Force capacity, Fc, is the maximum value of
adhesive force before slip occurs. Compliance, C, is the inverse of the slope of the
load-displacement curve.

adhesion experiments of animals adhering to elastomer substrates, where the compli-

ance of the elastomer substrate is changed systematically via thickness modulation to

directly effect the animal’s adhesive force capacity. The design of compliant substrates

that affect the performance of an animal’s adhesive system requires (i) knowledge of

the compliance of a animal’s adhesive system in a rigid testing setup and (ii) under-

standing the compliance of a thin elastomer layer sheared by an isolated contact.

The compliance of a gecko’s adhesive system has been previously quantified using

a lap adhesion testing setup. This setup consists of a rigid substrate attached to a

load cell and displacement actuator. While the substrate translates, a gecko, grasped

at the torso by the animal handler, is encouraged to place its two front feet onto the
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rigid substrate [9, 24, 25, 60] (Figure 3.1a). During the test, when the gecko’s adhesive

system is in extension, the force exerted on the substrate is measured (Figure 3.1b).

To test the existing theory that compliance is a significant descriptor of the vari-

ation in adhesive force capacity for animals that scale in size, we suggest adding an

elastomer layer of varying thickness onto the rigid substrate. To design this exper-

iment, it is necessary to know the influence of elastomer layer thickness, relative to

the contact area, on the compliance of the system in shear. The deformation of an

elastomer layer in shear has been studied for non-confined systems such that the elas-

tomer layer is infinitely thick compared to the size of the contact [61, 62]. Here, we

investigate the scaling of shear compliance with the confinement ratio, or the ratio

of contact area to elastomer thickness (a/h), in a model testing system and how this

scaling will influence the force capacity of the adhesive system. This work will guide

future studies on directly influencing the force capacity of animals during lap adhesion

testing.

3.2.2 Isolated contact deformation

The case of an isolated contact deforming an elastic coating has been widely

studied for the purposes of quantifying materials properties of the elastic coating, such

as the elastic modulus and hardness [63], as well as studying the adhesion between

the contacting object and elastic coating in the normal [64, 65, 66] and shear [62, 67,

68, 69] directions. Most of these analyses require that the elastic coating thickness is

infinite compared to the size of the contacting object or the area of contact, i.e. a/h�

1. When the elastic coating is relatively thin, the influence of a rigid support substrate

becomes more prominent. A thin elastic coating deformed by an isolated contact

(Figure 3.2a) is an experimental scenario related to adhesive tapes, rubber tires,

contact printing [70], and studying the indentation of human skin [71]. Specifically,

this geometry has been studied for describing the tack or adhesion energy between a
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rigid punch and an elastic coating [17, 72, 73]. It has been recently shown that the

normal adhesive force capacity can be tuned by altering the thickness of the elastic

coating with implications for transfer printing of fragile devices [70, 74]. However,

the effect of coating materials properties and geometry, as well as punch geometry on

adhesion and deformation in shear (Figure 3.2b), has not been extensively studied.

Shear

Normala)

b)

Figure 3.2. Deformation of an elastic coating (blue) by a rigid, axisymmetric punch
(light grey) in full-friction contact. a) The normal deformation of a coating. b) The
shear deformation of a coating.

3.3 Approach

3.3.1 Shear deformation of a confined system with an isolated contact

Previous studies on shearing a finite thickness elastic coating with a rigid, iso-

lated contact have focused on understanding the scaling of separation stress and the

limits at which elastic instabilities occur [75, 76, 77]. Though these previous stud-

ies involved experiments and geometries similar to the experiments in our study, an

explicit relation for the shear compliance of an isolated contact and coating with

parameters such as contact area, coating thickness, and materials modulus has not

been developed. Here, we present a comprehensive study on how materials geometry

and mechanical properties influence the shear deformation across both confined and

non-confined regimes.

To understand the relevant geometric and materials relations for shear compliance

of a confined system, we first review the geometric and materials relations for normal
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compliance of confined systems developed previously. We focus on a rigid, axisym-

metric punch in full-friction contact with a deformable material, where the normal

compliance of an incompressible material (ν = 0.5), in the limit that a/h << 1, is

described as [78]

Cn (h→∞) ≡ Cn,∞ =
3

8aE
(3.1)

where Cn,∞ is the normal compliance in the infinite thickness limit, a is the radius

of contact of the punch, and E is the Young’s modulus of the indented material.

For finite values of thickness (i.e., a/h ∼ 1), a semi-empirical relationship has been

previously described as [17]

Cn =
3

8aE

[
1 + 1.33

(a
h

)
+ 1.33

(a
h

)3]−1
(3.2)

where Cn is the normal compliance. For large values of coating thickness, the second

and third terms in Equation 3.2 approach zero and the overall expression approaches

that of Equation 3.1. For small values of thickness, the second and third terms of

Equation 3.2 become more prominent in determining the compliance scaling.

For the same system geometry and assumptions, with the exception of a macro-

scopic shear applied to the system, we hypothesize the scaling of compliance will

follow a similar form to Equation 3.2. For the condition that a/h << 1 and the

coating is incompressible, the shear compliance of an isolated contact scales as [61]

Cs,∞ =
3

16aµ
(3.3)

where Cs,∞ is the shear compliance in the infinite thickness limit and µ is the shear

modulus of the elastic coating. This relation follows the same scaling as the normal

compliance analog (Equation 3.1) and differs by a factor of 1
2
E/µ. In this work we

develop a semi-empirical relation that is the shear compliance analog of Equation 3.2.
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3.3.2 Force capacity of a reversible adhesive contact in confinement

In addition to investigating the influence of confinement on coating compliance,

we highlight the contributions of the confinement ratio to the scaling of adhesive force

capacity for a reversible adhesive contact from confined to non-confined regimes. The

three research studies mentioned previously concerning macroscopic shear applied to a

confined system focused on qualitative or empirical relations to describe the influence

of coating thickness on separation stress [75, 76, 77]. Barquins et al. studied the

sliding between a hemispherical indenter and a gradient-thickness coating, finding

that the size of contact and area of Schallamach wave propagation was qualitatively

reduced as coating thickness decreased [75]. Rand and Crosby studied the sliding

between a hemispherical indenter and an elastic coating with line defects, developing

an empirical relation to describe the force required to slide over the line defect relative

to a defect-free sample [76]. Chaudhury and Kim studied the sliding between a flat

rigid probe and an elastic coating, focusing on limits at which interfacial instabilities

occurred [77]. To describe the limits of interfacial instabilities for a rigid punch

shearing a confined coating, Chaudhury and Kim developed scalings of separation

stress with geometric and materials parameters such as coating thickness, contact

area, work of adhesion, and shear modulus:

