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Abstract

The remarkable attachment system of geckos has inspired the development of dry microfiber
adhesives through the last two decades. Some of the notable characteristics of gecko-inspired
fibrillar adhesives include: strong, directional, and controllable adhesion to smooth and rough
surfaces in air, vacuum, and under water; ability to maintain strong adhesion during repeated
use; anti-fouling and self-cleaning after contamination. Given these outstanding qualities, fibril-
lar adhesives promise an extensive range of use in industrial, robotic, manufacturing, medical,
and consumer products. Significant advancements have been made in the design of gecko-
inspired microfiber adhesives with the characteristic properties listed above, with the exception
of the anti-fouling and self-cleaning features. The self-cleaning mechanism of the gecko’s ad-
hesion system plays an important role to its ability to remain sticky in various environments.
Similarly, enabling self-cleaning capability for synthetic microfiber adhesives will lead to robust
performance in various areas of application. Presently, the practical use of fibrillar adhesives is
restricted mainly to clean environments, where they are free from contaminants.

The goal of this thesis is to conduct a detailed study of the mechanisms and mechanics
of contact-based self-cleaning of gecko-inspired microfiber adhesives. This work focuses on
contact self-cleaning mechanisms, as a more practical approach to cleaning. Previous studies
on the cleaning of microfiber adhesives have mostly focused on mechanisms that involve com-
plete removal of the contaminants from the adhesive. In this thesis, a second cleaning process
is proposed whereby particles are removed from the tip of the microfibers and embedded be-
tween adjacent microfibers or in grooves patterned onto the adhesive, where they are no longer
detrimental to the performance of the adhesive.

In this work, a model of adhesion for microfiber adhesives that take the deformation of the
backing layer under individual microfiber is developed. The dependence of adhesion of mi-
crofiber adhesives on the rate of unloading is also modeled and verified using experiments. The
models of adhesion presented are later used to study the mechanics of contact self-cleaning of
microfiber adhesives. Three major categories of self-cleaning are identified as wet self-cleaning,
dynamic self-cleaning, and contact self-cleaning. A total of seven self-cleaning mechanisms
that are associated with these categories are also presented and discussed.

Results from the self-cleaning model and experiments show that shear loading plays an im-
portant role in self-cleaning. The underlying mechanism of contact self-cleaning due to normal
and shear loading for spherical contaminants is found to be the particle rolling between the ad-
hesive and a contacted substrate. Results from the model and experiments also show that small
microfiber tips (much less than the size of the contaminants) are favorable for self-cleaning.
On the other hand, large microfiber tips (much larger than the size of the contaminants) are
favorable for anti-fouling of the microfiber adhesive. Results from this work suggests that the
sub-micrometer size of the gecko’s adhesive fibers and the lamellae under the gecko toes con-
tribute to its outstanding self-cleaning performance.

The results presented in this thesis can be implemented in the design of microfiber adhe-
sives with robust adhesion, self-cleaning and anti-fouling characteristic, for use in numerous
applications and in various environments.
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Chapter 1

Introduction

1.1 Motivation

The attachment mechanisms of some natural organisms have fueled the curiosity of investiga-
tors for several centuries [5]. From large mammals to tiny insects, natural organisms possess
remarkable systems, some of which are beyond the explanation of present day science. A very
good example is the ability of a 50 g Tokay Gecko to walk on vertical and inverted flat sur-
faces, seemingly defying gravity. Interest in geckos’ adhesion system grew significantly after
the initial work of Autumn et al. in 2000, [10] characterizing the adhesive force of a single
gecko hair; and later in 2002, [15] demonstrating that the gecko’s remarkable adhesion system
is mostly due to van der Waals intermolecular forces. The gecko’s unique attachment system
has been the inspiration for the design of dry microfiber adhesives over the last two decades
[2, 20 21 43] 166, [77, 78, 104}, 115} (116l (120, (122, 124, [139]]. Some featured characteristics
of gecko-inspired adhesives include: strong, directional, controllable and residue-free adhesion
to smooth and rough surfaces in air, vacuum, and underwater; ability to retain good adhesive
strength after repeated use; and anti-fouling and recovery of adhesive strength after contamina-
tion. Given these outstanding qualities, fibrillar adhesives promise an extensive range of appli-

cations in industrial [78, [83. [96]], robotic [9, 18, 48, 54, 97, (98, |100, 101} 117, 118, [135]], man-
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ufacturing [69, [78]], medical applications [26, 30, 182, 91], and consumer products. Significant
advancements have been made in the various characteristic properties of gecko-inspired fibrillar
adhesives with the exception of the anti-fouling and self-cleaning characteristics. [20, [1135]].

The gecko maintains a contamination-free adhesion system through a mechanism that al-
lows it to clean off contaminants from its toes during normal use [52]]. This feature is very
crucial to the gecko ability to remain sticky in various environments. Similarly, a good cleaning
mechanism for fibrillar adhesives will lead to robust performance in various areas of applica-
tion. Presently, microfiber adhesives can only be used in clean environments, extremely limiting
practical use. A thorough understanding and model of cleaning for fibrillar adhesives will help
in the design of synthetic microfiber adhesives that (I) maintain high adhesive strength in the
presence of contaminants, and (II) can easily recover its lost adhesive strength after contamina-
tion. Such a model can also help to extend the number of usage cycles for microfiber adhesives.
The importance of self-cleaning for practical application of fibrillar adhesives, and the limited
understanding in this area is the inspiration and motivation for this work.

In this chapter, we present previous work, the current state, as well as the prospective ar-
eas of application of microfiber adhesives. We conclude this chapter with the objectives and

expected contributions of this research.

1.2 Background of Adhesion of Biological Gecko Foot-Hairs

Under the toes of the Tokay Gecko are arrays of fine, hair-like, fibrillar structures known as
setae (see Figure [[.T)). Made of beta-keratin, the seta is a long stiff microfiber with a Young’s
modulus varying between 1 and 4 GPa, and a diameter ranging from 0.2 to 5 um. Each seta
branches into finer microfibers with 100 to 300 nm tips called spatulae [7,(10,[109]. The ability
of the geckos’ toes to “stick” to contacting surfaces is due to intermolecular forces of adhesion,
mostly van der Waals forces, between the setae and the contacting surfaces [10, [15]]. The high

aspect ratio fibrillar structures allow the geckos’ adhesive to conform to irregular surfaces and

2



maintain intimate tip contact, a phenomenon known as contact splitting [6, 8, [15]. As a result
of its unique adhesion system, the gecko’s toes remain sticky both in vacuum and underwater

unlike many other adhesives.

KEY FEATURES:
High adhesive strength
Directional adhesion
Repeatable adhesion
Self-cleaning

Figure 1.1: Images showing the gecko’s remarkable adhesion system. (a) An image of a tokay
gecko. Under each toe of a gecko (b), are neatly packed arrays of hair-like setae (¢ - d). Each
seta branches out into finer fibrillar structures (e) that terminate in saucer-shaped spatula tips
(f). Some features of the gecko’s adhesion mechanism includes high adhesive strength, di-
rectionality, repeatability and self-cleaning. (Reprinted with permission from [10]. Copyright
2000)

The gecko’s toe pad also possesses a remarkable adhesive strength. Studies have shown that
two gecko feet (approximately 227 mm?) can produce up to 20.1 N of adhesive force, enough
to support over ten times their body weight on a vertical surface [63]. Apart from its adhesive
strength, the gecko’s setae produces direction dependent adhesion, such that pulling a seta in a
certain direction can yield negligible adhesion - a feature that is believed to be crucial for the
gecko’s ability to attach and detach from surfaces rapidly [14]]. In fact, a study by Autumn
et al. showed that the gecko is able to run across a vertical surface at speeds up to 77 cm
s7h

Its fine fibrillar interface, as opposed to a continuous surface, makes the gecko’s adhesion

system robust to small imperfections on contacting surfaces through a mechanism known as

crack trapping - a crack initiated on a microfiber is not directly propagated onto an adjacent
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microfiber, i.e. the crack is arrested [60]. Due to the nano-scale size as well as its hierarchical
structure, the effective modulus of a setae array is very low (less than 100 kPa) [13]. Low
effective modulus makes the setae array compliant enough to make intimate contact with rough
surfaces, thereby giving the gecko its ability to climb on irregular surfaces in various terrains.
On the other hand, the high tensile strength of an individual seta allows it to withstand high
stresses and support high loads without breaking. Lastly, the geckos’ adhesion system has been

shown to possess a self-cleaning mechanism, which is described in the following section.

1.3 Self-Cleaning in Geckos

Despite the remarkably sticky nature of the gecko setae, observation of the gecko feet and setae
over a period of months between molt cycles showed that it stays clean [52]]. Most researchers
believe that cleaning of the gecko setae occurs during normal use, but have different views
on the mechanics and cleaning process. Similar to the lotus leaf [25] whose remarkable self-
cleaning characteristic is as a result of micro- and nano-scale hierarchical structures on the
lead, self-cleaning in geckos has been attributed to the surface topography of the gecko feet.
Hansen and Autumn [52] have shown that geckos are able to clean their contaminated feet
by stepping on clean dry surfaces as can be seen in Fig. In their work, they examined
both live animals and isolated setae. Their observation of self-cleaning in an array of setae
isolated from the gecko led to their conclusion that self-cleaning in geckos is intrinsic to the
setal structure. Hansen and Autumn also suggested that the mechanics of self-cleaning is a
“disequilibrium of energy” between the adhesive force attracting a dirt particle to the substrate
and those attracting the same particle to one or more spatulae. In a later work, Hui et al. [62]
suggested that the mechanism of self-cleaning in gecko may involve a rolling process due to the
tendency of the contaminants to adhere to the seta compared to a non-adhesive surface. Hu et
al. [S8]] also showed that geckos shed dirt from their feet, but through a dynamic self-cleaning

mechanism labeled “digital hyperextension”. They showed analytically that when a seta is
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Figure 1.2: Self-cleaning in Geckos. Hansen and Autumn [52] have shown that geckos are able
to clean their contaminated feet by stepping on a clean dry surface. (Printed with permission.
Copyright (©2000-2008 Kellar Autumn)

suddenly released from an attached substrate, it can generate enough inertial force to dislodge
dirt particles from its spatulae. Regardless of the mechanism involved, it is evident that geckos
setae can self-clean, a feature that enables the gecko’s adhesive system to perform excellently in

various environments, and promises a broader range of application for its synthetic equivalent.

1.4 Introduction to Synthetic Microfiber Adhesives

Inspired by the numerous qualities of the gecko’s adhesion system, researchers have been work-
ing tirelessly towards the development of synthetic fibrillar adhesives that mimics that of the
gecko. The initial step towards fabrication of synthetic fibrillar adhesives was made by Sitti et
al. in 2002 [122]. Using flat wax surfaces indented by an Atomic Force Microscopy (AFM)
probe as a template, they molded polymer nanostructures that resulted in synthetic nano-hairs
after etching away the template. The measured adhesive force of each nano-hair prototype de-

veloped was ~ 100 nN. This initial attempt to make synthetic gecko adhesives was followed by
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Figure 1.3: SEM images of synthetic gecko adhesives. (a) An array of synthetic nanopillars
fabricated using oxygen plasma etching of polyimide [41]. (b) Image of synthetic gecko tape
fabricated by transfering micropatterned carbon nanotube arrays onto a flexible polymer. The
fabricated tape is reported to withstand repeated use as well as possess adhesive properties better
than the natural gecko. [40]. (¢) Array of two-level hierarchical gecko-inspired adhesives with
each level terminating in flat mushroom-like tips. [104]. The microfiber stems were fabricated
using DRIE techniques, while the mushroom tips where achieved by a dip-transfer soft-molding
process. (d) Using a novel fabrication technique that incorporates lithography, molding, and
dip-transfer, Murphy et al. [103]] fabricated angled synthetic gecko adhesives that combine high
interfacial strength of mushroom tip microfibers with directionality. (All images are reprinted
with permission)



the use of other fabrication techniques to develop gecko-inspired fibrillar templates, such as:

1. Casting polymer onto a negative template created by photolithography of SU-8 [2, 28], 129,
33|, 1451 146, 47, 151, 184, 102}, 103}, (104, [106/, [126]], or deep reactive ion etching (DRIE) of

silicon [69, (75, [84] (Fig. [I.3@ and Fig. [1.3k),
2. Hot-embossing and elongation of thermoplastic materials [67, 168, [72],
3. Thermocompression molding of thermoplastic elastomers [[/1],
4. Filling of porous polycarbonate membrane [88, 92,1120, [123]], and

5. Growth of carbon nanotubes (CNTs) [40} [112] 140, [141] (Fig. [I.3p).

A detailed review of some of these fabrication processes has been presented by Boesel et al.
[20].

To enhance compliance and improve contact with rough surfaces, researchers have also
developed methods to achieve hierarchical structure (Fig. [I.3k) through micro-molding on
stacked porous alumina templates [56, 164, (79, |86]], shape deposition manufacturing [85], 3D
laser writing [114], molding on etched silicon substrates or DRIE [69, |104]], and by bundling
micro-patterned carbon nanotube arrays onto flexible polymer tape [40]]. After several design
attempts, better adhesion of fibrillar templates compared to flat substrates was achieved by in-
tegrating large mushroom-like tips to the fibrillar structures [31, 48, [75] (Fig. [I.3d). Recently,
researchers have presented fibrillar adhesives with strong adhesion in liquid, and a higher ad-
hesive force than the natural gecko in air [87] on smooth surfaces. Control of adhesion for
fibrillar adhesives has also been demonstrated using techniques such as incorporating angled
microfibers [2, 169, 90, 96, (102, 103, 106, 119} [126]], thermally-responsive microfibers made
with shape memory polymer (SMP) [[77, 113]], design of microfibers with anisotropic geometry
[81]], and varying pull-off speed [, [78].

Overall, significant progress has been made towards the development of synthetic gecko-
inspired fibrillar adhesives with similar characteristics as that of the gecko except for its self-

cleaning abilities. A cleaning feature is greatly desired for synthetic gecko adhesives whose
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use is currently restricted to clean environments. The need for a thorough understanding of the
mechanisms of cleaning, leading to the design of synthetic gecko adhesives with easy cleaning

and anti-fouling capabilities, is the motivation for this work.

1.5 Applications of Microfiber Adhesives

The advantages and unique characteristics of microfiber adhesives promises an extensive range
of application both in areas where conventional adhesives are being used, and in new areas
where the use of conventional adhesives is impossible. For example, the clean adhesion mech-
anism of microfiber adhesives allows its use in cleanroom environments where conventional
adhesives cannot be used due to residual contaminants. Furthermore, the ability of microfiber
adhesives to function in air, water and vacuum, expands the current areas of use for this cat-
egory of adhesives. In this section, we discuss the various areas of application of microfiber

adhesives.

Medical Applications

Gecko inspired microfiber adhesives are already finding use in medical devices. Synthetic gecko
adhesives can be attached to the legs of active endoscopic capsules as presented by Cheung et al.
[26] to provide strong attachment to the walls of the esophagus sufficient to withstand peristaltic
forces (Fig. [1.4b). Researchers have also demonstrated the use of microfiber adhesives as a
medical skin patch [82, 91]. In their publication, Kwak et al. [82] showed that, compared to
traditional acrylic adhesives, gecko-inspired adhesives allowed better air circulation to the skin

and peeled away more easily, reducing skin irritation in patients (Fig. [I.4p).