σs,confined ∼
a

`

√
Gcµ

h
(3.4)

where σs,confined is the shear stress for adhesive failure dictated by confinement, a is

the punch radius, ` is the distance above the surface at which shear force is applied,

Gc is the critical strain energy release rate between the punch and the film, µ is the

shear modulus of the coating, and h is the thickness of the coating, and

σs,instability ∼
a2

h`

√
Gcµ

h
(3.5)
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where σs,instability is the shear stress for adhesive failure dictated by interfacial insta-

bilities. Equation 3.4 describes the pronounced effect of `, a length scale highlighted

in Figure 3.3, on a confined system in shear, where a large ` in comparison to punch

radius, a, results in a significant peel moment. Equation 3.5 incorporates an addi-

tional term of a/h to Equation 3.4 to account for the additional strain energy stored

due to interfacial instabilities, such as fingering instabilities [79]. Beyond scaling anal-

yses, Chaudhury and Kim presented an empirical relation for the influence of `/a on

separation stress by fitting Equation 3.5 to experimental data, finding that a larger

`/a results in a lower separation stress. Though these studies are useful for deter-

mining limits of interfacial instabilities in confined systems under shear loading, an

explicit relation for the force capacity in shear as a function of confinement has not

been presented previously. Here, we develop a semi-empirical relation for adhesive

force capacity of a rigid punch in shear contact with an elastic coating ranging from

confined to non-confined regimes. We adapt the reversible adhesion scaling of Equa-

tion 1.8 to describe experimental data and develop an explicit relation for adhesive

force capacity and confinement using a compliance equation developed from shear

deformation experiments.

3.4 Experimental

3.4.1 Lab experiments of punch in shear

A shear displacement is applied to a rigid punch in contact with an elastomer

coating on glass using an Instron 5564 universal testing machine. The testing ma-

chine is equipped with a fixture to apply lateral force to the punch at a fixed distance

from the elastomer surface, ` (Figure 3.3). We use six polished steel punches (rms

∼ 100nm) of radii ranging from 0.75mm-3.8mm [74], and coatings of four differ-

ent thicknesses (0.24, 0.77, 1.44,and 12.5mm). A poly(urethane)(PU) elastomer [F15,

BJB Enterprises, Inc.] is used for the coating, where the PU elastomer pre-polymer
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Figure 3.3. Shear deformation and adhesion testing. a) The normal deformation of
a coating. b) The shear deformation of a coating.

and cross-linker are mixed according to supplier recommendations (45:100), degassed

for 3 min, cast onto plate glass molds using a draw-down process, and cured at 20◦C

for 24 hrs. Elastomer coatings adhered to glass plates are fixed into the testing setup

vertically and punches are pressed into adhesive contact with the elastomer coating.

The weight of the punch did generate a moment, but not sufficient as to cause peel.

Tests are conducted at a fixed average shear strain rate, γ̇ = 10−2 s−1 to minimize

variation in Gc due to rate effects. γ̇ is calculated by normalizing the displacement

rate of the testing setup, δ̇, by the elastomer coating thickness, h. A CCD camera

[EO-1312C, Edmund Optics] was used to track contact area during loading. Shear

force-displacement curves were analyzed for determining the compliance due to shear

deformation and the shear adhesive force capacity. The slope of the force-displacement

curve corresponds to the inverse of the compliance of the loading system. We mea-

sured the slope up until 0.5Fc which, in accordance with contact area measurements,

corresponds to the earliest point at which an interfacial crack begins to propagate.

The force capacity of each experiment is determined by taking the maximum force of
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the force-displacement curve, which corresponds to the point of catastrophic adhesive

failure.

3.4.2 Elastomer characterization

A shear modulus of µ = 94 kPa (±3 kPa standard deviation, n=7) and a critical

strain energy release rate of Gc = 0.17±0.02 J/m2 are measured from normal adhesion

(tack) tests on independent samples of elastomer prepared under identical curing

conditions. Tack tests are conducted using a 4.71mm radius glass hemispherical probe

indenting a 3.2mm thick slab of elastomer at a rate of 10µm/s. A custom-built contact

adhesion testing setup was used, consisting of a displacement actuator [Inchworm

8300, Burleigh Instruments], a microscope for imaging contact area [Zeiss Axiovert

200M], and a custom-built single capacitor-aluminum cantilever load cell [PISeca D-

510.020 single-electrode capacitive sensor and PISeca E-852.10 signal conditioner,

Physik Instrumente, GmbH]. Elastomer modulus and critical strain energy release

rate are determined using a JKR analysis [16], where Gc corresponds to the value at

maximum tensile load. Further detail of this analysis can be found in Section 2.5.2

in Chapter 2 of this dissertation.

3.4.3 Finite-element modeling of punch in shear

We supplement lab experiments with loading, geometry and material equivalent

finite element modeling (FEM) using an ABAQUS R© 6.13-4 package to analyze the

scaling of shear compliance with confinement (Figure 3.4). An analytically rigid disk

of radius 1mm was constrained to the nodes on the top surface of an elastic coating,

where a tie constraint was placed between the nodes and disk to prevent relative

slip. The bottom surface of the elastic coating was designated as rigid and fixed

in space. The elastic coating thickness was varied from 0.1 − 10mm. The lateral

dimensions of the elastic coating (xz-plane) were square, fixed at 25mm for each

side. The mesh was refined based on relative geometries. In the thickness direction
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Figure 3.4. Finite-element model of confined shear punch. a) Mesh and x-direction
strain field for a/h=1. b) Plot of x-direction strain along the centerline of the punch
vs normalized position within the contact region, (x/a).

(y-direction), the mesh size was refined to 10 elements. In the xz-plane, the mesh

was split into two regions. The center region spanned 10x10mm and had volumetric

elements with xz-planar dimensions of 0.1x0.1mm each. The outer region element

sizes and shapes were optimized for conserving simulation time. The element type

used for simulations were 8-node, linear, generalized stress elements with reduced

integration and hourglass control (C3D8RH). For the constitutive relation of the

elastic coating, a neo-Hookean model was used, with a shear modulus of µ = 100 kPa

and a Poisson’s ratio of ν = 0.49. A fixed average shear strain of γ = 0.1 is applied to

the elastomer such that the displacement applied to the disc is calculated by δ = γh.

Simulations consist of 10 sequential steps of 0.1 total strain. Displacement-load data

at a reference point on the analytically rigid disk are generated for each confinement

scenario. Compliance of each confinement scenario is quantified by applying a linear

fit to the load-displacement data and extracting the slope. All linear fits had R2

values above 0.99.
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3.5 Results and discussion

3.5.1 Semi-empirical relation for compliance

b)

a/h: 0.52 112.5

a)

Figure 3.5. Shear compliance scaling and contact area at initial crack propagation.
a) Normalized compliance vs. confinement ratio. Normalized compliance is calculated
by normalizing measured compliance values by calculated Equation 3.3. Equation 3.8
is represented by the solid black line. b) Contact area images at the onset of crack
propagation for three different confinement ratios. White lines are added to the left
and center images to enhance the visibility of the contact line. Confinement ratios are
noted below each image. The black arrow represents the direction of applied shear
displacement. All scale bars are 1mm.

We conduct shear experiments of a flat ended punch on an elastomer coating

(Figure 3.5a) to describe the relationship between shear compliance and confinement

ratio. For experiments, four elastomer coatings of varying thickness are sheared by six

punches of varying radius. The experimental data, represented by the filled triangles

and the filled square, generally appear to collapse onto a single curve. To explicitly

describe the effect of the confinement ratio on shear compliance, we supplemented lab
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experiments with FEM, represented by the filled green circles. The FEM and experi-

mental data follow a similar scaling over the confinement values tested, justifying the

use of FEM for fitting a semi-empirical relation. In general, the compliance scaling

of an isolated shear contact can be described as

C = C∞ f
(a
h

)
(3.6)

where C∞ is the compliance of a coating with infinite thickness (Equation 3.3) and

f(a/h) is a function that describes the influence of confinement, or the ratio of (a/h),

on the compliance. Based on a normal compliance analog [17], we fit a polynomial

function to the FEM data to describe the influence of (a/h)

f =
[
1 + α(a/h)1 +O(βn(a/h)n)

]−1
(3.7)

where O represents higher order polynomial terms. We find that only (a/h)1 describes

the data for thinner coatings, with a coefficient of 2/3 and R2 = 0.93. The final

relation becomes

C =
3

16aµ

[
1 +

2

3

(a
h

)]−1
(3.8)

The experimental data generally follow the semi-empirical relation of Equation 3.8,

with the exception of the three outliers with higher than predicted compliances. The

(a/h)1 term in Equation 3.8 represents a basic shear block relation. The stress state

in the elastomer presented in these experiments involves the compression of material

in front of the punch, the extension of material behind the punch, and the shearing of

a cylinder of material below the punch. The unity term of Equation 3.8 describes the

shearing of elastomer in the infinite thickness limit, which is related to the extension

of material behind the punch and compression of material in front of the punch. For

50



a confined system, if the volume of material directly below the punch is approximated

as V = πa2h, the compliance of a cylinder of elastomer of volume, V , sheared between

two rigid plates is described as C = h/(πa2µ) - a similar relation expressed by the

(a/h)1 term in Equation 3.8.

The three outlying data points with significantly higher compliances are collected

using the smallest punch radius of a = 0.75mm. We attribute the larger values of

compliance measured to a large peel moment applied to the punch. Evidence for

this is shown in Figure 3.5b for the left image with a confinement ratio of 0.52. At

the bottom of the image, a peel front is beginning to advance across the sample

and the elastomer is in tension. At the top of the image, a pronounced curvature is

present. We attribute this curvature to interference arising from a local indentation

of the elastomer surface. For the smallest punch (a = 0.75mm), the height above

the sample at which force is being applied, `, is similar to the radius of the punch

(`/a = 0.4). As described previously by Chaudhury and Kim, a significant moment

is applied to the sample, leading to failure dominated by peel [77].

3.5.2 Adhesive force capacity vs. Confinement

The results of force capacity from the experiments are shown in Figure 3.6. We plot

experimentally measured values of Fc and A/C in Figure 3.6a to show the scaling of

our measurements in accordance with Equation 1.8. The data from experiment appear

to collapse onto a single line, with the exception of a few outliers for small values of

A/C. The outliers at low values of A/C correspond to data of the smallest punch,

a = 0.75mm. This adhesive failure, as shown in the left image of Figure 3.5b, exhibits

larger compliance values before contact area reduction and is dominated by peel

failure. As described in the Approach section above, Chaudhury and Kim previously

showed that an increase in `/a would lead to a reduction separation stress [77].
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a) b)

Figure 3.6. Force capacity of a confined shear punch. a) Force capacity vs. A/C.
Equation 1.8, represented by the solid line, is fit to the data by a single parameter,
Gc = 1.5 J/m2. b) Plot of Force capacity vs. confinement. Equation 3.9, represented
by the solid line, is fit to the data by a single parameter of Gcµ=100 J/m2 kPa.

The solid black line in Figure 3.6a represents Equation 1.8, where the slope was

fit by a single parameter of Gc = 1.5 J/m2. We note that this Gc value represents the

critical strain energy release rate of this specific PU elastomer under shear loading,

nearly an order of magnitude larger than the Gc values of the same PU elastomer

under normal loading during tack tests (Gc = 0.16 J/m2). The magnitude of Gc in

shear as compared to Gc in the normal direction is expected to be larger due to several

factors, including energy dissipation from friction or surface instabilities [53, 77, 80]

and rate of crack propagation [54].

To emphasize the existence of different mechanisms of adhesive failure in these

experiments, we draw focus towards results shown in Figure 3.5b, where contact area

images at the onset of adhesive failure provide a qualitative perspective. The left

image, as discussed previously, indicated pronounced peel failure. The center image,

with a confinement ratio of 2.5, has a smooth contact line with a slightly notice-

able curvature at the top due to local indentation, indicative of both shear and peel

52



failure. The right image, with a confinement ratio of 11, shows the presence of an

undulating contact line at the bottom of the image, indicative of a fingering insta-

bility. Additionally, Schallamach waves have been observed during adhesive failure

for samples with confinements on the order of ∼ 1. It is probable that additional

energy is dissipated due to the presence of these instabilities, as suggested in previous

experiments [77], increasing the measured value of Gc compared to that measured by

normal tack experiments. The presence of “microslip” has also been shown previ-

ously to exist experimentally in shear loaded geometries, even when relative sliding

between the rigid contact and the elastomer is not observed macroscopically, leading

to additional energy dissipation [53]. Additionally, the rate dependence of elastomer

adhesion can also play a significant role in augmenting the measured Gc. When mea-

suring the Gc of the elastomer in the normal direction, a maximum crack velocity of

200µm/s is observed. During these shear experiments, an approximate crack velocity

of 100µm/s is observed. With these observations in mind, we do not expect rate

dependent adhesion to significantly contribute to the larger value of Gc observed in

shear compared to the normal direction. We acknowledge the presence of interfacial

instabilities in some of our experiments, characterized by undulating crack fronts, and

the possibility for microslip to be present. However, for the purposes of explaining

the scaling of shear adhesive failure over orders of magnitude in size from confined

to non-confined, the effect of interfacial instabilities on adhesive force capacity are

captured by our fitting parameter, Gc.