Industrial Applications

The use of microfiber adhesives for object manipulation has been demonstrated by several

research groups and is currently an area of significant interest to the fibrillar adhesion com-
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Figure 1.4: Images showing some applications of fibrillar adhesives. (a) Using high-density,
mushroom-like micropillars, Kwak et al. developed a medical skin patch that allows better air
circulation to the skin, leading to reduction in skin irritation when compared to acrylic adhesives
[82]]. (b) An endoscopic microcapsule designed using synthetic fibrillar adhesives for enhanced
traction and locomotion within the digestive tract [26]. (¢) Waalbot II - An untethered wall
climbing robot that is able to climb on smooth vertical surfaces at speed up to 5 cm/s, using
fibrillar adhesives [101]]. (d) Jeong el al. demonstrated the use of angled fibrillar adhesives patch
for the clean transport of LCD glass [69]. (e) Menguc et al. showed the use of manipulators
with a single angled elastomer micropillar to transport micrometer-scale silicon microplatelets
from one location to another [96]]. (All images are reprinted with permission)
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munity. Utilizing directional, preload, shear, and rate dependences of fibrillar adhesives, re-
searchers have demonstrated the use of fibrillar adhesives attached to manipulators to pick and
release micro objects, with an attachment to detachment force ratio of up to 1000:1 (Fig. [I.4g)

[[78, 196, 138]]. This feature has been harnessed for clean transfer printing in LCD glass manu-

facturing (Fig. [1.4d) [69].

Mobile Robots

Because the natural use of the gecko’s adhesive is for locomotion, the use of gecko-inspired
adhesives for mobility is not far fetched. Using fibrillar adhesives in wall climbing robots was
one of its first applications (Fig. [I.4k) [100} [101]]. Since then, fibrillar adhesives have used in
other mobile robots such as the highly actuated Stickybot with morphology similar to that of

the actual gecko [[73]].

Other Applications

Due to its characteristics, gecko adhesives can find applications in other areas such as space ex-
ploration, in household appliances (i.e. non-destructive and detachable wall hangers), gripping

gloves (i.e. by soccer goalkeeper) and for traction enhanced shoes (i.e. hiking shoes).

1.6 Research Objectives

Inspired by the self-cleaning characteristics of the gecko’s adhesion system and its benefits,
the goal of this thesis is the development of design parameters that will lead to the fabrica-
tion of gecko-inspired microfiber adhesives with anti-fouling and self-cleaning features. To
achieve this goal, mechanisms of contact self-cleaning and anti-fouling of microfiber adhesives
are proposed and models describing these mechanisms are developed. The developed model
will also show light into the mechanism of self-cleaning in the natural gecko’s system. We

will conduct detailed experiments of contact self-cleaning of microfiber adhesives to study the
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proposed mechanisms and to gain insight on the mechanics involved. From the model and ex-
periments, we investigate several parameters that are necessary to promote contact self-cleaning
and anti-fouling of microfiber adhesives. Finally, design considerations are given for the design
of microfibers with contact self-cleaning and anti-fouling characteristics for use in various en-

vironments.

Thus, the main objectives of this thesis are:

¢ Unveiling the processes, procedures and mechanisms of contact self-cleaning of gecko-

inspired microfiber adhesives
¢ Modeling the mechanics of contact self-cleaning of microfiber adhesives

¢ Obtaining underlying parameters that influence contact self-cleaning and anti-fouling of

microfiber adhesives

¢ Providing insight into design factors that can be implemented to achieve self-cleaning and

anti-fouling of microfiber adhesives

With this background, we present a model of adhesion for an array of microfiber adhesives
in Chapter 2] We also model the rate dependence of adhesion for microfiber adhesives. The de-
veloped adhesion model is used in modeling the mechanics of contact self-cleaning presented
in Chapter 3] In Chapter 3| we also report the mechanisms, processes, procedures of achieving
self-cleaning in microfiber adhesives. Experiments of contact self-cleaning of microfiber adhe-
sives are carried out and analyzed in Chapter 4] A method for simulating contact self-cleaning
is also introduced along with the simulation results. In Chapter [5] design considerations for mi-
crofiber adhesives with enhanced contact self-cleaning and anti-fouling capabilities are given
based on environmental and application considerations. This thesis work is summarized and an

outlook is reported in Chapter [6]
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1.7 Expected Contributions

The major contributions of this work is the development of the mechanics of contact self-
cleaning for microfiber adhesives and unveiling of critical factors that serves as a guideline
for the design of microfiber adhesives with contact self-cleaning and anti-fouling capabilities.
The effects of contaminant size, microfiber geometry, and loading conditions to contact self-
cleaning are presented. We will consider various cleaning procedures and mechanisms, and
conduct experiments to uncover the underlying mechanism of contact self-cleaning.

In summary, this thesis provides contributions to the following areas of gecko-inspired mi-

crofiber adhesives:

Adhesion Modeling of Microfiber Adhesives

¢ An improved adhesion model for microfiber adhesives.

® Modeling of the load-deformation relationship for microfiber adhesives under a spherical

indenter.

® Modeling and experimentation of the loading rate dependence of adhesion of microfiber

adhesives.

Dry-Contact Cleaning of Microfiber Adhesives

¢ Definition of self-cleaning for microfiber adhesives.

¢ An in-depth study of the processes, mechanisms and procedures of contact self-cleaning

of microfiber adhesives.
¢ Modeling of the mechanics of contact self-cleaning of microfiber adhesives.
¢ Experimentations of contact self-cleaning of microfiber adhesives
¢ Simulations of contact self-cleaning of microfiber adhesives.

¢ Design considerations for microfiber adhesives with enhanced contact self-cleaning and
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anti-fouling capabilities, based on application environment and procedure.
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Chapter 2

Adhesion of Gecko-Inspired Microfiber
Adhesives

2.1 Introduction

The goal of this chapter is to develop a model of adhesion that will be used later in studying
the mechanics of dry-contact cleaning of microfiber adhesives. Although there have been sig-
nificant works in adhesion modeling for fibrillar adhesives, previous models have failed to take
into account some of the factors that contribute to the adhesive force of a fibrillar adhesive. The
adhesive force of a fibrillar interface has been shown to depend on several key factors including
the microfiber geometry, microfiber spacing, the effective modulus of the microfiber, the work
of adhesion of the contact interface, the thickness and material properties of the backing layer,
the preload force, the retraction speed at which the adhesive is pulled away from a contacting
substrate, and the shape of the contacting substrate. Most of the previous models, especially
those that considered contact with spherical surfaces, failed to take some of these factors into
consideration. Lee and Fearing [88] modeled the adhesive force of their high aspect ratio fib-
rillar adhesives with spherical contaminants; but in their model, the adhesive force for a single

sphere was taken as the sum of the adhesive forces of individual contacting microfibers. A
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similar approach was also taken by Hansen and Autumn for adhesion of the natural gecko setae
with spherical particles [52]. Both groups assumed that all the contacting microfibers break off
from the substrate simultaneously, which is not the case for a spherical indenter. Their mod-
els also neglected the effect of the preload force which plays a crucial role in the adhesion of
spheres with fibrillar adhesives. Hui et al. [62] also developed a model of self-cleaning and
anti-fouling with cylindrical rods as contaminants. Hui et al. assumed that the contaminant
was centrally aligned to a microfiber in the array. In their model, the adhesive force was the
sum of forces acting on contacting microfibers, when the load on the center microfiber is zero.
Their assumption that the critical pull-off force occurs when the indentation distance of the
particle is zero does not correlate with experimental observations. Their model also assumed
a uniform backing layer displacement and did not take into account the effect of the preload
force. A more accurate adhesion model for contact with spherical surfaces was presented by
Aksak et al. [2]]. In their model, they simulated the indentation and retraction of a sphere from
a fibrillar adhesive, and obtained the adhesive force from the simulation results. However, a
uniform deformation of the backing layer was assumed, and the sphere was positioned directly
on top of a single microfiber during the simulation. An analytically detailed model of adhesion
of fiber array was also developed by Majidi et al. [93], however, the model was for high aspect
ratio gecko inspired adhesives, where the fibers are highly compliant and adhesion is achieved

through side contact.

In Section [2.2] we develop a new model of adhesion for a single microfiber adhesive and
expand the model for a microfiber adhesives array in contact with flat and spherical surfaces
in Section [2.3] In Section [2.4] we model the effect of retraction speed on the adhesive force
of a single microfiber adhesive. Increasing the speed at which the fibrillar adhesive is pulled
away from a contacting substrate has been shown to enhance adhesive force by several orders of
magnitude [S0, 78, |[111]. Known as the retraction speed effect, this behavior has been attributed

to the viscoelastic material properties of the fibrillar adhesives [24]], and in another work, solely
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to the mechanical behavior of the interface [38]]. Until now, no work has been done to show the
mechanics behind the retraction speed effect for fibrillar adhesives experimentally, or theoret-
ically. We will investigate crack propagation at the interface of a cylindrical micro-post and a
smooth substrate, and study the critical crack propagation speed at which the maximum tensile

force (adhesive force) was measured. The Chapter summary is presented in Section [2.5]

2.2 Adhesive Force of a Single Elastomeric Microfiber

To model the adhesive force of a microfiber array, we will begin with analyzing and modeling
the load-deformation relationship of an individual microfiber. Figure[2.T|shows a schematic of a
single elastomer microfiber adhesive under compressive normal load. In the model, we assume
that both the microfiber tip and contacting substrate are atomically smooth and make perfect
contact so that the effect of surface roughness is neglected. The model will be developed in 3

steps:

¢ Using the flat punch theory, we will obtain the adhesive strength and pull-off force of the

microfiber,

¢ With the classical beam theory, we will obtain the relationship between applied load and

the deformation of the microfiber and underlying substrate

¢ We will combine the cylindrical flat punch theory and the beam theory to obtain the load-

deformation curve of a single adhesive microfiber

Maugis [94] has shown that the adhesive force F. of a cylindrical flat punch in contact with

a flat surface is given by

F. = \/6maKw (2.1)

where w is the work of adhesion of the contact interface, a, is the radius of the microfiber tip,

which is the same as the microfiber stem radius in the case of a flat punch, and K is the reduced
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Figure 2.1: Schematics of loading and deformation of a single microfiber and backing layer (the
deformation of the backing layer in this diagram is exaggerated). The microfiber is modeled as
a soft cylindrical flat punch.
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elastic modulus of the contact interface given as

1 3/1—v2 1-—17
== s 22
K 4< E * Ex ) (22)

here, v and 14 are the Poisson’s ratios, and F5 and F are the Young’s moduli of the substrate and
microfiber materials, respectively. Although Equation 2.1 was developed for a rigid cylindrical
flat punch in contact with a soft frictionless elastic surface, it is a good first order approximation

for the case of a soft elastic punch in contact with a rigid surface [2, [127].

To obtain the deformation of a single microfiber under normal load, the microfiber is mod-
eled as a fixed-fixed cylindrical column. We will assume that the tip of the microfiber remains
parallel to the substrate during loading or unloading until the microfiber buckles or pulls off.
Under normal loading conditions, the microfiber stem deformation d; for an applied normal load

F' can be obtained using a linear spring model as
of = CiF! 2.3)

where Cy = L/ (ma®Ey) is the compliance of the microfiber stem, and L is the initial length of
the microfiber. Deformation also occurs at the backing layer. The backing layer deformation oy,

due to [’ can be obtained from Maugis’ flat punch model [94] as
Oy = CpF, 2.4)

where C, = 2/ (3aK) is the compliance of the backing layer. The total deformation of a single
microfiber § which includes the backing layer deformation is a sum of &; and 6y, i.e. § = d¢+ Jp;

and the overall microfiber compliance C' is given as

L n 2
malE;  3aK’

C= (2.5)
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It is important to note that for a microfiber with very thin or rigid backing layer, the value of 9,
becomes negligible. The load-deformation equation for a single adhesive microfiber can thus

be given as

L 2
§= = _ , .
(ﬂ-agEf * SaK) E (26)

It is also important to note that Equation [2.6]is valid for compressive load until buckling occurs.

The critical deformation for buckling to occur d; is given as
5cr = C’chr 2.7)

where £, is the buckling load obtained from Euler’s buckling formula for a fixed-fixed beam,

given as
3 Fra®

Fcr:_ 12

(2.8)

For a buckled microfiber, the normal load acting on the microfiber is approximated as Fv,.
The maximum tensile deformation J. of the microfiber before it detaches from the contacting

substrate can be expressed as

5. = CF.. (2.9)

2.3 Adhesive Force of a Microfiber Array

Now that we have successfully modeled the load-deformation behavior of a single microfiber,
we can go on to derive a model for an array of microfibers. The adhesive force of a microfiber
array will be dependent not only on the adhesive force of each microfiber in the array, but also on
other parameters such as the microfiber packing (or arrangement pattern), microfiber spacing,
indentation depth (or the corresponding preload force), and the shape of the indenter.
Intuitively, one might like to maximize the number of microfibers in an array in order to in-

crease the overall adhesive force. However, the density of microfibers in a given array is limited
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due to adhesive interactions between adjacent microfibers. When in close proximity, microfibers
become stuck to each other, lowering their adhesion performance. This phenomenon is known
as lateral collapse or fiber clumping. Previous work by Glassmaker et al. [47] showed that the

lateral stability between adjacent cylindrical microfibers requires;

4\ Y% 13E.6352\ V4
(ZH;O (_%%_> > L (2.10)

where Ef = E;/(1 — /), 7 is the surface energy of the microfiber material, and S is the

edge-to-edge distance between the microfibers.
For simplification, we will make the following assumptions for our microfiber array:

¢ All microfibers in the array have the exact same geometry. This includes microfiber

height, radius and tip shape.

¢ All microfibers have similar material properties. i.e. similar values of Young’s modulus,

surface energy, etc.
e Microfibers are axially symmetric

¢ The indenter surface is perfectly aligned to the microfiber array, such that there are no

misalignment effects.

e The surface of the indenter as well as the microfiber tip are atomically smooth.

2.3.1 Adhesion with a Flat Surface

For a microfiber array indented by a flat probe, all the microfibers within the contact area make
contact and pull-off simultaneously. The adhesive force between the array P, and the indenter
is given as

P. = Ntk (2.11)
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where F; is the adhesive force of individual microfibers, and N; = pA is the number of mi-
crofibers in contact with the indenter, and A is the apparent contact area between the microfiber
array and the indenter. Here, the microfiber density p is the number of microfibers per unit area
of the pad, and is a function of the spacing between adjacent microfibers and the microfiber

packing pattern. lL.e.,
1/d? for square packing,

P = 9 \/3

3d?

where d = S + 2a is the distance between the centers of adjacent microfibers. The adhesive

(2.12)
for hexagonal packing,

strength p. of the array can then be obtained as

pe = — = pke. (2.13)

e

2.3.2 Adhesion with a Spherical Surface

Spherical indenters are considered a special type of rough surfaces. The use of spherical inden-
ters eliminates misalignment errors present in experiments with flat indenters, and as a result,
they are preferred and widely used in adhesion experiments. In this work, we will assume that
the sphere radius R is significantly larger than the microfiber tip radius, such that there is a full
contact between the microfiber tips and the indenter surface, so that the flat punch theory in
Eqn. [2.1]is valid. A schematic of an adhesive microfiber array indented by a spherical surface

is shown in Figure [2.2]

A typical adhesion measurement using a spherical probe involves a loading step during
which the probe is pressed against the microfiber array until a desired indentation depth or
compressive load is reached. This is followed by an unload step during which the probe is pulled
away from the microfiber array until all previously contacting microfibers have lost contact. The
maximum compressive force during loading is referred to as preload. The adhesive force (also

known as the pull-off force) is recorded as the maximum tensile force during the unloading
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Figure 2.2: Schematics of loading and deformation of a microfiber array by a spherical indenter
showing the top and side view. L is the microfiber length, a is the microfiber radius, 2 is the
radius of curvature of the indenter, A is the indentation depth, and 7. is the apparent contact
radius of the interface. (The deformation of the microfiber backing is not shown).

step.