The reversible adhesion scaling of Equation 1.8 is a general relation for any re-

versible adhesive system - independent of system geometry or specific loading condi-

tions. To utilize Equation 1.8, one needs to directly measure the compliance of the

loading system. The scaling of adhesive force capacity can be described in terms of

the materials properties and degree of confinement by substituting Equation 3.8 into

Equation 1.8.

53



Fc =

√
32

3
πGcµ

√
a3
[
1 +

2

3

(a
h

)]
(3.9)

According to Equation 3.9, if the thickness of the coating is reduced, Fc of the adhesive

system increases; if the size of the contacting object is reduced, Fc of the adhesive

system decreases. Figure 3.6b represents the experimental data in such a way that

the relationship between Fc and confinement is highlighted. Equation 3.9 is fit to

the data by a single parameter of Gcµ=100 J/m2 kPa. This fitted value is in general

agreement with the experimentally measured shear modulus, µ = 93 kPa and the

experimentally fit value of Gc = 1.5 J/m2.

3.6 Conclusions

Studying the deformation of a thin elastic coating in shear is relevant for numer-

ous applications, including rubber tire friction, skin adhesion and friction, contact

printing, and reversible adhesives. In this study we investigated the shear deforma-

tion and reversible adhesion of a rigid flat punch contacting a soft elastomer layer

for the purposes of explaining reversible adhesion. We developed a scaling for shear

compliance with the confinement ratio through both experiment and finite element

analysis. Using a reversible adhesion scaling analysis we also probed the relationship

between the shear adhesion force capacity and the confinement ratio using experi-

ments. We found that the shear compliance of this specific geometry and loading

condition depends non-linearly and inversely on the confinement of the system. Ad-

ditionally, we found that the shear adhesion force capacity scales non-linearly with

the confinement ratio. For this specific loading geometry we highlighted sources of

interfacial energy dissipation that lead to measured values of adhesion energy release

rate much higher than anticipated. The significance of this work lies in the explicit

equations that relate system geometry and loading to a predictable compliance and

reversible adhesive force capacity. These measurements and equations have notewor-
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thy implications for future normal and shear adhesion studies, especially for the fields

of bio-inspired adhesion and micro-contact printing.

3.7 Acknowledgments

M.J. Imburgia would like to thank M.D. Bartlett and J.T. Pham for their insight

and help with experiments and would like to thank M.D. Bartlett for his help with

analysis and revisions. M.J. Imburgia and A.J. Crosby would like to thank C.A.

Gilman and D.J. Irschick for providing helpful discussion and analysis of natural

adhesive systems. M.J. Imburgia and A.J. Crosby also thank the Human Frontiers

Science Program (RPG0034/2012) for funding.

55



CHAPTER 4

ROLLING WRINKLES ON ELASTIC SUBSTRATES

4.1 Introduction

We present and develop a patterning technique that relies on the contact mechan-

ics and geometry of rolling to create mechanically tunable wrinkled surface structures.

A plate-to-roll (P2R) geometry was used to laminate a thin film onto a soft substrate.

First, a soft substrate is draped around a roller and pressed into contact with a thin

film supported on a plate. Once the plate begins to translate, the thin film prefer-

entially laminates onto the soft substrate. During this process the deformation of

the soft substrate due to contact load, as well as deformation due to bending around

the roller, can induce wrinkling. Importantly, we demonstrate that the amplitude of

wrinkles can be controlled by applied contact load and roller curvature. We demon-

strate this using a 150nm poly(styrene) thin film supported on a silicon wafer and a

2mm thick poly(dimethyl siloxane) rubber substrate. Wrinkle feature size consists of

amplitudes of 0.2− 4µm and wavelengths of 15− 20µm. We develop semi-empirical

equations to describe the effect of applied contact load and roller curvature on the

wrinkle aspect ratio. To support experimental relationships between contact condi-

tions and strain at the roll/plate interface, finite element modeling (FEM) of a soft

substrate in full-friction rolling contact with a rigid plate is conducted.
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4.2 Background

4.2.1 Motivation

There have been numerous proposed applications that utilize surface wrinkling

as a patterning technique, including diffraction gratings [27, 81, 82], optoelectron-

ics [83, 84], stretchable electronics [85, 86, 87, 88, 89, 90], microlens arrays [91, 92, 93],

responsive windows [5, 93], tunable adhesives [94, 95, 96, 97, 98], wetting and anti-

fouling surfaces [5, 99, 100, 101, 102, 103], microfluidics [93, 104, 105, 106], particle

sorting [107, 108], cell growth and motility [109, 110, 111, 112, 113, 114], and mate-

rial metrology [115, 116, 117, 118, 119, 120, 121]. However, the production of surface

wrinkles with controlled order and micron scale dimensions in a scalable manufac-

turing process is challenging. To address these challenges, we demonstrate a robust

method to create surface wrinkles using the contact mechanics of rolling, which could

prove quite useful in the development of a roll-to-roll (R2R) surface wrinkling man-

ufacturing process.

Previous studies have utilized a similar rolling technique for transfer printing

of fragile devices [122, 123], as well as for fabricating wrinkled membranes [124].

However, these studies do not assess the capability to actively control the aspect

ratio, the ratio of amplitude to wavelength, of surface wrinkles - a necessity for the

realization of the proposed applications that utilize the wrinkling instability [35].

Here, we control both the aspect ratio and periodicity of surface wrinkles by adjusting

applied strains through applied normal load and roller radius. A numerical contact

mechanics model is developed using materials properties and geometric parameters

to confirm results from lab-based experiments.
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Figure 4.1. Schematic of the plate-to-roll (P2R) process. a) A rubber-like layer
attached to a flexible substrate, or web, is wrapped around a roller. b) The roller
with the rubber-like layer and web is pressed into contact with a thin, rigid film
supported by a silicon (Si) wafer. The thin film is transferred from the Si wafer to
the rubber-like layer in this plate-to-roll (P2R) technique. c) During the film transfer
process, several parameters such as contact load per unit width, P, roller radius, R,
rubber-like layer thickness, b, and contact width, 2a, are considered. Once contact
is released, the thin film wrinkles. d) When the final film/rubber/web composite is
released from the roller, a wrinkled surface with a larger amplitude emerges. Peak-
to-peak distance, wavelength (λ), peak-to-valley distance, amplitude (A), and film
thickness (t) are highlighted in the expanded schematic of the wrinkled surface. e) An
optical micrograph of a wrinkled surface after rolling, b)-c). The plot is a line profile
along the scale bar, quantified using optical profilometry. f) An optical micrograph
of a wrinkled surface after d). The plot is a line profile along the scale bar, quantified
using optical profilometry. There is a clear increase in amplitude between the line
profiles of e) and f). Figure reproduced with permission from Ref [125].

4.3 Approach

4.3.1 Wrinkling process

We propose a wrinkling method that utilizes a plate-to-roll (P2R) geometry, con-

sisting of a free-rolling cylinder, a flexible inextensible substrate coated with a rubber-

like layer, a translating plate with a releasable thin film, and the actuation of force

when the rubber-like coating and plate come into contact (Figure 4.1a-c). In the pro-

posed P2R geometry, the compressive strain on the film can be created from either
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contact deformation of the rubber-like coating and plate during the rolling process

or draping the rubber-like coating around the curved roller surface. Figure 4.1 high-

lights the P2R transfer process. Figure 4.1e shows evidence of a wrinkled surface while

the composite is on the roller, formed due to contact deformation (εcontact). Figure

4.1f shows an increase in wrinkle amplitude due to the imposition of bending strains

(εbending). By tuning the contact load, roller curvature, as well as other properties

such as the thin film modulus and thickness, and the rubber-like coating modulus

and thickness, a desired wrinkle aspect ratio can be achieved.

4.3.2 Rolling contact

The geometry of contacting rubber-coated rollers is common in the textile, paper,

and printing industries. This has led to many studies that specifically describe de-

formations and tractions at the contact interface for the prevention of wear or failure

of manufacturing machines and products [126, 127, 128, 129, 130]. Rolling creep was

one of the first unexpected phenomena involving the rolling contact between a rigid

roller and a deformable elastic layer [131]. Rolling creep is a difference in peripheral

velocity of two contacting surfaces, arising from a difference in tangential strain be-

tween the two surfaces [132]. In our experiments (P2R process) the development of

tangential strain is the primary mechanism for how wrinkles develop.

Of these previous works, Bentall and Johnson developed a series of models that

articulate the effect of normal roller deformation, materials properties, and geometry

on the tangential strains that develop between a rigid body and a deformable body

during rolling [126]. Specifically, they consider the tangential strain that develops

from the contact of an incompressible elastic layer of a finite thickness, which we

define as b. In the thin layer limit, where b is much less than the half contact width,

a, Bentall and Johnson’s relationship between the tangential strain, εxx, and applied

load, geometry, and materials properties can be presented as:
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εcontact, xx = C1

(
P

Es b

) n (
b

R

) m

(4.1)

where P is the applied load per unit width, Es is the plane strain modulus of the

elastic layer, R is the radius of curvature of the roller, b is the elastic layer thickness,

and C1, n, and m are constants determined from experimental results. Note that we

have arranged Bentall and Johnson’s relationship such that the relationship depends

on two dimensionless groups, which will guide the analysis of results presented below.

In the thin layer limit, n = 0.4 and m = 0.6, as presented by Bentall and Johnson.

The coefficient, C1, is 0.87 for the full-friction case, and 0.66 for frictionless contact

conditions.

4.4 Experimental

4.4.1 Materials and instrumentation

For the rubber-like layer, Sylgard R© 184 (Dow Corning), based on cross-linked

poly(dimethyl siloxane) (PDMS), was prepared in a pre-polymer:cross-linker ratio of

30:1. Uncured PDMS liquid samples were degassed, poured into a mold, then cured

in an oven at 70◦C for 6 hours. These conditions provide a cross-linked silicone rubber

with an elastic modulus, Es, of 250 kPa, quantified by contact mechanical tests with

a 0.75 mm diameter cylindrical probe of polished steel [94]. We consider the silicone

rubber to be incompressible with a substrate Poisson’s ratio, νs, of 0.5. The thin film

was a 170 kg/mol, 2.1 PDI poly(styrene) (PS) (Sigma Aldrich) spun coat from a 3

wt% polymer solution in toluene (Fisher Scientific). Here, we use a PS film modulus,

Ef , of 3.3 GPa and a film Poisson’s ratio, νf , of 0.33 [133]. Flexible substrates used

were a 25µm thick polyimide film (Dupont) and an 80µm thick adhesive-backed PET

tape (3M). P2R process consists of a linear stage (Parker Daedal 104XR) moving the

Si wafer laterally and a 3D-printed roller (uPrint SE Plus) able to axially rotate and

freely fall in t-slotted aluminum framing (Figure 4.2). Plate translation speed was set
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Figure 4.2. Image of custom-built P2R setup. A) PDMS elastomer layer. B) Thin
film supported by a rigid substrate (in this image, PS on glass). C) 3D-printed
roller. D) 3D-printed translation plate, supporting rigid substrate, driven by linear
actuator. E) Linear actuator (Parker-Daedal 104XR) which allows for controlled
motion in the x-direction. F) Steel needle-bearings which allow for free rotation
about the z-direction. G) 3D-printed rail guide (yellow). H) T-slotted aluminum rail
(80/20 Inc.). G) and H) allow for free translation in the y-direction.

at 1 mm/s. Weights were added to the freely-falling roller to increase the amount of

normal load applied at the transfer interface. P2R process was conducted in greater

than 60% relative humidity to promote transfer of PS film from the Si wafer to the

silicone rubber. A Zygo NewView 7300 (Zygo Corp.) optical profilometer was used to

quantify the topography of the wrinkled surfaces. Thin film thickness was measured

using a Gaertner Stokes Ellipsometer LSE (Gaertner Sci. Corp.).
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4.5 Results and discussion

4.5.1 Applied load

To understand the impact of normal load on the formation of surface wrinkles in

the P2R geometry, we first conducted a set of experiments where the applied load was

varied from 15 N/m to 275 N/m, while all other parameters (R, b, Ef , Es) remained

fixed. Figure 4.3a shows the measured values of wrinkle wavelength and amplitude,

as observed on the roller prior to release, for these experiments. We observe that the

wrinkle wavelength remains nearly constant, while the wrinkle amplitude increases

as a function of applied load. We use Equations 1.9-1.11 to determine the applied

compressive strain, εxx, which led to the development of the wrinkles, using measured

values of amplitude and wavelength (Figure 4.3b).

a) b)

Figure 4.3. Wrinkled structures influenced by applied normal contact load. The
influence of normal contact load on strain is represented by the dimensionless group
P*(E/R), where E represents Es. a) Amplitude (open grey squares) and wavelength
(open green squares) of wrinkled surfaces created by various applied contact loads.
b) Compressive strain imposed by contact load (open red squares) from wrinkling
experiments. Strain in the contact region extracted from FEM (open blue circles).
A power law fit (solid line) is applied to both the FEM and experimental data by
an exponent, n, and a trivial constant. Figure reproduced with permission from
Ref [125].