Derivation of Load-Deformation Relationship for a Spherical Surface: The force P ex-
erted by a spherical indenter on a microfiber array during loading, is the sum of the individual
reaction forces, F' exerted by each contacted microfiber on the indenter, i.e., P = f F dN. By

substituting F' = 6/C, the applied normal load can be rewritten as
1 . .
P = / 55 dN, for all contacting microfibers. (2.14)

Given the indenter radius, the indentation distance A, and the radial distance from the center
of the sphere to the center of the microfiber r, the deformation of a single microfiber can be

obtained from geometric analysis as

d=A—-R+VR?—r2 (2.15)
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which after expanding v/ R? — 2 becomes
§=A————+00") (2.16)

For R >> r, we can drop the r* term and up, so that

T2

0=A— SR (2.17)

The number of microfibers in contact with the sphere within a radial distance r from the

center of the sphere, can be obtained as N¢(r) = prr?, so that
dN¢ = 2mrpdr. (2.18)

Substituting Eq. and Eq. [2.1§]into Eq. and integrating from r = 0 to r., where . is

the apparent contact radius of the indenter, we have

P—/rcl A— " orrnd
=/ oR ) 2rredr

7,4

Ter (2.19)

For R > r., A is equal to 2 /2R, similar to equation with 6 = 0 when r = r.. So that we
obtain P in terms of A as
1

P = EﬂpRAQ. (2.20)

Equations [2.19] and [2.20] gives the contact radius and the indentation depth of the indenter,

respectively, for a given preload value P.

Numerical Simulation of Load-Deformation for a Spherical Surface: Numerical simula-

tions can also be used to find the value of A for a given P. A Matlab routine was developed
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to obtain the indentation distance of a spherical indenter for a specified microfiber geometry. A
flowchart of the simulation is shown in Fig. and details of the simulation steps can be found

in Appendix

Adhesive Force of a Microfiber Array with a Spherical Surface: The adhesive force be-
tween the microfiber array and the spherical indenter is obtained from a numerical simulation
of both the loading and unloading steps. To achieve this, we first obtain the indentation distance
A, for the desired preload force P, from Eqn. [2.20] or using the simulation routine shown in
Fig[2.3] The apparent contact area Apqx at A, is also obtained.

Secondly, we simulate loading by gradually increasing the indentation distance from A = 0
to A, and recording the normal load P(A) for each value of A. Next, we simulate unloading
by decreasing the indentation distance in very small decrements of dA and recording the value
of P after each retraction step, until all initially contacting microfibers are detached. During
unloading, the microfibers are allowed to stretch until they reach a critical deformation given
in [2.9| at which the microfibers break contact with the probe. Finally the adhesive force is
obtained as the maximum tensile force recorded during the unloading cycle. For this purpose,
it is important to select a small value of dA. The adhesive strength of the array is obtained by

dividing the adhesive force by the maximum contact area as

P
Amax .

Pe = (2.21)

Figure [2.4 shows a graph of P plotted against A for a loading and unloading simulation of
a microfiber array with L = 100 um, @ = 12.5 ym, d = 90 um, E; = 2.9 MPa, vy = 0.49,
and w = 96 mJ/m?; indented by a sphere of R = 6 mm, E; = 73 GPa, and v, = 0.17 with a
preload force P, = 4.46 mN. In the graph, compressive force is positive, while tensile force is
negative. The preload force is the maximum (compressive) force recorded, while the adhesive

force is the minimum force (maximum tensile force) recorded. An adhesive force of P. = 3.58
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Figure 2.3: Flowchart for finding the indentation distance A of a spherical indenter of radius
i,j» and F; ; are the radial distance from the center of the
sphere, the indentation distance and the reaction force, respectively, of a microfiber in row ¢
and column j. (p,,p,) are the x and y coordinates of the indenter in the microfiber array. Ny is
the number of microfibers in contact with the substrate. Pj; is the estimated preload obtained

R for a given normal load P. r;;, 0

PP
7. | test
P

< tolerance

from each iteration. This routine is valid for compressive load only.
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Figure 2.4: Graph of load plotted against indentation distance for a single loading and unload-
ing simulation cycle. The value of A is gradually increased until the desired preload force is
reached. Afterwards, A is reduced until all initially contacting microfibers are pulled off. The
graph is for a microfiber array of L = 100 um; ¢ = 12.5 pym; and d = 90 pum, indented by a
sphere of R = 6 mm with a preload force I, = 5 mN. In this plot, compressive force is positive,
while tensile force is negative. The preload force is the maximum compressive force, and the
adhesive force is the maximum tensile force obtained during a loading and unloading cycle.
The perturbations in the unloading curve is due to the detaching of microfibers in the array.
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Parameter Values

Fiber radius, a [pum)] 75 10 125 15 175
Length, L [um] 25 50 75 100 125
Young’s modulus, £¢[MPa] 3 10 50 100 500
Spacing, S [pum] 15 20 25 30 35
Sphere radius, R [mm] 05 1 1.5 2 2.5

Work of adhesion, w [mJ/m?] 40 65 80 95 110

Table 2.1: Simulated parameter values used to study the effects of microfiber length, microfiber
radius, microfiber Young’s modulus, microfiber spacing, interface work of adhesion, indenter
radius, and preload force on adhesion. The value highlighted for each parameter is the default
value used when testing other parameters

mN was obtained in this simulation.

2.3.3 Results and Discussions

We now go on to investigate the effect of the microfiber length, microfiber radius, microfiber
Young’s modulus, microfiber spacing, interface work of adhesion, indenter radius, and preload
force on adhesion. We conduct our investigation for an array indented by a sphere only since
the results for a flat indenter can be directly obtained from Equations[2.11]and[2.13] The various
parameter values simulated are listed in Table [2.1] (value highlighted for each parameter is the
default value used while testing other parameters). For each parameter value listed, several
simulations are conducted for various preload force P, values of 0.1, 0.25, 0.5, 0.75, 1, 1.5, 2,

2.5,5,3.5,4,and 5 mN.

Effect of Preload Force

To study the effect of preload force, we varied the preload applied in our simulation from 0.1
mN to 5 mN, while keeping the microfiber and indenter properties constant. As we increase
the preload force in the simulation, we expect an increase in A, which will lead to an increase

in NV, and ultimately an increase in the adhesive force. This expected outcome is observed in
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Fig. Figure is a graph of N plotted against P,, and Fig. is a graph of P, plotted

against I,. The graphs show a direct proportionality between P, and N. The simulation result
also shows increase in %, as P, is increased. The increase in adhesive force tend to plateau as
for higher values of P,. This trend is expected since the effect of preload force is limited by
several factors such as the microfiber length, spacing, indenter radius, etc, as we will see in the

rest of this section.

Effect of Microfiber Radius

To study the effect of microfiber radius, we varied the radius of the microfibers from 7.5um
to 17.5pum while other parameters were kept constant. For each microfiber radius, adhesion
simulation were performed for preload forces ranging from 0.1 mN to 5 mN. As we increase the
microfiber radius, we expect the adhesive force of individual microfibers to increase according
to Equation [2.1] On the other hand, an increase in the microfiber radius will lead to an increase
in the effective stiffness of the microfiber array, thereby decreasing the number of microfibers
in contact with the indenter for a given preload. Two cases dependent on microfiber-to-fiber

spacing were studied.

In the first case, the center-to-center distance of the microfiber was kept constant at d =
40pm while the microfiber radius was changed. The result for this case is shown in Fig.
Figure [2.6p shows a plot of F. against P, for various values of a, while Fig. [2.6b shows a
plot of P, against a for various values of F,. Results from the graph show an increase in
adhesive force for larger microfiber radius. Evidently in this case, the positive effect of an
increase in adhesive force of individual microfiber outweighs the negative effect of increasing
the microfiber stiffness. The result also shows a stronger dependence on preload for microfibers
with a large radius compared to microfibers with a small radius. For a 17.5 pum radius, the
adhesive force goes from 2 mN to 8.5 mN - order of 4, whereas for a 7.5 um radius the adhesive

force goes from 1.3 mN to 4 mN - order of 3, as I, is increased from 0.1 mN to 5 mN. Such a
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Figure 2.5: Effect of preload force on adhesion. Simulation results for a microfiber array of a =
12.5 pm; L = 100 pm; S = 15 pum; Ey = 2.9 MPa; vy = 0.49; and w = 96 mJ/m?2, indented
by a sphere of R = 2 mm; E; = 73 GPa; and v, = 0.17. (a) Graph of N plotted against F,.
(b) Graph of F; plotted against F,. The graphs shows an increase in the number of contacting
microfibers, and the adhesive force as the preload force is increased.
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response to preload indicates that the use of preload to achieve adhesion control is favored for

larger microfibers compared to smaller microfibers.

For the second case, the edge-to-edge distance between adjacent microfibers was kept con-
stant at S = 15um while the microfiber radius was changed. Result for this case is shown in
Fig. Figure[2.7a shows a plot of F, against P, for various values of a, while Fig. shows
a plot of F; against a for various values of P,. In this case, there is a negative effect on adhesion
by increasing microfiber radius. This negative trend is more pronounced as the preload force
is increased (See Fig. for P, = 5 mN). Compared to the previous case, the adverse effect
on array stiffness and consequently on the number of contacting microfibers is more significant

and less compensated by the increase in the adhesive force of individual microfibers.

Effect of Microfiber Length

To study the effect of microfiber length, we varied the length of the microfibers from 25,m
to 125um while other parameters where kept constant. For each length, adhesion simulation
were performed for preload forces ranging from 0.1 mN to 5 mN. An increase in the length of
the microfiber will reduce the stiffness of the array. As a result, more microfibers are expected
to make contact with the indenter, thereby increasing adhesion. Results of the simulations are
shown in Fig. [2.8] Figure 2.8p is a graph of F. plotted against P, for various values of L,
and Fig. [2.8p is a graph of P plotted against L for various values of P,. The graphs show a
direct proportionality between the adhesive force and microfiber length. Increasing the length of
microfiber for fibrillar adhesive is limited by lateral collapse, a phenomenon discussed earlier
in this chapter. The graphs also show a high to low adhesion ratio of 4.1 for L = 125um and
2.2 for L = 25um, which suggests that adhesion control using preload force is enhanced for

longer microfibers.
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Figure 2.6: Effect of microfiber radius on adhesion with constant center-to-center spacing. Sim-
ulation results for a microfiber array of L = 100 um; d = 40 um; Ey = 2.9 MPa; 1y = 0.49;
and w = 96 mJ/m?, indented by a sphere of R = 2 mm; E, = 73 GPa; and v, = 0.17. (a)
Graph of F; plotted against P, for various values of a. (b) Graph of I, plotted against a for
various values of P,. The graphs show an increase in adhesive force as the microfiber radius is
increased. The dependence of adhesion on preload force increases as the microfiber radius is
increased.
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Figure 2.7: Effect of microfiber radius on adhesion with constant edge-to-edge spacing. Sim-
ulation results for a microfiber array of L = 100 um; d = 40 um; Ey = 2.9 MPa; 1y = 0.49;
and w = 96 mJ/m?, indented by a sphere of R = 2 mm; E, = 73 GPa; and v, = 0.17. (a)
Graph of F; plotted against P, for various values of a. (b) Graph of F, plotted against a for
various values of I,. The graphs show a decrease in adhesive force as the microfiber radius is

increased, for large preload forces.
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Figure 2.8: Effect of microfiber length on adhesion. Simulation results for a microfiber array of
a =125 ym; S = 15 um; E; = 2.9 MPa; v; = 0.49; and w = 96 mJ/m?, indented by a sphere
of R = 2 mm; E; = 73 GPa; and v, = 0.17. (a) Graph of P plotted against P, for various
values of L. (b) Graph of P, plotted against L for various values of F,. The graphs show a
direct proportionality between the adhesive force and microfiber length.
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Effect of Young’s Modulus

To observe the effect of changes in Young’s modulus of the microfiber array, we varied the value
of Er from 3 MPa to 0.5 GPa. Increasing the Young’s modulus of the microfibers will result in
an increased value of K. This increase is relative to the elastic modulus of the indenter, which
in this case is significantly greater (Fs = 77 GPa >> E; = 3 MPa). Subsequently, increasing
K will lead to an increase in F; according to Equation 2.1} On the other hand, an increase in
Er will increase the stiffness of the array, thereby reducing the number of microfibers in contact
with the substrate at a given preload. Increasing E; increases /K and reduces N, so that the net

effect on the adhesive force is not intuitively obvious.

Results of the simulations are shown in Fig. [2.9] Figure[2.9a is a graph of P, plotted against
P, for various values of Ey, and Fig. [2.9b is a graph of P, plotted against E} for various values
of P,. Trends from both graphs suggest an increase in the adhesive force for very large increases

of the microfiber Young’s modulus.

Effect of Microfiber Spacing

By varying the values of the edge-to-edge spacing .S from 3 pm to 35 um, we studied the effect
of microfiber spacing on adhesion. Based on intuition, one would expect a decrease in the
number of microfibers in contact with the substrate, as well as an increase in the compliance of
the microfiber array for an increase in S. Overall, increasing S' is not desirable for a fibrillar
interface, except to solve the problem of lateral collapse. The results of the simulated variations
in S are shown in Fig. 2.10] Figure [2.10p is a graph of P plotted against P, for various values
of S, and Fig. is a graph of P, plotted against .S for various values of P,. As expected,

the adhesive force decreases significantly, with a 50% decrease for large preload values.
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Figure 2.9: Effect of microfiber Young’s modulus on adhesion. Simulation results for a mi-
crofiber array of @ = 12.5 yum; L = 100 pm; S = 15 ym; vy = 0.49; and w = 96 mJ/m?,
indented by a sphere of R = 2 mm; E; = 73 GPa; and vy = 0.17. (a) Graph of P, plotted
against P, for various values of FEf. (b) Graph of P, plotted against Ey for various values of F,.

The graphs show an increase in P, as Ej is increas
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Figure 2.10: Effect of microfiber spacing on adhesion. Simulation results for a microfiber array
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from the graphs show an inverse proportionality between P, and S.
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Effect of Sphere Radius

Apart from studying the effect of variation in microfiber properties, it is also important to know
the effect of the size of the spherical indenter. In addition to the advantage of developing an
adhesion model for the microfiber-sphere interface, knowledge of the effect of sphere radius
will throw light on the performance of fibrillar adhesives in contact with rough surfaces. In this
regard, a small spherical indenter is analogous to very rough surfaces while a large indenter is
analogous to smooth surfaces (R — oo = smooth flat surface). Simulations were carried out
for R values of 0.5 mm to 2.5 mm. For each value of R, the preload force was varied from 0.1
mN to SmN while other parameters were kept constant. Results of the simulations are shown
in Fig. Figure is a graph of I, plotted against P, for various values of 1, and Fig.
is a graph of P, plotted against I for various values of F,. The results show an increase
in adhesive force for higher indenter sizes as anticipated. Dependence of F, on preload force
is highly pronounced for large R values with approximately 4 orders of magnitude increase in

adhesive force as P, is increased from 0.1 mN to 5 mN.