62



Following the framework presented in Equation 4.2, we fit the experimentally

determined strain values as a function of P/Eb, to determine that n = 0.49 for

our conditions. This difference in scaling from Bentall and Johnson, who proposed

n = 0.4, is associated with the difference in the thickness limits. In our experiments,

the compliant substrate thickness (2mm) is comparable to the half contact width

(1.3mm-3.3mm).

a) b)

Figure 4.4. Wrinkled structures influenced by roller radius. The influence of roller
radius on strain is represented by dimensionless group b/R. a) Amplitude (grey
squares) and wavelength (green squares) of wrinkled surfaces created by various roller
radii measured after the contact transfer step (open squares) and after removal from
the curved surface (solid squares). b) εbending (half-open red squares) is calculated
from the difference of εtotal (solid black squares) and εcontact (open black squares). A
power law fit (black dotted line) is applied to the εcontact data by an exponent, m,
and a trivial constant. Equation 4.2 (red dashed line) is fit to the εbending data by a
constant C2. Figure reproduced with permission from Ref [125].

4.5.2 Roller radius

In addition to the applied normal load, the roller radius can play an important

role in determining the wrinkle geometry. Roller radius can impact the strain applied

to the film/rubber interface in two ways. First, as described by Equation 4.1, the

lateral strain of contact is inversely proportional to the roller radius. Second, upon
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release of the rubber from the roller, a compressive strain associated with the bending

of the rubber layer around the roller is applied to the film/rubber interface. To

demonstrate these contributions to the wrinkling strain, we conducted a series of

experiments where the roller radius was varied from from 33 mm to 54 mm, while all

other relevant parameters remained fixed. We observe that the wrinkle wavelength

remains nearly constant, while the wrinkle amplitude decreases as a function of roller

radius (Figure 4.4a). These quantities are measured after contact deformation and

lamination (εcontact), and additionally after removal from the curved roller surface

(εtotal).

Following the framework of Equation 4.1, we fit the experimentally determined

strain values as a function of b/R, to determine that m = 0.74 for our conditions,

which is different than the scaling value of Bentall and Johnson (m = 0.6). Again, this

difference is associated with the finite thickness of the elastic layer in our experiments.

We note that for the scaling value found in Figure 4.3b (n = 0.49), the data spans

over an order of magnitude, justifying a scaling analysis. However, the scaling found

here in Figure 4.4b (m = 0.74) spans less than an order of magnitude, which is a

limitation based on our experimental design. Using the fitted values of n and m,

Equation 4.1 is fit to the experimental and FEM data presented in Figure 4.3b to

determine C1 = 0.42.

The contribution of bending strain to the P2R process (εbending) is calculated

from the difference between εtotal and εcontact. Assuming a neutral bending axis at

the interface between the web and silicone rubber layer, an analytical model for the

strain due to bending is assumed to be simply

εbending = C2
b

R
(4.2)

where C2 is a fitted constant determined to be 0.90 from the data in Figure 4.4b.
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Figure 4.5. Finite Element Model (FEM) data. a) A simulation image (mesh
removed) of the FEM model. The scale represents the x-direction strain of each node,
where positive values correspond to tensile strain. b) The local x-direction strain for
each node, as well as position normalized by the total contact width is plotted for
each simulation experiment with a defined applied contact load. Increasing applied
loads correspond to increasing values of average strain in the contact region. Figure
reproduced with permission from Ref [125].

4.5.3 Finite element model

To provide insight into how the materials properties and geometry control the

applied wrinkling strain during the P2R process, we developed a numerical, finite

element model (FEM). Two-dimensional finite element simulations were performed

using ABAQUS R© (Dassault Systemes) software. A neo-Hookean constitutive model

was used to represent the stress-strain behavior of the silicone rubber layer. Ele-

ments used for simulations were 4-node, bilinear, plane strain elements with reduced

integration and hourglass control (CPE4RH). A friction-based contact criterion was

implemented using a friction coefficient based on the Amonton-Coulomb law of fric-

tion [132]. The friction force between a surface node on the silicone rubber layer and

a rigid plane is proportional to the normal force on the node by a value of µ = 1.2.

This value was used based on an empirical study to assure that no slip occurs while

nodes are in contact, which is consistent with our experimental observation for the
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current materials system. The strain values taken from FEM are averaged from the

entire contact region (Figure 4.5b). For lower loads, it is evident that the strain is rel-

atively constant throughout the contact region. This trend was previously predicted

for the case of an incompressible rubber-like material and a full-friction (µ =∞) con-

tact condition [126]. For higher loads, there are noticeable fluctuations in the data

throughout the contact region. These fluctuations can be explained as an artifact

of the simulation conditions that originates from a history of strain at the edges of

contact during the initial normal loading. Further explanation of the fluctuations can

be found in the following section. Plotting the average strain in the contact region,

we find good agreement with our measured strains from the rolling wrinkling experi-

ments. Furthermore, when we fit the first dimensionless group from Equation 4.1 to

the FEM data, we find a scaling of n = 0.49, concurrent with the scaling found in

the wrinkling experiments.

4.5.3.1 Boundary conditions and loading

The general shape of the FEM model is shown in Figure 4.6. The top nodes of

the rubber-like layer were tied together (relative motion between two tied entities

is restricted) and designated as rigid (no relative translation or rotation allowed) to

simulate a rigid roller surface. These nodes were then tied to the axis of rotation.

Load is applied to the axis of rotation and the axis of rotation can freely displace

in the y-direction. The load on the pin is then transferred and distributed through

the rubber-like layer to the contact interface between the rubber-like layer and an

analytically rigid plate fixed in space. An increase in load will result in an increase in

contact area between the rubber-like layer and the rigid plate. While the load is held

at a fixed value, the plate is then translated in the x-direction, inducing a rotation of

the rubber-like layer about the pin. Mesh size was set to 25 µm in the contact zone

and gradually coarsened to 1 mm at the left and right edges of the geometry. Through
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the thickness, the mesh was gradually increased from 25 µm to 500 µm. There was

a friction coefficient of µ = 1.2 applied to the contact between the rubber-like layer

and the flat rigid surface.

4.5.3.2 Fluctuations due to contact conditions

Because there exists a full-friction contact condition, when the roller is initially

loaded, the silicone rubber layer deforms to make contact with the plane without

slipping. This results in a parabolic distribution of tangential strain in the contact

region, where the center of contact is in a state of compression and the edges of

contact are in a state of tension. As the initial normal applied load increases, the

magnitude of the tensile strain at the edges of contact increases. Once the plane

begins to translate, rolling initiates and the tensile strain at the adhering edge of

contact translates through the contact region and eventually reaches the releasing

edge of contact. This process occurs once the plane translates a distance on the order

of the initial contact width and the system reaches a steady-state.

However, our FEM involves discrete-sized elements and nodes, where contact is

defined as a node on a deformable body within a certain distance of a point on a

rigid body. In order for a node to come out of contact with the rigid body the normal

force at the node must go to zero. In order for a node to make contact with the

rigid body the distance between the node and rigid body must be under a threshold

value - in this case the default value is 10 nm. For this simulation of rolling contact,

nodes at the releasing edge of contact will release a large magnitude of tensile strain

and a discrete amount of contact width will be lost. When the distance between a

node at the adhering edge of contact and the rigid plane falls below the threshold

value, the element must stretch to maintain an appropriate pressure-area relationship

based on the elasticity of the silicone rubber layer. This implies that as element

size or plate step distance is refined, these fluctuations should dissipate. For this set
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of experiments, the minimum element size was 25µm and the minimum plate step

distance was 50µm. These values were the lowest achievable while maintaining a

reasonable simulation time (∼ 1 hour).

Strain (εxx) y
x

Axis of Rotation

Translating Plate

Tied, Rigid Nodes
(Entire Surface)

Adhering Edge Releasing Edge

Applied Load = 15 N/m
Young’s Modulus = 250 kPa
Poisson’s Ratio = 0.4999
Roller Radius = 37.5 mm
Rubber Thickness = 2.0 mm
Contact Width = 2.6 mm
Mesh Size = 0.025 mm
Simulation Step Size = 0.050 mm
Total Plate Translation = 10 mm 

Figure 4.6. Schematic and input parameters of FEM geometry for an applied load
of 15 N/m. Figure reproduced with permission from Ref [125].

4.5.4 Controlling wrinkle aspect ratio

Using the semi-empirical scaling relations determined above and the insight pro-

vided by the FEM analysis, we develop a comprehensive set of relations that allows

the process parameters to be quantitatively related to the aspect ratio of the wrinkles

formed by rolling contact. In general, the aspect ratio of surface wrinkles can be

defined using Equation 1.9 and Equation 1.11 as

A

λ
=

2t

λ

(
ε

εc
− 1

)1/2

(4.3)

where A
λ

is the aspect ratio. By inserting Equation 4.1 and Equation 4.2 into Equation

4.3, we develop an expression that describes the aspect ratio of wrinkles as a function

of both applied load and roller radius.
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a) b)

Figure 4.7. Wrinkle aspect ratio influenced by applied load and roller radius. a) The
aspect ratio of wrinkles created from contact deformation was quantified from ampli-
tude and wavelength values measured using optical profilometry (open red squares).
Aspect ratio for the FEM was calculated with Equation 4.3 using materials properties
and geometry values from wrinkling experiments (open blue circles). Equation 4.4
(dashed line) is fit to the data by the critical strain for wrinkling, εc. b) The influence
of roller radius on the aspect ratio of wrinkles created from both εcontact and εbending
is plotted (solid black squares). Equation 4.4 (dashed line) is fit to the data by the
critical strain for wrinkling, εc. Figure reproduced with permission from Ref [125].
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(
b

R

) ]
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(4.4)

Using our process constants of b and Es, as well as fitted values of n, m, C1, and C2,

we plot Equation 4.4 for our applied load data (Figure 4.7a) and for our roller radius

data (Figure 4.7b) while fitting the critical strain for wrinkling, εc. For the case of

applied load, we find good agreement between Equation 4.4 and the experimental

data, where εc = .0011. For the case of roller radius, we also find good agreement

between Equation 4.4 and the experimental data, where εc = .0009. These values are

in agreement with our predicted εc value of 0.0010, calculated from Equation 1.10. To

determine a critical load for wrinkling during the rolling process we input the fitted

εc value into Equation 4.1 and rearrange.
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Pc =

[
εc
C1

(
R

b

)m]1/n
Es b (4.5)

From this equation, we find that the load required to induce wrinkling during the

rolling process is 0.32 N/m. If, during the laminating process, applied load is actuated

above and below this critical load, wrinkling can be switched on and off, leading to

interesting surface architectures.

4.6 Conclusions

These experiments demonstrate a repeatable, versatile process using the mechanics

of existing manufacturing techniques, including film lamination and transfer coating,

to create wrinkled surfaces. The semi-empirical equations demonstrate understanding

of the important contributions to the mechanism of contact deformation and bending

on wrinkle creation. Based on these findings, we understand the specific relationships

between wrinkle dimensions and the process parameters, including P, Es, R, and

b. With these predictions, a scalable process to create surface wrinkles is easily

envisioned.
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CHAPTER 5

SUMMARY AND OUTLOOK

Throughout this dissertation, we studied soft material deformation and adhesion

for systems with application to bio-inspired adhesives and wrinkled surface fabri-

cation. The presence of van der Waals forces between a soft adhesive and a rigid

contacting surface was the dominant molecular mechanism of adhesion for all three

studies. Understanding the deformation of the soft adhesive layer and how the system

loading and geometry influences non-linear mechanical transitions, including interfa-

cial failure and surface buckling, are crucial for predicting the performance of the

mechanical system.

5.1 Reversible adhesive system with multiple contacts

5.1.1 Summary

In Chapter 2 we studied the deformation and adhesion of a multi-component

fabric-elastomer system with multiple adhesive contacts, called “digits”. Direct re-

lations between compliance of the loading system and adhesive digit compliance,

contact area, and angular spacing were developed using lap adhesion experiments.

Additionally, a scaling of adhesive force capacity in a multi-component system as a

function of angular spacing between digits was derived.