Effect of Work of Adhesion

The work of adhesion of the interface is dependent on the surface energy of the contacting
materials in the form w = ~; + 72 — 712. Where 7, and 7, are the adhesive energy of the two
surfaces, and <15 is the interfacial energy (712 = 0 for similar surfaces). Here, we study the
effect of w on adhesion of fibrillar adhesives. As shown in Equation [2.1] the adhesive force of
each microfiber is directly proportional to the square root of w, so that increasing w leads to an
increase in F.. A similar effect is expected for the microfiber array. Simulations were carried
out for w values of 40 mJ/m? to 110 mJ/m?, while other properties were kept constant. Similar
to previous studies, the preload force was varied from 0.1 mN to SmN for each value of w.
Results of the simulations are shown in Fig. Figure[2.12h is a graph of F, plotted against

P, for various values of w, and Fig. [2.12b is a graph of F, plotted against w for various values
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Figure 2.11: Effect of indenter radius on adhesion. Simulation results for a microfiber array of
a =125 pym; L =100 pm; S = 15 pm; Ey = 2.9 MPa; v = 0.49; and w = 96 mJ/m?, indented
by a various size spheres with £y = 73 GPa; and v; = 0.17. (a) A graph of F. plotted against
P, for various values of 1. (b) A graph of F; plotted against 2 for various values of P,. The
results from the graphs show an increase in adhesive force as the sphere radius is increased. The
magnitude of change in adhesion for larger spheres increases as the preload force is increased.
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Parameter Adhesive force
1 Fiber radius, a [S = Const.] i

1 Fiber radius, a [d = Const.]
1 Length, L

1 Young’s modulus, F

1 Spacing, S
1 Sphere radius, R
1 Work of adhesion, w

— = = = = —

Table 2.2: Effect of various microfiber parameters on adhesion. Arrow indicates increasing (1)
or decreasing (]) values.
of P,. The results show an increase in adhesive force as the work of adhesion is increased.
Dependence of I, on preload force is also pronounced for large w values as P, is increased
from 0.1 mN to 5 mN.

Table 2.2 shows a list summarizing the effect of increasing the geometric and material prop-

erties on the adhesive force of a microfiber array.
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Figure 2.12: Effect of w on adhesion. Simulation results for a microfiber array of a = 12.5 pum:;
L =100 pm; d = 40 pum; Er = 2.9 MPa; and s = 0.49, indented by a sphere of R = 2 mm;
Es = 73 GPa; and v, = 0.17, for various values of w. (a) Graph of F; plotted against P, for
various values of w. (b) Graph of P, plotted against w for various values of F,. Results show
an increase in adhesive force as the work of adhesion is increased
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2.3.4 Conclusion

Using the flat punch theory along with elastic theories, we developed a new model of adhesion
for fibrillar adhesives that takes several factors that influence microfiber adhesion into account.
A simulation procedure was also developed for obtaining the adhesive force of a microfiber
array in contact with a spherical surface. From the model and simulation, the effects of mi-
crofiber’s material and geometric properties as well as the indenter size were studied, giving

insights into the design of microfiber adhesives with controllable adhesive strength.

2.4 Rate-dependent Adhesion of Microfiber Adhesives

2.4.1 Introduction

Recent studies have shown a strong rate-dependence of adhesion for synthetic microfiber adhe-
sives. The use of high retraction speed to enhance the adhesive strength of fibrillar adhesives
for transfer printing applications has also been demonstrated [24 38, [78]], and a pick-to-release
force ratio of up to 1000:1 has been reported when combined with optimized geometric features
[78]]. Previous work studying rate-dependent adhesion focused on the contribution of material
properties [24], and experiments were conducted only for fibrillar structures with a thin film
covering [[137]. By varying the bulk viscoelastic material properties of their fibril samples,
Castellanos et al. [24] showed that the rate dependence of adhesion in fibrillar adhesives is a
function of the viscoelastic material properties. Feng et al. [38] showed the dependence of
peeling velocity on the critical energy release rate of their elastomer stamps, and applied this
feature in controlled transfer printing. They suggested that rate-dependent adhesion was due
to the mechanical behavior at the interface only and that bulk material properties had negligi-
ble influence. The adhesion of gecko and gecko-inspired adhesion has also been shown and
modeled to be dependent on sliding friction and a result of nano-scale stick-slip mechanics of

fibrillar adhesive [50, [111]]
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So far, no detailed work has been reported on the underlying mechanism for rate induced
change in adhesive strength of elastomer fibrillar structures (by using tensile loading rate or
strain rate). In this work, we verified that the retraction speed effect is due to mechanics at the
contact interface. We studied the effect of retraction speed on the real contact area A, the rate
of change in contact area d A, /dt, and the crack propagation speed v at the interface between a
single, high-aspect-ratio elastomer post and a rigid, smooth and flat substrate. Large structures
(up to 5 times larger than that present in fibrillar adhesives) were used in our experiments to
allow for a better view of the contact interface and to monitor crack propagation. By using
high aspect ratio structures, we expect the behavior of our post to be similar to that of smaller
microfiber structures present in fibrillar adhesives. This correlation has been shown by previous

investigators [3, [132].

2.4.2 Experiments
Sample Fabrication

Large cylindrical posts made from polyurethane elastomer (BJB Enterprises; ST 1087) with a
radius of 0.7 mm and a length of 7 mm, were fabricated by molding [3]]. Figure shows the
fabrication steps. A smooth steel rod is press-fitted vertically into an acrylic dish, and liquid
silicone rubber is poured into the dish until it is filled. A flat acrylic cover with a through-hole
is fitted through the top of the rod and pressed onto the dish (Fig. 2.13h). After curing for 24
hrs, the silicon rubber mold is removed and placed on a flat substrate. Liquid polyurethane is
then poured into the mold, and acrylic glass is placed on it for backing support (Fig. [2.13pb).
After 24 hrs, the polyurethane is peeled off from the mold to obtain soft cylindrical posts with
an aspect ratio (length/radius) of 10, and with a backing layer thickness of 400 ym (Fig. [2.13).
The sample was glued to a glass slide before mounting to the adhesion measurement setup.
A separate glass slide (Microscope Slides; Fisher Scientific), cleaned with ethyl alcohol and

deionized water and dried using compressed air, was used as the contacting surface.
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Figure 2.13: Procedures for fabricating a single cylindrical microfiber post with flat tip. (a)
A smooth steel rod is press fitted vertically into an acrylic dish, and liquid silicone rubber is
poured into the dish until it is filled. Flat acrylic cover with a through-hole is fitted through the
top of the rod, and pressed onto the dish. (b) After curing for 24 hrs, the silicon rubber mold is
removed and placed on a flat substrate. Liquid polyurethane is then poured into the mold, and
an acrylic glass is placed on it for backing support. (¢) After 24 hrs, the polyurethane is peeled
off from the mold.
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Experimental Procedure

A custom adhesion measurement system consisting of automated high precision stages (MFA-
CC; Newport), an inverted microscope (Nikon Eclipse TE200), a high-resolution load cell
(GSO-25; Transducer Techniques Inc), and a controller was used in the experiment (Fig. [2.14)).
Details of the adhesion measurement setup have been previously reported [2]. The microfiber
sample is mounted on the loadcell, and a glass slide is mounted onto the microscope stage.
The automated stage is controlled using custom adhesion software. A high speed camera
(pco.dimax) was used to record images of the contact area through the inverted microscope
at a frame rate of 100 frames per second. A monochromatic 546 nm light source was channeled

through the inverted microscope onto the contact interface to observe the real contact area [63]].

automated z-axis

manual stage precision stage

(rotation x, y)

load cell

I Sample

manual stage glass
(translation x, y) slide

optical
microscope

Figure 2.14: Schematic drawing of a custom built experimental setup for studying the effect of
retraction speed on adhesion.

During the experiments, the sample was lowered at a constant velocity of 10 pm/s until
it made full contact with the glass slide. Due to the flatness of the microfiber and the fine

alignment of the adhesion measurement system, full contact was achieved at a significantly low
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preload force of 2 mN. A wait time of 10 s was observed before the sample was pulled vertically
away from the substrate at retraction speeds ranging from 5 to 450 pum/s. Three experiments
were conducted at each of the nine retraction speeds studied.

A graph of the force data plotted against time is shown in Fig. [2.15] From the graph, the
preload force - labeled A, is the maximum compressive load before retraction is initiated; the
adhesive force - labeled E, is the maximum tensile force during retraction. We denote the time
when the adhesive force is reached as . . Fig. [2.15]also includes real-time images of the contact

interface at various times during a single experiment cycle.

S0
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-100+

Force [mN]

=150}

=200+
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Figure 2.15: A graph of measured force in real time with corresponding images, for a retraction
speed of 10 um/s. A is the contact image when the preload force is reached; E is the contact
image at the time the adhesive force is recorded; H is the contact image after detachment.

2.4.3 Theoretical Model

Using basic models of adhesion and a power law relationship for the dependence of surface
energy on crack propagation speed, we present a simple model for the adhesion dependence on

crack propagation speed for a single cylindrical adhesive structure. Maugis showed that
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the critical energy release rate G for a circular flat punch is related to the pull-off force F| given
by
F2
T 6ra’K

(2.22)

where a is the punch radius and K is the reduced elastic modulus earlier defined by Equation

[2.2] Also, the dependence of GG on crack propagation speed v can be represented by

v

Glo) =G |1+ (_H , 223)

Vo

where (5 is the critical energy release rate as v — 0, n is a scaling parameter that is empirically
fitted to the experimental data, vy is the crack propagation speed at which G' doubles to Gj.
Such a power law has been shown to hold for polymer materials at low crack propagation
speeds [[16} 138, 42].

Combining Equations and we obtain an equation that relates the pull-off force to

the crack propagation speed as

pP= \/ 6ma3 K Gy [1 + (3)1 (2.24)
Vo
Fo=y {1 n (ﬁ)n} (2.25)
Vo

where x = v/6ma3K G| is a constant and a function of the post geometry and material proper-

which can be represented as

ties.

2.4.4 Results and Discussions

A graph of adhesive force measured at various retraction speeds is shown in Fig. [2.16p. The
graph shows an increase in adhesive force as we increased the retraction speed from 5 pm/s

to 450 pm/s, similar to a previously reported trend [24]. The real contact area of the interface
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was extracted from the recorded high speed video. The progression of A, until detachment
is shown for each retraction speed in Fig. 2.16b. We observe that detachment occurs faster for

increasing retraction speed, with d A, /dt approaching infinity at detachment.

We also obtain the critical contact area A€

- at the time the pull-off force is recorded, i.e. at

t. from the recorded video. Fig. [2.16c shows a plot of Af, normalized by the cross sectional
area of the sample, for various retraction speeds. The plot shows that the real contact area
at . remains approximately constant as the retraction speed is increased. The result suggests
that there is a critical contact area at which the maximum adhesive force is recorded for a
given geometry and material property. The result also indicates that the contact area at ¢. has
negligible contribution to rate dependence of adhesion. The crack propagation speed was also
extracted from high speed video. A plot of the critical crack propagation speed v, at time %, is
plotted against retraction speed in Fig. [2.16{d. From the plot, we see a dependence of v, on the
retraction speed. This observation shows that for cylindrical flat punch, similar to the peeling of

a thin film, the crack propagation speed at the contact interface contributes to rate-dependence

of adhesion.

We compared the theoretical model to our experiment for validation. Using Equation [2.22
for a post radius of 0.7 mm, we obtained the energy release rate of our experiments for each
retraction speed, and by plotting against the crack propagation speed, we found the value of
G atv = 0tobe Gy = 1.335 J/m%. The speed at which G, doubles was also found to be
vy = 3.37 x 1073um/s, when n = 0.69. Figure shows a plot of the critical energy
release rate against crack propagation speed for experimental data and the theoretical model
from Equation [2.23] The plot shows high correlation between the experimental data and the
power law for crack propagation speeds up to 0.1 pum/s. Figure shows that the predicted

adhesive force from Equation matches closely with our experimental results.
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Figure 2.16: Graph showing the effect of retraction speed on adhesive force. Each point repre-
sents the mean of adhesive forces measured from 3 experimental cycles at the same retraction
speed and on the same location. (a) Graph of adhesive force at various retraction speeds show
an increase in adhesive force as the retraction speed is increased. (b) Graph of normalized con-
tact area for various retraction speeds indicates longer detachment times for slower retraction
speeds and vice versa. The graph also shows that d A, /dt approaches infinity at detachment,
for all retraction speeds. (c¢) Graph of normalized contact area measured at ¢, for various re-
traction speeds shows no significant change in contact area at various retraction speeds. (d)
Graph of crack propagation speed at . for various retraction speeds shows an increase in the
crack propagation speed as the retraction speed is increased. This result indicates a significant
dependence of the crack propagation speed on retraction speed.
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Figure 2.17: Graph showing the effect of crack propagation speed on energy release rate. (a)
Graph of experimental energy release rate and theoretical power-law fit for n = 0.69, Gy =
1.335 J/m?, and vy = 3.37 x 10~2um/s. The graph shows a power law relation as Equationm
for the energy release rate as a function of crack propagation speed. (b) Graph of adhesive force
as a function of crack propagation speed for our experimental cylindrical fibril matches closely
with our theoretical model in Equation [2.25] for x = 0.149 N.
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2.4.5 Conclusion

In conclusion, we have shown using a single cylindrical elastomer adhesive flat punch structure
that the rate-dependence of adhesion of elastomer fibrillar structures is a function of the crack
propagation speed at the interface. By using high aspect ratio structures, we expect the behavior
of our post to be similar to that of smaller microfiber structures present in fibrillar adhesives. A
model of the dependence of adhesive force on crack propagation speed for a cylindrical fibril
was developed, which matched well to experiments. Our result verifies that the mechanism of
the retraction speed effect is due to mechanical interactions at the interface and that the influence

of the bulk material properties is negligible.
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2.5 Summary

We have developed a new model of adhesion for microfiber adhesives that serves as an im-
provement to previous models. In our new model, the deformation of the backing layer is
non-uniform unlike previous models, and the material properties of the backing layer are taken
into consideration. A simulation procedure was also developed for obtaining the adhesive force
of a microfiber array in contact with a spherical surface. The model of adhesion will be used in
our study in the following chapters to study the mechanics of dry-contact cleaning.

The effect of retraction speed on the adhesive force of microfiber adhesives was also studied.
We showed that the rate-dependence of adhesion of elastomer fibrillar structures is a function
of the crack propagation speed at the interface. A model of the adhesive force of a microfiber
adhesive that incorporates the effect of crack propagation speed has been developed, with results
that match well with our experiments.

The models in this section can be extended to microfibers with spherical tips by replacing the
equation of the pull-off force for a single flat-tip microfiber (Equation [2.1)) with the following

equation for spherical contacts [[70]:

3
F. = §7Tpaw7 (2.26)

where p, is the radius of curvature of the microfiber tip. The model can also be extended to
microfibers with mushroom tips . In this case, the pull-off force for a single microfiber is given
as [60]

F, = ogral, (2.27)

where oy is the interfacial strength of a single mushroom tip microfiber.
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Chapter 3

Mechanisms and Mechanics of Contact

Self-cleaning in Microfiber Adhesives

3.1 Introduction

This chapter presents an in-depth study of self-cleaning of microfiber adhesives. We begin by
defining self-cleaning as applied to microfiber adhesives and present an overview of previous
studies on the subject. presents three major categories of self-cleaning and seven distinct
mechanisms under these categories. In Section we will develop models of contact self-
cleaning of fibrillar adhesives for various scenarios based on the contaminant to microfiber size

ratio. A chapter summary is presented in Section [3.4]

3.1.1 What is Self-cleaning?

The word “self-cleaning” has been generally used both in the research community where it is
popularly used in connection with the lotus effect (discussed later), and in present-day society
where it has gained popularity in connection with the self-cleaning cooking oven, and recently

with self-cleaning windows or paint coatings. However, when referring to self-cleaning, espe-
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cially of objects, there is the question of the object’s ability to make itself free of dirt in and
of itself, in the absence of an external (human or natural) impetus or stimulus. Before defining

self-cleaning, it is useful to first define “cleaning” in microfiber adhesives

Regardless of the process or mechanism involved, the goal of cleaning contaminated mi-
crofiber adhesives is to recover any adhesion performance that have been lost as a result of
contamination. In other words, after cleaning, the contaminants should no longer be detrimen-
tal to the performance of the adhesive. For microfiber adhesives, we propose two modes of

contaminant displacements, namely (see (Fig[3.5(c))):

¢ Deposition: the complete removal of the dirt particles from microfiber adhesive array,

and

¢ Embedding: the dirt particles are removed from the microfiber tips and become lodged

between adjacent microfibers or pockets within the array.

So that cleaning in microfiber adhesives is not restricted to the removal of dirt completely from
the adhesive array. This understanding expands on previous studies of self-cleaning in mi-
crofiber adhesives which until now, considered cleaning only by deposition. Although it has
not been regarded as a cleaning measure, embedding of contaminants has been observed in the
natural gecko, and we believe that it plays a crucial role in the gecko’s self-cleaning characteris-
tics (discussed later). The principal goal of cleaning for the gecko and for synthetic microfiber
adhesives is to recover adhesion as quickly as possible, which can be achieved by simply re-
moving contaminants from the tips of the adhesive structures. The short-term destination of
contaminants is not critical for the effectiveness of the gecko toe or its synthetic equivalent.
However, it is important to note that particle embedding is only a temporary cleaning process,

hence the shedding of the gecko toe skin (molting) every two months.

Thus, for cleaning to be considered as self-cleaning, it should occur with minimal influence
from the user of the adhesive. Taking insight from the lotus leaf, we can limit self-cleaning in

microfiber adhesives to when:
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¢ the adhesive gets cleaned while in its natural state, or

¢ the adhesive gets cleaned in the process of use.
This is similar to a lotus leaf getting cleaned while it is in its natural muddy environment, or
while performing its fundamental task of supplying nutrients to the plant through photosynthe-
sis.
Based on this understanding, we will now go on to define self-cleaning in microfiber adhe-
sives as:
“the removal of contaminants from the tips of microfiber adhesives in the pro-
cess of use or in their natural state, such that the contaminants are no longer
detrimental to the immediate performance of the adhesives.”
The above definition allows for a broad range of self-cleaning mechanisms, while limiting the

cleaning method to application-based procedures only.

3.1.2 Self-cleaning in Nature

Considering the large effort and financial cost currently placed on cleaning in today’s society, we
can certainly use some insights from natural organisms that possess highly efficient and effective
cleaning strategies. Using physical, chemical and geometric characteristics, many plants, birds,
large-winged insects and other organisms achieve cleaning effortlessly [17, 25, [130]. Some
of nature’s self-cleaning organisms include butterfly wings, fish and shark skins, the lotus leaf
and the cicada (Fig. [3.I). These remarkable self-cleaning biological materials have inspired
research efforts aimed at developing materials or material coatings that mimic natural cleaning

strategies.

Self-cleaning of the Lotus Leaves

The lotus plant (Nelumbo nucifera) is one of nature’s highly efficient cleaners (Fig. [3.1)). De-

spite growing in muddy environments, it is able to maintain clean leaves and flowers [[17]. On
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Figure 3.1: SEM images showing the surface topography of natural organisms with self-
cleaning characteristics. (a) Hierachical micro- and nanostructures on the lotus leaf (Nelumbo
nucifera) [17). (Inset) Water droplets on a lotus leaf (Nelumbo nucifera). (b) Nanostructure on
the superhydrophobic wings of cicada (Cicada orni) [17]. (Inset) Water droplets on a cicada
(Cicada orni). Insets courtesy of tanakawho on Flickr, and blogspot.com.

the surface of a lotus leaf are micro/nano-scale structures (Fig. [3.Th) which, along with a waxy
surface chemistry, gives the leaf a superhydrophobic behavior that prevent dirt and water from
adhering to the leaf. When rainwater comes in contact with the lotus plant, it balls up into
droplets due to the air trapped in the rough surface of the leaf. Dirt particles on the leaf’s sur-
face adhere to these water molecules, and any slight tilting of the leaf causes the water to roll
off, taking the contaminants along with it. This remarkable process, known as the lotus effect,
has led to the development of consumer products with the unique qualities of repelling and

dislodging stains and dirt [125]].

Self-cleaning in Geckos

Recently, researchers discovered that the gecko feet can remain clean despite its remarkably
sticky characteristics. Observation of the gecko feet and its setae over a period of months be-
tween molt cycles shows that it stays clean [52]. This novel discovery brought excitement, along
with questions to researchers in the microfiber adhesion community. First, the discovery of the

unique cleaning feature in the gecko’s adhesive pad has significantly broadened the potential
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Figure 3.2: Evidence of self-cleaning in gecko setae. Using microspheres as contaminants on
a gecko setae array, Hansen and Autumn [52] showed that the gecko setae can recover up to
51% of lost shear force after 4 simulated steps. (a) SEM image of a contaminated setae array.
Arrow indicates a microsphere adhering to several spatulae. (b) SEM image of an array from
the same animal in (a) after five cleaning steps showing that spatular surfaces are mostly clean,
although microspheres are still present. (¢) Graph of recovery index as a function of cleaning
steps for an isolated setal array. (d) Graph of recovery index as a function of simulated steps
for digits of live geckos. In this figure, R(n) is the recovery index, F;,, Fuiryy, and Fieq, are
the measured adhesive force after a cleaning step, immediately after contamination, and before
contamination, respectively after n cleaning cycles, Scale bars = 10 pm.
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application of microfiber adhesives; adding yet another reason for researchers to invest time
and resources in this area of study. On the other hand, the discovery of the gecko’s self-cleaning
ability has raised several questions such as: (I) how does the gecko setae achieve cleaning? and
(IT) what properties of the setae are crucial for the gecko’s unique cleaning characteristic? The
discovery also suggests that synthetic microfiber adhesives with similar cleaning ability can be
developed, and has raised the standard for researchers whose goal is the development of syn-
thetic microfiber adhesives with similar (or improved) characteristics compared to that of the

natural gecko.

3.1.3 Self-cleaning of Synthetic Microfiber Adhesives

Inspired by the self-cleaning functionality of the gecko setae, several researchers have began
working towards achieving this important characteristic in synthetic microfiber adhesives [44,
59,176, 188,189, 95, [121, [134]. Shortly after the unveiling of self-cleaning in geckos, Tsai et al.
[134] presented the first investigation of self-cleaning in synthetic microfiber adhesives. Taking
inspiration from the lotus plant, their approach involved the design of microfiber adhesives with
optimal hydrophobicity in order to facilitate cleaning with the use of water droplets or in the
presence of a liquid medium. The work by Tsai et al. was accompanied by several efforts
[76,189,1121] to develop microfiber adhesives with superhydrophobic behavior, with the aim of
achieving self-cleaning in liquid environments.

Researchers have also investigated self-cleaning of synthetic adhesives that involves dy-
namic effects such as sample vibration [[121] and digital hyperextension [59] which we discuss
later in this Chapter. Another approach taken toward achieving self-cleaning in microfiber ad-
hesives is inspired by the initial work on self-cleaning in geckos [52], and involves the self-
cleaning of microfiber adhesives as a result of contact with a clean dry substrate [44, 88, 95]].

Anti-fouling (also known as contamination resistance) refers to the ability of the adhesive

to maintain some amount of adhesion after contamination. Anti-fouling has also been reported
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in synthetic gecko adhesives with mushroom tips [48]], with a supporting model by Carbone et

al. [22].

3.2 Mechanisms of Self-cleaning of Microfiber Adhesives

The mechanisms of self-cleaning of microfiber adhesives can be grouped into three major cate-
gories namely; (I) wet self-cleaning, (II) dynamic self-cleaning and (III) contact self-cleaning.
Figure shows an example cleaning mechanism for each of the categories. The various cate-

gories along with their associated self-cleaning mechanisms are discussed below.

3.2.1 Mechanisms of Wet Self-cleaning

As the name implies, wet self-cleaning involves the self-cleaning of microfiber adhesives in
the presence of a liquid medium. It is the most studied and the most understood self-cleaning
process for microfiber adhesives [56, 76, 80, 89, 121}, [134]]. Wet self-cleaning in microfiber
adhesive is attained by optimizing the density of microfibers in the arrays in order to achieve
a superhydrophobic behavior [134] or tuning the tip geometry of the microfibers [[76]. The
superhydrophobicity of the array helps to foster the attachment of dirt particles in the array
to water molecules and the removal of water molecule along with the contaminants from the

microfiber array. The associated mechanisms of wet self-cleaning include:

(I) Rolling of Water Droplets: Similar to the lotus effect, it involves the rolling of water
droplet(s) across the tip of a contaminated microfiber adhesive, effectively removing the con-
taminants in its path (Fig. [3.3[@)). This mechanism has been studied for microfiber adhesives
made from synthesized e-beam photoresist and high aspect ratio carbon nanotubes [[133]], high
aspect ratio microfibers made from high density polyethylene [89], and mushroom tipped mi-
crofibers made from polyurethane elastomer [76]]. In these cases, adhesion recovery ranging

from 98 — 100% were reported.

58



(II) Capillary Adhesion: Unlike the lotus effect which involves water molecules, capillary
adhesion requires partial or full immersion of the adhesive in a liquid medium. Self-cleaning
through the process of capillary adhesion has been reported for microfiber adhesives made from
vertically aligned carbon nanotubes [121]]. Sethi et al. [121] demonstrated adhesion recovery of
their microfiber adhesives by rinsing the contaminated adhesive with water and reported a 60%

adhesion recovery.
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Figure 3.3: Mechanisms of self-cleaning of microfiber adhesives. (a) Wet self-cleaning of
high aspect ratio microfiber adhesives made from high density polyethylene by rolling of water
molecules [89]. The figure shows an SEM image of a single water droplet (~ 9 uL) rolling on
the microfiber adhesive contaminanted with ceramic microspheres showing (a.1) the microfiber
array with (a.2) a self-cleaned upper half and (a.3) a dirty lower half. (b) Schematics of dynamic
self-cleaning in gecko via the mechanism of digital hyperextension [59]. Hu et al. proposed that
when setae are suddenly released from an attached substrate, they generate enough inertial force
to dislodge dirt particles that are on the spatulae. (¢) Simulation steps for contact self-cleaning of
high aspect ratio microfiber adhesives made from polypropylene [88] using a load-drag-unload
procedure. A single cleaning cycle involves (c.1) applying a normal compressive force to press
a contaminated adhesive against a clean substrate, (c.2) adding a shear load to the compressive
load to drag the adhesive against the substrate, (c.3) removing the compressive load, and (c.4)
detaching the sample from the substrate.
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3.2.2 Mechanisms of Dynamic Self-cleaning

Self-cleaning of microfiber adhesive can also occur as a result of dynamic processes. Dynamic
self-cleaning has been investigated for synthetic microfiber adhesives as well as for the gecko

adhesive system [38, [121]]. Two self-cleaning mechanisms in this category are:

(IIT) Vibration and Agitation: This involves self-cleaning of an array of microfibers due to
vibrations of the system on which the adhesive is mounted. Self-cleaning by sample vibration
has been studied by Sethi et al. for microfiber adhesives made from high aspect ratio carbon
nanotubes, in which a 90% recovery was reported [121]. However, details of the vibration
frequencies used were not given. Although it has not been widely investigated, sample vibration

is a very practical and promising self-cleaning process.

(IV) Digital Hyperextension: Dynamic self-cleaning of microfiber adhesive by the mech-
anism of digital hyperextension [59] occurs when setae suddenly released from an attached
substrate and generate enough inertial force to dislodge dirt particles attached to the spatulae
(Fig. [3.3[(b)). In their study, Hu et al. [59] showed that geckos that were able to use digital hy-
perextension experienced a self-cleaning rate that was approximately twice as fast as those that
were restricted, with up to 80% adhesion recovery. Although dynamic self-cleaning by digital
hyperextension has been proposed as a self-cleaning mechanism in geckos, it is also applicable

to synthetic microfiber adhesives under peeling.

3.2.3 Mechanisms of Contact Self-cleaning

This category of self-cleaning is inspired by the initial work on self-cleaning in geckos by
Hansen and Autumn [52]]. Contact self-cleaning involves cleaning as a result of contact with a

clean and dry substrate (Fig. [3.3(c)). The mechanisms of contact self-cleaning include:
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(V) Substrate Adhesion: Self-cleaning via substrate adhesion occurs when the force of at-
traction between the dirt particles and a contacting substrate is greater than the force of attraction
between the dirt particles and the microfiber adhesive. This is also known as energy disequi-
librium. Substrate adhesion is currently the most widely used approach for manual cleaning
of contaminated synthetic microfiber adhesives [33], but has recently been studied as a self-
cleaning mechanism [44, 62, [88, 95]]. Lee and Fearing [88] reported up to 35% recovery after
cleaning their microfiber adhesive array made from polypropylene. Although they credited the
recovery to the effect of substrate adhesion, the sole contribution of substrate adhesion is not

known as their cleaning method involved a dragging step.

(VI) Particle Sliding on Microfibers: Contaminants and dirt particles can be removed from a
microfiber adhesive in a process that involves the particles sliding across the tips of the adhesive,
under shear loading. Particle sliding across the microfiber tips under the right loading conditions

could potentially lead to the adhesion recovery, although it has so far been overlooked.

(VID) Particle Rolling: This self-cleaning mechanism which involves the rolling of contam-
inants was first proposed by Hui et al. based on the result of their work on the mechanics of
self-cleaning in geckos [62]. Since that time, other researchers have attributed the self-cleaning
of their microfiber adhesives under shear loading to a rolling mechanism, although no work has

been done to verify this hypothesis.

Summary

In summary, we identified and grouped seven (7) unique self-cleaning mechanisms for mi-
crofiber adhesives into three (3) major categories, namely wet, dynamic and contact self-
cleaning. Based on our analysis, we believe that contact self-cleaning is a more practical
approach to cleaning microfiber adhesives as it applies to a wider range of applications, and

require little or no additional human intervention. For this reason, our work on self-cleaning
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will henceforth be focused on dry contact-based self-cleaning mechanisms which include: sub-

strate adhesion, particle sliding on microfibers, and particle rolling.

3.3 Mechanics of Contact Self-Cleaning of Microfiber Adhe-

sives

3.3.1 Introduction
Overview of Previous Self-Cleaning Models

Hansen and Autumn [52] developed the first model of contact cleaning for microfiber adhesives
in their novel work on self-cleaning in geckos. The model described the substrate adhesion
mechanism as the disequilibrium between the force pulling a dirt particle to a contacted wall
and the force pulling the same particle to the adhesive. Based on this assumption, the num-
ber of spatulae N that must be attached to a single particle in order to prevent cleaning was
determined. In their model, the adhesive force of the dirt particle with the wall was obtained
using the Johnson-Kendall-Roberts (JKR) theory, and the adhesive force of the particle with
the microfiber array was obtained as a product of N and the pull-off force of individual fibrils.
Their model for the adhesive force of the microfiber interface was oversimplified since their
microspheres were several times larger than the microfiber tip, so that all contacting fibrils do
not pull-off simultaneously. Finally, in the model, the effect of preload force on adhesion at the
microfiber interface was not taken into consideration. As discussed in Chapter [2] the adhesive
force of a microfiber array with a sphere is strongly dependent on preload force.

Lee and Fearing [88]] also developed a self-cleaning model for microfiber adhesives based
on substrate adhesion. In their model, the JKR theory was used to obtain both the adhesive force
at the microfiber/sphere interface and the sphere/wall interface. Similar to Hansen and Autumn,

the use of the JKR theory for the sphere/wall interface limits the model to soft contaminants
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only, which was not the case for their gold and polystyrene contaminants. Also, their model did

not take the effect of preload force into consideration.