5.1.2 Outlook

This specific geometric arrangement of adhesive digits has several implications for

the study and design of reversible adhesive systems. First, active control of adhesive
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force for a synthetic device with multiple contact surfaces can be achieved by control-

ling angular spacing of adhesive digits. Second, the framework set by the equations

shown here can lead to more complex device design of adhesive components with

varying compliance.
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Figure 5.1. Compliance variation on adhesive force capacity. Force capacity versus
digit compliance ratio, Cd/Cm, is represented in the plot for θ = 0. Using values
of adhesive area, Gc, and middle digit compliance, Cm, from our experiments, the
various force capacity criteria in a three-digit system for θ = 0 as a function of outer
digit compliance, Cd, is plotted. The force capacity criterion of Equation 2.22 using
the given input parameters is represented by the solid blue line. The dotted black
line represents the force capacity criteria of Equations 2.23 and 2.24

As an example, our developed relations quantitatively describe variation in adhe-

sive force for existing studies that involve the loading of multiple adhesive contacts

simultaneously. To highlight this comparison, we present Figure 5.1, which represents

a variation in the compliance of the outer two digits, Cd, relative to the compliance

of the middle digit, Cm, and the impact on overall force capacity. Using values of

adhesive area, Gc, and middle digit compliance, Cm, from our experiments, the var-

ious force capacity criteria in a three-digit system for θ = 0 as a function of outer

digit compliance variation, Cd, are plotted. For values of Cd/Cm > 1, the outer digits
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are more compliant than the middle digit. Using Equations 2.22-2.24 we predict the

middle digit will fail first, leading to Equation 2.22 as the adhesive system design

criterion for Cd/Cm > 1. For the case where Cd/Cm < 1, the outer digits are less

compliant than the middle digits. Using Equations 2.22-2.24 we predict that the outer

digits will fail first, leading to either Equation 2.23 or 2.24 as the adhesive system

design criteria for Cd/Cm < 1. This demonstration highlights how the variability in

compliances of individual digits can predict the variability in adhesive force capacity

of a multiple adhesive contact system using Equations 2.22-2.24 and various measured

input parameters of digit geometry and materials properties.

Finally, these equations serve as a foundation for studying the biomechanics of

animals that use adhesion for locomotion, particularly for addressing the influence of

adhesive toe configuration on the variation in adhesive force capacity.

5.2 Compliance of an isolated shear contact

5.2.1 Summary

In Chapter 3 we examined the deformation and adhesion of a rigid punch con-

tacting and shearing a thin elastic coating. We found that the shear compliance

of the coating is non-linearly and inversely dependent on the confinement ratio, or

ratio of contact radius, a, to coating thickness, h (a/h). Finite-element analysis

was performed to support experiments, leading to the development of an explicit,

semi-empirical relation between shear compliance and confinement ratio. We also

developed a relation between adhesive force capacity and confinement ratio, finding

that an increase in adhesive force capacity was largely dictated by an increase in

confinement, with some additional contributions attributed to dissipative processes

confined to the adhesive crack tip.
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5.2.2 Outlook

The loading system and geometry presented here are present in many applications

ranging from rubber tire friction to bio-inspired adhesion. We expect the compliance

equation will serve as a guide for decoupling geometry and materials parameters for

explaining the scaling of compliance involving a thin elastic layer. Our treatment

of the adhesive force capacity for reversible adhesive systems involving a thin elastic

layer agrees well with experimental findings, but several caveats require mention.

The relation of adhesive force capacity with compliance assumes the instanta-

neous and catastrophic propagation of an interfacial crack as soon as the adhesive

failure criterion is met. Experimentally, we do not observe catastrophic failure, but

steady crack propagation. The steady crack propagation is most likely due to different

dissipative processes confined to the adhesive crack tip. This discrepancy between

assumptions and experimental evidence is captured by the fitting parameter, Gc, and

does not devalue the finding that compliance is a dominant factor in determining ad-

hesive force capacity in our system. However, further experiments can be conducted,

such as chemically functionalizing adhesive surfaces, to reduce rate dependent adhe-

sion and increase the probability for catastrophic adhesive failure. Additionally, some

of the experimental conditions in our shear loading experiments caused a pronounced

peel moment, the result of a limitation of the experimental setup. By redesigning the

experimental setup to more precisely reduce the distance between force application

and the adhesive surface, `, the peel moment can be reduced. This redesign would

also allow for access to small probe diameters and thinner elastic coatings, widening

the appeal of our force and compliance relations to applications in the micrometer

range, such as micro-transfer printing and microelectronics.
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5.3 Rolling wrinkles on elastic substrates

5.3.1 Summary

In Chapter 4 we developed a fabrication technique that transforms the existing

manufacturing process of film lamination to create tunable wrinkled surfaces in a

thin film/soft elastomer composite. We tuned the size of wrinkles by controlling the

amount of tensile strain in the soft elastomer layer before lamination of the thin film.

Tensile strain in the elastomer was controlled by rolling contact deformation and

bending of an initially flat elastomer around a curved roller. Finite-element modeling

was conducted to develop a semi-empirical relation describing the influence of applied

load on tensile strain during rolling contact. Using these experiments and analyses,

we developed a relation between wrinkle aspect ratio and the process parameters of

applied contact load and roller curvature to highlight the direct influence of tunable

parameters in this film lamination process.

5.3.2 Outlook

Wrinkled surface technology has been envisioned in many applications ranging

from optoelectronics to enhanced adhesives. The technique presented here to tune

wrinkle size in a continuous process can lead to the large scale manufacturing of

previously proposed wrinkling technologies.

Additionally, our materials system can be expanded to incorporate inorganic films,

as demonstrated in Figure 5.2. During the film lamination and wrinkling process

humidity is introduced to the system to weaken the interface between the polymer

film and the silicon substrate. However, for inorganic films, of which surface energies

are typically significantly higher than organic films, humidity proves insufficient to

aid in film transfer from a support substrate to poly(dimethylsiloxane) [PDMS] layer.

As a proof of concept we successfully laminated a gold film onto a PDMS substrate

using a sacrificial polymer layer, the details of which are listed below.
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100 μm 50 μm

Figure 5.2. Wrinkled gold film. Left: Optical micrograph of a 50nm gold film trans-
fered and wrinkled onto a 2mm PDMS substrate using the rolling wrinkles technique.
White rectangle represents the location of the right image. Right: expanded image
of the wrinkled gold film.

To prepare the gold film a 20nm water-soluble poly(acrylic acid) [PAA] film is

first spun-coat from 1.5wt% water solution onto a cleaned silicon wafer. Next, a

50nm film of gold is evaporated onto the PAA using chemical vapor deposition. The

gold film is then laminated and wrinkled on a support PDMS layer using our film

lamination and wrinkling technique. During this process humidity is introduced to

the system to weaken the adhesion between the PAA layer and silicon substrate,

allowing for preferential transfer of the gold onto the PDMS. This example supports

the ability to expand materials systems into inorganic films, laying a foundation for

surface wrinkling applications ranging from thin-film transistor arrays to stretchable

photovoltaics.
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