Hui et al. [62] developed a model of cleaning based on adhesion and rolling processes.
In their model, they assumed that the contaminating particle was cylindrical and developed
a model of adhesion for the microfiber interface using the JKR theory and elasticity, from a
2-dimensional perspective. Their model is based on the assumption that the pull-off force is
obtained when the center microfiber has zero load. Previous experiments [51} [105] as well as
results from our model in Chapter [2|shows that the deformation of the center microfiber as well
as the number of contacting microfibers at pull-off is a function of the applied normal load. We
also believe that a 3D pull-off analysis for spherical contaminants will more accurately describe
the cleaning process.

The lack of a thorough analysis of contact cleaning and a supporting model is the inspiration
for this section. Here, our goal is to present a detailed analysis that addresses the drawbacks
of previous models, touches on the various contact self-cleaning mechanisms, and presents a

clearer view of contact self-cleaning in microfiber adhesives.

Contaminants and their Size Regimes

Similar to previous self-cleaning reports [44, 52, 159, [76, 188, 89, 95, 121]], we will consider
our ideal contaminant as a spherical particle. Apart from simplifying the model, the use of
spherical contaminants allows for direct comparison of this work with previous self-cleaning
experimental reports, all of which have used spherical contaminants. We will further group
our contaminants into two (2) regimes based on the ratio x of contaminant diameter Dy to
microfiber-tip diameter Dy, i.e. kK = Dg/Dy (Fig. . In the small contaminant regime, the
particle is much smaller than the microfiber tip, i.e. < 1. In the large contaminant regime,
the contaminant is much larger than the microfiber tip i.e. £ > 1. The conditions for k ~ 1

leads to a more complicated analysis that will not be covered in this work.
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Figure 3.4: Schematics of contaminated microfiber adhesives showing contaminant size
regimes. k 1s the ratio of the contaminants diameter to microfiber-tip diameter. (a) Schematic
of the small contaminant regime where the particles diameters are much smaller than the mi-
crofiber tip diameter and x < 1. (b) Schematic of a single particle in contact with multiple
microfibers in the large contaminant regime, where x > 1.

Contact Self-cleaning Procedures

Based on the definition of self-cleaning in Section [3.1.1] a “self-cleaning” procedure should
involve the same steps implemented during the use of the adhesive. As shown in Fig. [3.5
the steps implemented for several applications of microfiber adhesives can be grouped into two

procedures namely:

1. Load-Unload (LU) Procedure, and
2. Load-Drag-Unload (LDU) Procedure.

In the LU procedure (Fig[3.5(a)), the adhesive is loaded (pressed) against a contacting substrate
until a desired preload force (or indentation distance) is reached, and later unloaded by pulling
the adhesive away from the substrate perpendicularly. Such procedure is used for applications
such as object manipulation and locomotion [78]. The LU procedure only involves normal
load, and as a result, contact self-cleaning can only occur by the mechanism of substrate adhe-
sion during the unloading step. In the LDU procedure (Fig [3.5(b)), after loading the adhesive

against a contacting substrate it is dragged a desired distance, before it is finally unloaded. This
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Figure 3.5: Schematic diagrams illustrating the contact self-cleaning procedures and particle
displacements. (a) Diagram illustrating the load-unload contact self-cleaning procedure which
involves loading a microfiber adhesive against a substrate until a desired preload force (or inden-
tation distance) is reached, and later unloading by pulling the adhesive away from the substrate
perpendicularly. (b) Diagram illustrating the load-drag-unload cleaning procedure, in which
case, the adhesive is dragged a desired distance after loading, before it is finally unloaded. (c)
Diagram shows self-cleaning particles that have been deposited unto a contacted substrate or
embedded between adjacent microfibers.
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procedure is commonly implemented in application of microfiber adhesives for wall climbing
robots. As with the LU procedure, self-cleaning can occur by substrate adhesion during the
unloading step, but self-cleaning can also occur during the dragging step by particle sliding and
particle rolling mechanisms.

In the current analysis, we will assume a LDU procedure since it includes all possible mech-

anisms for contact self-cleaning.

Model Assumptions

For the purpose of simplicity, we will make the following assumptions in our model:

1. All contacting surfaces are atomically smooth
2. The contaminant is a spherical particle
3. Deformations at the microfiber and substrate interface are small

4. Each microfiber is a homogeneous elastic cylinder with uniform circular cross section

and flat mushroom-shaped tips

5. The particles and substrates are both rigid and has a modulus much larger than that of the
microfibers

6. The weight of the particle is negligible

Henceforth, we shall refer to the contaminant-fiber boundary as the C'F' interface, and the

contaminant-substrate boundary as the C'S interface.

3.3.2 Contact Self-cleaning Model for Small Contaminants (x < 1)

In this regime, the particle diameter is much smaller than that of a single microfiber tip as shown
in Figure [3.6] Also, recall our assumption that the modulus of the particle is much larger than
that of the microfibers. As a result of these two conditions, we will treat the C'F' interface as

that of a hard sphere indenting a half-space. The JKR model [[70] is thus an appropriate model
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for the C'F' interface because the microfibers are soft and have large adhesion energy, with a

Tabor parameter jimpor > D as given by the equation [[131]]

ng 1/3
HTabor = ( ) 5 (31)

*2 53
B2z

where 2 is the effective range of action of the adhesive force (mostly van der Waals force) and
between 0.3 to 0.5 nm, R is the sphere radius, £* is the effective modulus of the interface, and
w 1s the work of adhesion of the interface. On the other hand, the C'S interface is modeled
using the (DMT) theory [34] which is applicable for the contact of a hard sphere with a hard

substrate, with fimyper < 0.1.

Self-cleaning by Substrate Adhesion: The mechanics of the substrate adhesion mechanism
is based on the disequilibrium of the forces attracting the particle to the microfiber array and
the forces pulling the particle to a substrate. We denote the adhesive force at the C'F" interface
as P and the adhesive force at the C'S interface as P,. Cleaning occurs when P, > Py (See

Fig[3.6(a)). Using the JKR theory, Py is given as [[70]

3
Fo = gmwekt, (3.2)
and P, is given by the DMT model as
P = 21w R. (3.3)

where ws and w,, are the work of adhesion of the C'F' and C'S interfaces, respectively. w is
dependent on the surface energy of the contacting materials in the form w = v, + 72 — V19,
where 7, and 7, are the surface energy of the two surfaces, and ~y;- is the interfacial energy
(712 = 0) for similar surfaces.

Let us define a cleaning coefficient o such that cleaning occurs when o > 1. The cleaning
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Figure 3.6: Loading conditions for a single particle sandwiched between a microfiber tip and a
glass substrate during the load-drag-unload cleaning processes for the small contaminant regime
(k < 1). (a) Schematic diagram of the forces acting on the particle during the unloading step.
The forces acting on the particle are the adhesive force at the contaminant-substrate interface
P, and the adhesive force at the contaminant-fiber interface P Self-cleaning occurs when
P,y > FP. (b) Forces acting on the particle during the drag step. P is the applied normal
load, P’ is the normal reaction force at the contaminant-substrate interface, r. and r s are the
contact radii of the contaminant-substrate and contaminant-fiber interfaces, respectively, fy is
the applied shear force, f; is the friction force at the contaminant-substrate interface, Mr is the
total rolling resistance on the particle, and R is the particle radius.
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coefficient for the substrate adhesion mechanism in the small contaminants regime, Qaqn 1 1 the
ratio of Py to Py, which can be obtained from Eqn.s[3.2]and 3.3]as
4 wWes

Qadh,1 = 7 . (3.4)
3 Wet

Equation (3.4] shows that cleaning by substrate adhesion mechanism is possible in the small
contaminant regime if the work of adhesion of the C'S interface is greater than 3/4 times the
work of adhesion of the C'F’ interface. Equation [3.4] also shows that the size of the particle
does not influence the cleaning coefficient as long as the particles remain within the small

contaminant regime.

Self-cleaning by Particle Sliding and Rolling: When a contaminated microfiber array is
pressed against a substrate and sheared, there is a possibility for the particle to slide across
either the microfiber, or the substrate surface, or roll on both surfaces. However, cleaning occurs
only when the particle slides across the microfiber surface or rolls on both surfaces. Both cases
require that the particle does not slide relative to the substrate.

Let fy be the applied shear force on the microfiber (See Fig b)). Under a small normal
load P, the critical shear force f/; required for the particle to slide with respect to the microfiber
is given as

fog = Ter (7T7“c2f) + phet P, (3.5)

and the critical shear force required for the particle to slide along the substrate f/; is given as

fls = Tes (712) + ptesP. (3.6)

where 7, i, r are the shear strength, coefficient of friction and the contact radius, respectively
of the interface. In equations [3.5]and [3.6] the first term accounts for the constant friction stress,

while the second term accounts for the Coulomb friction contributions at the interfaces. The
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constant friction stress term dominates for soft and adhesive contact interfaces at low normal
load, while Coulomb friction dominates for hard contact interfaces and high normal loads. In
this analysis, the first term will dominate in equation for a soft C'F' interface, whereas the
second term will dominate in equation @] for the hard C'S interface, for small normal loads.
The contact radius for each interface can be obtained from the JKR and DMT contact models

for the C'S and C'F interfaces, respectively as [94]

R
rio= {P + 3w R + \/GwcﬂrRP + (37Twch)2 , (3.7)
ch
and
3 R
Te = 72 (P4 2werR) (3.8)

where 1/K1; = (3/4)[(1 —v})/Ei + (1 —v3)/E,], E is the Young’s modulus and v is the

Poisson’s ratio of the respective contacting surfaces noted by subscripts 1 and 2.

Based on experimental and theoretical values of reported shear strength at different scales
of contact radii, Sumer and Sitti [129] have shown that the interface shear strength is a function
of the contact radius except for very small contact radii (less than 20 nm) where 7 ~ G,/43

[57] and large contact radii (larger than 40 ym) where 7 ~ G,/1290 [23]].

G12/43 r < 20 nm
T=4 Gpl0" (22)™ 20nm < r <40 pm (3.9)
G12/1290 r > 40 pm

where m = tan™![(G12/43 — G1,/1290)/(8 x 10*b — 28b)], n = 28b and b = 0.5 nm is the
Burgers vector, G, = 2G1G2 /(G + Gs), G and G, are the shear moduli of the materials, and

In the case of particle rolling, Dominik and Tielens [35] have shown using the JKR theory
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that the rolling resistance M for micron and submicron sized spherical particles is given by

M = 67 Rwé (3.10)

where ¢ is the critical rolling distance for irreversible rolling. In their work, Dominik and
Tielens accounted for both the work done in breaking the bond behind the rolling contact and
the work done by the adhesive forces forming ahead of the rolling contact. The value of £ ranges
from the interatomic distance € to the contact radius such that ¢ < ¢ < r. We denote M, and
M, as the rolling resistances at the C'S and C'F’ interfaces, respectively. From Equation [3.10
M. = 6mRw & and My = 6m Rw s, and the overall rolling resistance My due to the two
interfaces is given as

My = 67 R (Ecpwer + Eestes) - (3.11)

Static equilibrium requires that My = 2f, R. By substituting for Mr in the above equation, we

obtain the critical shear force for rolling f} as

fllz =3m (§cfwcf + gcswcs> (312)

Combining equations and [3.12] the conditions for self-cleaning based on sliding or

rolling mechanism is obtained as

Ter (T72) + per P Sliding on microfiber,
T (T72) + 1P > f, > () F s (3.13)

31 (Ecpwer + Eeswes)  Rolling.

As shown in equation [3.13| cleaning does not occur if f, is greater than the critical sliding force

at the substrate interface given in equation The cleaning coefficient for particle sliding in
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the small contaminants regime is given as

fy
dlide, T = 3.14
Oslide, 1 Tor (172) + pierP ( )
and the cleaning coefficient for particle rolling in the small contaminants regime is
Jy (3.15)

Oroll,1 =
3 (Scfwcf + Scswcs)

The above model for cleaning under shear loading is applied to a glass particle with D, =
46.2 pm, the Young modulus E; = 73 GPa, Poissons ratio v = 0.17, friction coefficient with

substrate s = 0.9 and work of adhesion with substrate w., = 56 mJm~2,

The particle is
sandwiched between a glass substrate and a single elastomer microfiber with Dy = 95 um ,
microfiber length L. = 105 pm, microfiber edge-to-edge spacing S = 75 pm , Young modulus
Ey = 2.9 MPa, Poissons ratio vy = 0.49, friction coefficient with glass ps = 0.9 [110] and
work of adhesion with glass we = 93 mJm~—2. Figure shows a shear-based cleaning map
obtained from equation [3.13| using the above parameters. The graph shows that cleaning can
occur by particle sliding on the microfiber or rolling, where particle sliding across the microfiber

dominates when P < 15 uN (inset), particle rolling dominates for P > 15 uN, and the particle

can be cleaned by particle rolling with slipping along the microfiber tip at P = 15 uN.

3.3.3 Contact Self-cleaning Model for Large Contaminants (x > 1)

For particles with diameter much larger than the microfiber tip as shown in Fig. [3.8] several
microfibers can simultaneously be in contact with the particle. In this case, the C'S interface is
the same as with the small contaminants regime, on the other hand, the C'F’ interface is more

complex and will be addressed using the model developed in Chapter [2|
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Figure 3.7: Contact self-cleaning map for a 46.2 ym diameter glass particle in the small contam-
inant regime shows the vertical and lateral loads that result in contact self-cleaning (grey region)
by particle rolling or sliding as predicted by equation +s (black line), f/; (blue line) and
fk (red line) represents the critical shear forces required for the particle to slide with respect
to the glass substrate, slide with respect to the microfiber surface, and roll on both surfaces,
respectively. The graph shows that the cleaning mechanism during dragging motion would be
dominated by rolling when f, > 0.015 uN (see inset) and by sliding along the microfiber in-
terface otherwise. The result is for a glass particle with Dy = 46.2 pum, the Young modulus
Es = 73 GPa, Poissons ratio vy = 0.17, friction coefficient with substrate y.s = 0.9 and work
of adhesion with substrate w., = 56 mJm~2; that is sandwiched between a glass substrate and
a single elastomer microfiber with Dy = 95 pm , microfiber length L = 105 pm, microfiber
edge-to-edge spacing, S = 75 um , Young modulus Er = 2.9 MPa, Poissons ratio, vy = 0.49,
friction coefficient with glass . = 0.9 [110] and work of adhesion with glass w = 93 mJm~2.
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Figure 3.8: Loading conditions for a single particle sandwiched between a microfiber array and
a glass substrate during the loaddragunload cleaning processes for the large contaminant regime
(k > 1). (a) Schematic diagram of the forces acting on the particle during the unloading step.
The forces acting on the particle are the adhesive force at the contaminant-substrate interface
P, and the adhesive force at the contaminant-fiber interface F.. Self-cleaning occurs when
P, > FP. (b) Forces acting on the particle during the drag step. P is the applied normal
load, P’ is the normal reaction force at the contaminant-substrate interface, r and r are the
contact radii of the contaminant-substrate and contaminant-fiber interfaces, respectively, fy is
the applied shear force, f; is the friction force at the contaminant-substrate interface, Mr is the
total rolling resistance on the particle, and R is the particle radius.
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Self-cleaning by Substrate Adhesion: Similar to the small contaminants regime, a dirt par-
ticle can be self-cleaned by substrate adhesion when the adhesive force attracting the particle to
the substrate is greater than the adhesive force attracting the particle to the microfibers. Here,
adhesive force at the C'S interface can be obtained from the DMT model, similar to that of the
small contaminants regime as

Py = 21w R. (3.16)

For the C'F interface, several microfibers make contact with the particle and the adhesive force
will be due to the contributions of all the individual microfibers in contact. From intuition, we
may expect the adhesive force of the interface P, to be in the form N x F;, where N is the
number of microfibers in contact with the particle and F, is the adhesive force of individual
microfibers. However, this is not the case since all the contacting microfibers do not pull-off
simultaneously, as discussed in Section Here, a more accurate value of the adhesive force
for a sphere in contact with a microfiber interface is obtained from simulation. As previously
shown, P, is a function of several factors such as the preload force, microfiber shape and
material properties, as well as the size of the particle. A detailed procedure for obtaining P
has been presented in Section [2.3.2] Similar to the small contaminants regime, the cleaning

coefficient for the large contaminants regime g,gn, 11 1S given as

PCS

a = — 3.17
Oadh, 11 P, (3.17)

Figure [3.9] shows a cleaning map for a microfiber array with Dy = 25um, S = 15um, E;
= 2.9 MPa, 15 = 0.49, w, = 93 mJ/m?, which is contaminated by glass spheres with radius
ranging from 0.05 mm to 10 mm, for various preload forces. The contacting substrate is a glass
slide with B = 73 GPa, v, = 0.17, we = 56 mJ/m?. The result shows that cleaning by the
adhesion process is achievable for large particles especially with low normal preloads. Under

low loads, fewer microfibers are in contact with a single particle, so that the adhesive force
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of the microfibers interface is more likely to be less than that of the substrate, which is the

necessary condition for self-cleaning by substrate adhesion.

S Cleaning region v B=1mN
O & > 0 P,=0.25mN
= k > o ® P,=0.05mN
3 ® - » P,=0.01 mN
= @ O . Pp_
2 - o v = 0.005 mN
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O
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Sphere radius [mm]

Figure 3.9: Coefficient of cleaning by adhesion process. The results show that cleaning by the
adhesion process is achievable for large particles, and that lower preload force is favorable for
cleaning. The result is for a microfiber array (Dy = 25um, S = 15um, Fr=2.9 MPa, vy = 0.49,
wer = 93 mJ/m?), contaminated by glass spheres with diameter ranging from 0.05 mm to 10 mm,
and contacting a glass substrate (F = 73 GPa, v = 0.17, wes = 56 mJ/m?). The preload force
was varied from 0.005 mN to 1 mN. Each data point represents the mean of 10 simulations. The
standard deviation of each data point is negligible.

Self-cleaning by Particle Sliding and Rolling: The critical shear force required to facilitate
sliding at the contaminant-substrate interface for the large contaminants regime is the same as

with the small contaminants regime and given as

fle = Tes (T2 + pesP. (3.18)

For the C'F' interface, we have several contacting fibrils in place of a single contact interface
in the small contaminants regime. For simplicity, we will assume that the applied normal load
is small so that none of the microfibers is buckled and linear elasticity is upheld. Next, let us

represent the reaction force of each microfiber as a point load acting on the particle surface.
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If we consider the distribution of the forces on the particle, it will be similar to a pressure
distribution in Hertzian contact. Now, we can use a similar equation to the small contaminants
regime as

Jl = 1o (7r) + perP. (3.19)

In this case, the contact radius 7 is obtained from the model for a microfiber array in Section

2.3.2las

4CPR
ri = , (3.20)
T

where p is the density of the microfiber array and C' is the compliance of a single microfiber

given in equation

Similarly, our assumption of elastic deformation of the microfibers allows us to adopt the
rolling contact mechanics developed by Dominik an Tielens [35] as an approximate solution
for rolling resistance in the large contaminants regime. As derived in the small contaminants

regime, the critical shear force for rolling is

f” =3m (gcfwcf + gcswcs> . (3.21)

However, the values of & in Equation 3.21]is expected to be much larger compared to the small

contaminants regime due to an increased contact radius at the C'F' interface.

Thus, the condition for self-cleaning by particle sliding and rolling in Equation [3.13]is also
applicable to the large contaminants regime, where 7 is obtained from equation[3.20] However,
for the large contaminants regime, we expect higher values for the critical friction force at the
adhesive interface, and the critical rolling force, so that the cleaning region shown in Fig.

will be smaller.

77



3.4 Summary

In this chapter, we covered the mechanisms of self-cleaning for microfiber adhesives and
presented the mechanics of contact self-cleaning for microfiber adhesives. An overview of
self-cleaning of fibrillar adhesives was presented along with a well-rounded definition of self-
cleaning for fibrillar adhesives that took into account the two possible modes of contaminant
displacement, namely deposition and embedding. We identified three (3) major categories of
self-cleaning in microfiber adhesives namely wet, dynamic and contact self-cleaning, along
with seven (7) self-cleaning mechanisms which includes rolling of water droplets and capil-
lary adhesion under wet self-cleaning, sample vibration/agitation and digital hyperextension
under dynamic self-cleaning, substrate adhesion, particle sliding on microfibers and particle
rolling under contact self-cleaning. Of the self-cleaning categories, we believe that contact
self-cleaning is the more practical approach to self-cleaning as it applies to a broad range of
applications and can be achieved based on the current application procedure, with little or no

additional human intervention.

To model the mechanics of contact self-cleaning, spherical particles were used as idealized
contaminants for simplification and to allow for direct comparison of our model with previous
self-cleaning studies, all of which used microspheres as contaminants. We will analyze one of
such studies in the next chapter along with new experiments and compare the results with the
model presented here. The contaminants were divided into small and large contaminant regimes
(labeled small and large contaminants regimes, respectively), based on the ratio of the contam-
inant diameter to the diameter of the microfiber tips. This allowed for a thorough analysis of
all loading scenarios. In each regime, we modeled cleaning by substrate adhesion, particle slid-
ing and particle rolling mechanisms. In the small contaminants regime, cleaning by adhesion
process was independent of the size of the particle or the geometric properties of the adhesive;
rather it was solely dependent on the work of adhesion of the interfaces. Cleaning could only

occur by adhesion in the large contaminants regime if the work of adhesion of the contaminant-
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substrate interface was greater than 3/4 times that of the contaminant-fiber interface. Results
from a case study for shear loading in the small contaminants regime showed that cleaning is
achievable in most loading conditions, where sliding dominates for very small vertical loads
and rolling dominates for high loads. The same was the case in the large contaminants regime,
where the model results indicated that large particles can be cleaned easily by the adhesion pro-
cess as long as the applied preload force was low. However, for self-cleaning by particle rolling
and sliding in the large contaminants regime, the model predicts higher values for the critical
friction force at the adhesive interface, and the critical rolling force, so that the cleaning region
is smaller.

Although the model presented here is very thorough and extensive, future work in this area
should include the effect of different particle shapes and roughness, as well as fiber and tip

geometries. We will evaluate the proposed model through experiments in the following chapter.
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Chapter 4

Experiments and Simulation of Contact

Self-cleaning of Microfiber Adhesives

4.1 Introduction

In this chapter, we present contact self-cleaning experiments and simulations there were con-
ducted using the load-drag-unload (LDU) procedure. First, results of initial experiments are
presented and analyzed in Section for the cleaning performance of the various contami-
nant regimes. The adhesion recovery and anti-fouling of the experiments will be compared to
theoretical models presented in the previous chapters. Although the experiments give a good
insight into contact self-cleaning and show the effect of contaminant sizes and the contribution
of the normal loading and dragging steps, it does not tell much about the underlying mecha-
nism of contact self-cleaning using the LDU procedure. As a result, further experiments are
conducted and presented in Section {.3] to uncover the underlying mechanism of contact self-
cleaning based on the LDU procedure. The effect of normal load and dragging speed on the
rolling friction of a particle on a microfiber adhesive are also presented and modeled. Based
on insights from the experiments and the uncovered contact self-cleaning mechanism, a proce-

dure for simulating contact self-cleaning for the case similar to the experiments is presented in
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Section 4.4 and the results are compared to the experimental results. Finally, a summary of the
results acquired from the experiments, models and simulation of contact self-cleaning will be

presented in Section

4.2 Experiment I: Effect of Contaminant Size Regimes on the
Contact Self-cleaning Performance of Microfiber Adhe-

sives

This section presents an experimental procedure and results of the remarkable adhesion recov-
ery of contaminated microfiber adhesives with high adhesive strength, via contact self-cleaning
mechanisms. The experiments were designed and conducted by my collaborators (Y. Menguc
and M. Rohrig) using a load-drag-unload cleaning procedure similar to the loading procedure of
the gecko toes during use [S2], or the loading procedure of microfiber adhesives in some areas
of application such as robotics [136]. Although the experiments cover the large, small and in-
termediate contaminant regimes, we will focus our analysis on the small and large contaminant
regimes both of which were modeled in the previous chapter. Apart from the self-cleaning, we
will also investigate the anti-fouling performance which is the ability of a microfiber adhesive

to retain some adhesiveness immediately after contamination.

4.2.1 Experimental Methodology

Three sizes of polyurethane elastomer microfibers with mushroom-shaped tips and a flat un-
structured reference patch were fabricated using a lithographic and dipping process combined
with soft mold casting [102]. Tabled.T|shows the dimensions of the elastomer microfiber adhe-
sives with tip diameters Dy of 20, 30 and 95 pim and corresponding lengths L of 25, 50 and 105

pm for the small, medium and large microfiber samples, respectively. The microfiber adhesives
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were made from polyurethane (ST-1060, BJB Enterprises) with a Young modulus £y of 2.9
MPa and a work of adhesion to glass wer of 93 mJ/m?. The adhesive samples, including a flat
unstructured sample, were cut into squares of 0.5 mm x 0.5 mm, and affixed to a clear acrylic
plate using a double-sided adhesive tape. Commercially pre-cleaned glass slides (Microscope
Slide, Pearl) were used as substrates. Prior to using the glass slides, they were cleaned with
lint-free lens paper and blasted with compressed air.

Glass spheres with diameters ranging from 3 to 215 pym were used as contaminants in the
experiments (Tab. i.I). The microspheres were originally packed in dry air by the supplier and
used as is. The mean diameters D and standard deviations of the microspheres were determined

by analyzing microscope images with customized software as follows:

e S1: Dy =28+ 1.7um, ‘GL-0191 1 15 pum’, MO-SCI Specialty Products

S2: Dy = 46.2 + 5.8um, ‘SLGMS 45 - 53 um’, Cospheric

S3: Dy = 118.5 £ 18.1um, ‘BBI-8541400°, Sartorius

S4: Dy = 123.6 + 26.5um, ‘BBI-8541507°, Sartorius

e S5: Dy = 213.6 £ 28.9um, ‘type 1922°, Potters Industries

The experiments were conducted using a custom-built 3-axis motion control system (sim-
ilar to that shown in Fig but with the exception of the horizontal axis load cell), that was
mounted onto an inverted optical microscope (Eclipse LE200, Nikon). The system consisted of
linear stages (MFA-CC and VP-25XA, Newport) that were used to move the adhesive sample
in the vertical-axis for normal loading, and to move the substrate in the horizontal-axis during
dragging. The normal force applied to the adhesive sample was captured using a load cell and
signal amplifier (GSO-50 and TMO-2, Transducer Techniques) via a data acquisition board (NI
PCI-6259, National Instruments). Alignment of the setup was achieved using two manual ro-
tational stages (GON40-U, Newport) for rotation across the X- and Y-axis. A colored digital
video camera (DFW-X710, Sony) was mounted onto the microscope and used to capture the vi-

sual information during the experiments. A customized software was used to control the system
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Table 4.1: Dimensions of the microfiber adhesive samples and contaminating microspheres that
were used in the experiments. The samples were grouped into small (x < 1), intermediate
(k =~ 1) and large (x > 1) contaminant regimes. [ is the microfiber tip diameter, D is the
mean particle diameter and x = D,/ D;. © refers to the diameter dimension of the particles.

and to record time-stamped visual and force data for analysis.

Contamination of a sample was achieved by first pressing the sample against a monolayer of
microspheres at a speed of 25 pm/s until a predetermined compressive force was reached - 10
mN (25 kPa) for small samples, 15 mN (60 kPa) for medium samples, and 50 mN (200 kPa) for
large samples. The sample was then retracted at the same speed as the loading speed. A disperse
monolayer of glass spheres was created using one of the following three approaches depending
on the size of the microspheres: for microspheres with Dy > 150 pum, it was sufficient to man-
ually pour the particles onto a glass slide, where they settled through gravity into a monolayer;
microspheres with 15 ym < D, > 150 um were first poured onto a glass slide, and then pressed

with a glass cover slip to create a monolayer; for microspheres with Dy <15 pm, an aluminum

83



surface was first dusted with the spheres, next, a glass slide was electrostatically charged by
rubbing it with a piece of lint-free lens paper, and the charged glass slide was brought near the

dusted surface until the spheres were attached to the glass slide to create a monolayer.

Adhesion (pull-off force) measurements were carried out under normal loading by first com-
pressing each sample against a clean glass substrate until a desired force (preload) was reached.
Next, the sample was pulled away perpendicular to the substrate until it broke contact with the
substrate. The preloads used in the experiments were 10 mN (40 kPa) for small adhesive sam-
ples, 15 mN (60 kPa) for the medium adhesive samples, and 50 mN (200 kPa) for the large
adhesive samples. These preload values were chosen to maximize the attachment force and

were determined by analyzing the adhesion for a wide range of preloads.

The entire cleaning experiments were conducted in following procedure. First, the initial
adhesive force of a clean sample was measured and recorded as the clean adhesion (Peeqn).
Secondly, the sample was contaminated by bringing it into contact with a monolayer of glass
spheres. Thirdly, the adhesive force of the contaminated sample was measured immediately af-
ter contamination and recorded as the contaminated adhesion ( Pyry). Fourthly, the sample was
cleaned against a glass substrate using a load-drag-unload procedure. In the fifth step, the adhe-
sion of the sample was measured again after cleaning as (Fjeaneq). Finally, the fourth and fifth
steps were repeated successively with alternating drag directions. An alternating drag direction
was used to prevent possible microfiber fatigue and failures of the double-sided adhesive tape
used to attach the sample to the testing apparatus. Following this procedure, a total of 1040
experiments were performed on 24 adhesive samples (0.5 mm x 0.5 mm area). The glass sub-
strate was cleaned when contaminated, by wiping with a dry piece of lens paper and blasting

with compressed air.

The contaminated samples were cleaned using a load-drag-unload procedure presented in
Chapter [3] First, the sample was compressed (loaded) against a glass substrate at a rate of 25

pm/s until a desired preload of 100 mN (400 kPa) was reached. Next, the glass substrate was
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laterally displaced (dragged) while keeping the preload constant for 750 pm at a drag speed of
50 pm/s. Finally the sample was retracted (unloaded) at 25 pm/s until there was no contact
with the substrate. Each cleaning cycle was carried out on a clean section of the glass substrate.
Apart from the specified preload, three samples were cleaned with lower preloads to test the
sensitivity of the cleaning performance to this parameter: two samples of small-sized structures
were cleaned at a preload of 20 mN (80 kPa) and a patch of medium sized structures was cleaned
at a preload of 30 mN (120 kPa). Qualitatively and quantitatively, these adhesive samples were

equivalent in their self-cleaning performance and were included in the test results.

4.2.2 Results and Discussions

To analyze the cleaning performance, let us define a relative adhesion as the measured adhesive
force of the contaminated sample Feaneq as a percentage of the measured adhesive force Fean

prior to contamination, so that

PC ecane
Relative adhesion = —=<24 » 100%. 4.1)

clean

Figure 4.1|shows graphs of the adhesion recovery for all contaminant regimes as well as the
flat sample and Fig. shows the Scanning Electron Microscopy (SEM) images of samples
in the three (3) contaminant regimes before and after cleaning. Both figures show adhesion
recovery for all samples. As shown in Figure cleaning by particle embedding which was
introduced in Chapter [3] was observed in the experiments. Let us now discuss the results of the

adhesion recovery, and anti-fouling performances of the microfiber adhesives.

Adhesion Recovery

Figure 4.1 shows the relative adhesion as a function of the cleaning cycles for all three contam-

inants size regimes, as well as the flat control sample. From the graphs, the large contaminant
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Figure 4.1: Self-cleaning experiment results showing the relative adhesion for the large, in-
termediate and small contaminant regimes, and the flat control sample. (a) Graph of relative
adhesion after several cleaning cycles for the large contaminant regime (x > 1) shows a fast
adhesion recovery of up to 80% after 9 cleaning cycles from a negligible adhesion immediately
after contamination. (Each data point is the average result from 5 samples). (b) Relative ad-
hesion plotted against cleaning cycles for the intermediate contaminant regime (x ~ 1) shows
a gradual adhesion recovery of up to 55% after 12 cleaning cycles from a negligible adhesion
value immediately after contamination. (Each data point is the average result from 6 samples).
(c) Graph of relative adhesion plotted against cleaning cycles for the small contaminant regime
(k < 1) shows a maximum recovery af of 40% after 11 cleaning cycles from an initial value
of 22% immediately after contamination. (Each data point is the average result from 8 exper-
iments). (d) Graph of relative adhesion for the flat control shows maximum recovery of 35%
after 20 cleaning cycles from a negligible value before the first cycle. (Each data point is the
average of 8 experiments). Relative adhesion is defined in Equation .1} « is the ratio of the
particle diameter to the microfiber tip diameter. The solid lines are guide to the eyes
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regime shows the highest adhesion recovery followed by the intermediate and small contami-
nant regimes. The relative adhesion in the large contaminant regime saturated at 80% recovery
after 9 cleaning cycles with the number of tested samples Ngmpies = 5. In the intermediate
contaminant regime, the adhesion reached 55% of clean adhesion in only 12 cleaning cycles
(Nsamples = 6). The adhesion recovery saturated to 40% for the small contaminant regime in
11 cleaning cycles (Nampies = 8). For the flat control sample, we found that only very large
particles could be cleaned. The overall performance of the control was worse than that of all
the microfiber samples, with adhesion recovery of approximately 35% after 20 cleaning cycles

(Nsamples = 5)

We believe that the poor adhesion recovery for the small contaminant regime and the control
samples is due to the microfiber deforming around the particle and making direct contact with
the substrate during the cleaning steps. When this occurs, the microfiber tip does not move
laterally relative to the substrate (or only moves by stick-slip motion) during dragging, so that
particle sliding or rolling is inhibited. This condition is easily reached after the first few cleaning
cycles for the small contaminant regime, such that no further cleaning is observed in subsequent
steps even though contaminants are still present on the microfiber tip. An SEM image of the
small contaminant regime in Fig. [4.2]shows some contaminants on the microfiber tips even after

several cleaning cycles.

On the other hand, SEM images of the large and intermediate contaminant regimes in Fig.
4.2 show complete removal of the contaminants from the microfiber adhesive, but adhesion
recovery in the large contaminant regime climaxed at 80 %. The 20% unrecoverable adhesion
after cleaning is due to damage to the microfibers as can be seen in the SEM image. We believe

that the damage occurred due to the high normal load used in the experiment.
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Figure 4.2: SEM images of samples in the small, intermediate and large contaminant regimes
before and after contact self-cleaning shows significant cleaning in all regimes. In the large con-
taminant regime, the sample is completely cleaned but severely damaged, limiting the adhesion
recovery to only 80%. Some microfiber damage is also observed in the intermediate regime.
For the small contaminant regime, the microfibers are still intact, but it is almost impossible to
completely remove all the contaminants from the microfiber tips, which is the reason for the
poor adhesion recovery compared to the large contaminant regime.
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Effect of Normal and Shear Loading

To investigate how the loading step affected particle cleaning, the number of particles removed
from the samples during the normal loading and the dragging steps were counted in some ex-
periments where the particles were larger than 40 pm. Figure [4.3]shows micrographs of a large
microfiber sample contaminated by particles of mean diameter of 118.5 pym after contamina-
tion (a), after normal loading and unloading (b), and after shear loading (c). We observed that
95% + 13% of the particles cleaned were removed during the dragging step and the remainder

during the normal loading and unloading steps (Ngmples = 15).

(a) after (b) after (c) after
contamination normal loading shear loading

Figure 4.3: Micrographs showing a large microfiber sample contaminated by particles with
mean diameter of 118.5 pum; (a) after contamination, (b) after normal loading and unloading
and (c) after dragging. The result presented here as well as those of other samples investigated
(Nsamples = 15) showed that 95% =+ 13% of particles were cleaned during dragging, which
indicates that dragging is a key process in contact self-cleaning.

The observation is in support of our self-cleaning model in Chapter [3] Our model for self-

cleaning by substrate adhesion predicts that cleaning can only occur when the work of adhesion
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at the contaminant-substrate interface w. is greater than 3/4 times that of the contaminant-fiber
interface w,. In the case of this study, the ratio of we, = 56 mJ/m? to we = 93 mJ/m? is
0.6, which is much less than the desired ratio of 0.75. Also, for the large contaminant regime,
our model predicted cleaning at small preloads, but very high preload values were used in this
experiment, much so that the microfibers were buckled during loading.

This result also indicates that particle rolling or sliding across the contact interface domi-
nates the dry contact-cleaning process. However, shearing also poses a challenge to the lifetime
of microfiber adhesives as observed in the post-cleaning SEM image and previously reported

[43].

Anti-fouling

Here, we study the ability of the microfiber adhesive to retain its adhesiveness immediately after
contamination by analyzing the dirty adhesion Py, measured directly after the contamination
and before the first cleaning cycle. As shown in Fig[4.1] samples in the large and intermediate
contaminant regimes had very poor anti-fouling. These samples lost almost all of their initial
adhesion upon contamination due to the size of the particles. The contaminating particles were
large enough to prevent the microfibers in the array from making contact with the substrate
even under high compressive loads. However, for the samples in the small contaminant regime,
adhesion only dropped to an average of 22.4% immediately after contamination (Fig. [4.1)),
which is indicative of a good anti-fouling performance.

There are three possible explanations for the observed anti-fouling performance of the small
particle regime:

1. the random distribution of contaminants across the sample,

2. the mechanics of mushroom shaped microfiber tip, and

3. the adhesion contribution of the small contaminants to the overall adhesive force of the

array.
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o, P ean Pgiry (MN) K =10.7 Pgiry (MN) K=5.9 Pgiy (MN) K=0.1

(MPa) (mN) D,=213.6 pm; N,= 4 D, =118.5 pm; N, = 16 D,=2.8 um; N,= 11 560
10 289 0.29 26.33 0.15 £ 0.01 0.33 £ 0.01 5.56 £ 0.90

Table 4.2: Simulation results of the clean Fiean and dirty Py adhesion of a microfiber ar-
ray contaminated with large microspheres (x = 10.7 and x = 5.9) and small microspheres
(k = 0.1). Comparison of the calculated dirty adhesion due to the contributions of the small
microsphere to the clean adhesion resulted in a 21.1% relative adhesion, whereas larger mi-
crospheres resulted in as low as 0.56% relative adhesion. Note that these results were for the
maximum number of contaminants possible in the array. In practice, the number of contam-
inating particles could be less, resulting in a smaller adhesive force. Dy is the mean particle
diameter, oy is the interfacial strength of the microfibers, /Ny is the number of microspheres in
contact with the substrate and xk = Dy/ D;.

In the first case, although the contamination was from a monolayer of particles, they were
stochastically distributed across the array such that some microfibers can retain clean tips after
the contamination process, leading to a higher relative adhesion. In the second case, even when
a microfiber tip is contaminated, the mushroom-shaped tip can deform around the contami-
nating particle and make good contact during loading, as long as the contaminants are much
smaller than the microfiber tip [22, 61, [107, 108} [128]], which could also have led to the high
anti-fouling performance. Lastly, the adhesive force of several contaminating particles making
contact with the substrate can add up and contribute significantly to the overall adhesion of the
sample. To further investigate the adhesion contribution of the contaminants and the particle
size dependence, we will develop a model of adhesion for a contaminated adhesive for various

particle sizes.

First, let us obtain the adhesive force of a clean microfiber adhesive F,,. For an array
where all microfibers have mushroom tips and are in contact with a flat substrate. Assuming
that the substrate is atomically smooth and rigid, the adhesive force between the microfiber

adhesive array and the substrate has been modeled in Section[2.3] as

Pclean - NfO'()a?, (42)
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where Ny = pA is the number of microfibers in the array, A is the apparent contact area (area
of the adhesive), p is the density of the microfiber array, o is the interfacial strength of the

microfibers, and ay is the radius of the microfiber tip.

For a fully contaminated array, the adhesive force F, of a single rigid and spherical particle

of radius R in contact with a rigid substrate is given as
F, = 2mwpyR, (4.3)

where wp, is the work of adhesion of the particle-substrate interface. The Derjagin-Muller-
Toropov (DMT) model is used here due to the hard-to-hard contact interface between the par-
ticle and the substrate, where the Tabor parameter fir,or 1S less than 0.1. Consequently, the

adhesive force Py of a fully contaminated adhesive pad is given by
Priry = mNpwps Ds. 4.4)

Here, D, is the average particle diameter and [V, is the number of contaminating particles in

contact with the substrate.

Let us consider a 0.5 mm x 0.5 mm adhesive pad consisting of Ny = 289 small microfibers
(af = 10 pm, microfiber stem radius a = 5 pum, microfiber edge-to-edge spacing S = 20 um,
and oy = 0.294 MPa). The adhesive force of the array without contaminants can be obtained
from Equation .2 as 26.33 mN. If the adhesive is contaminated by small silica microspheres
(Ds = 2.8 um, wps = 56 mJ/m?), the adhesive force as obtained from equation is 5.56
mN, which is 21.1% of P..,. However, if the adhesive is contaminated by large microspheres
(Ds = 118.5 pum), the adhesive force becomes 0.33 mN, which is 1.25% of P.j.,. For even
larger microspheres (Dy = 213.6 um) the adhesive force is 0.15 mN and 0.6% of the P,,.
Surprisingly, these results match closely with that of the experiments (see Tab. 4.2)), and show

that for a fully contaminated sample, small contaminants can contribute significantly to the
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adhesion of the sample compared to large contaminants.

4.2.3 Conclusions

In this section, we analyzed the results of contact self-cleaning experiments conducted on elas-
tomer microfiber adhesives with mushroom tips using the load-drag-unload procedure. Despite
the remarkable high adhesion of the microfibers examined, all samples exhibited a phenomenal
self-cleaning characteristic. The adhesive samples and spherical silica contaminants grouped
into the large, intermediate and small contaminant regimes showed similar trends.

Samples in the large contaminant regime recovered a higher percentage of their initially lost
adhesion, and in fewer steps, compared to samples in the intermediate and small contaminant
regime. The poor self-cleaning performance of the small contaminant regime can be attributed
to the deformation of the microfiber tips around the small particles, such that the tips make
contact with the substrate. As a result the microfiber tips do not move horizontally relative
to the substrate(or only move by stick-slip) during dragging, so that particle sliding or rolling
across the microfibers is inhibited. The poor self-cleaning performance of the small contaminant
regime may also be due to the high normal load used in the experiments which could result in
the buckling of the microfibers, so that they only make side contact with the substrate during
dragging, and cleaning is inhibited.

Adhesion recovery in the large contaminant regime peaked at ~80% even though the con-
taminating particles were completely removed from the adhesives as shown in the post-cleaning
SEM images. We believe that the 20% unrecoverable adhesion is due to damage from the high
normal load used in the experiment. This observation as well as the adverse effect of high nor-
mal load on the small contaminant regime aforementioned, leads us to believe that a low normal
load is favorable for contact self-cleaning.

In the experiments, samples in the small contaminant regime retained an average of 22.4%

of their adhesion after contamination, which is a good indication of anti-fouling. A model of
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the adhesion contribution of microsphere contaminants to the overall adhesion of a microfiber
sample confirmed that the small contaminants can contribute significantly to the samples’ ad-
hesion. The notable anti-fouling performance of the adhesives in the small contaminant regime
can also be attributed to the shape of the microfibers tips, which were mushroom-shaped. Previ-
ous studies have shown that microfibers with mushroom-shaped tips show better contamination

and flaw resistance compared to other tip shapes.

Analysis of the number of particles cleaned during the loading and unloading steps com-
pared to those cleaned during the dragging step showed that 95% of the cleaning occurred dur-
ing dragging the sample. The observation is consistent with our model of contact self-cleaning
by substrate adhesion presented in Chapter 3} The poor contribution of substrate adhesion is
due to the low surface energy of the glass substrate compared to that of the microfiber adhesive.
The high preload used in the experiment leads to a higher adhesion for the large contaminant

regime as shown in Fig and could have inhibited cleaning by substrate adhesion.

The observation that self-cleaning occurred mainly during dragging implies that the mech-
anism of self-cleaning is either by particle rolling or sliding along the microfiber adhesive, or
a combination of both mechanisms. Unfortunately, the results gathered from the current ex-
periment does not give enough information to determine the underlying mechanism of contact
self-cleaning using the load-drag-unload procedure. Hence, in the following section, we will
conduct detailed self-cleaning experiments to uncover the underlying mechanism of contact

self-cleaning through the load-drag-unload procedure.
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4.3 Experiment II: The Mechanism of Contact Self-cleaning
of Microfiber Adhesives Using the Load-Drag-Unload
Procedure

In the previous section, we demonstrated contact self-cleaning of synthetic gecko adhesives with
mushroom tips using the load-drag-unload cleaning procedures similar to the loading procedure
of the gecko toes during use, or the loading procedure of microfiber adhesives in some areas
of application such as robotics. However, the underlying mechanism of contact self-cleaning
using this procedure was not fully understood. This section presents a detailed experiment
of contact self-cleaning that reveals the dominant mechanism of contact self-cleaning via the
LDU cleaning procedure. We will also study the effect of dragging rate and normal load on
the particle rolling friction. A basic model of spherical particle rolling on an elastomer fibrillar
adhesive interface will be developed and compared to the experimental results. These results
are expected to take us closer to determining design parameters for achieving self-cleaning

microfiber adhesives.

4.3.1 Experimental Methodology

The cleaning experiments were performed using a custom designed 2-axis force measurement
system. As shown in Fig. 4.4] the system comprises of automated linear actuated stages (MFA-
CC and VP-25XA, Newport) for motion control, manual rotational stages (GON40-U, Newport)
for angular alignment correction, and two load cells (GSO-50 and GSO-10, Transducer Tech-
niques) for normal and shear force measurements. The experimental setup was mounted onto
an inverted optical microscope (ECLIPSE TE200, Nikon), and a colored digital video camera
(DFW-X710, Sony) was used to capture the visual data and observe the contact area during the
experiments. Custom software was used to control the system and to record a time-stamped vi-

sual and force data. A monochromatic light source (DC-950, Fiber-Lite) was channeled through

95



the microscope onto the contact interface for better view of the contact area.

Figure 4.4: Images of the 2-axis force measurement system used in the self-cleaning experi-
ments showing: (a) the inverted microscope upon which the setup was mounted and; (b) the
custom-built experimental setup. In the figures, A=camera, B=light source, C=goniometer,
D=manual 2-axis linear stage, E=motorized y-axis linear stage, F=motorized z-axis linear stage,
G=motorized x-axis linear stage, H=vertical axis load cell, I=horizontal axis load cell, J=glass
substrate, and K=microscope objective. The contaminated sample (not shown) is mounted onto
the horizontal axis load cell and brought into contact with the glass substrate during the experi-
ment.

Experiments were conducted using elastomer microfiber adhesive samples with mushroom-
shaped tips [2, 27, 49| [95]. The samples were made from polyurethane elastomer (ST-1060,
BJB Enterprises, Youngs modulus E¢ =2.9 MPa, Poissons ratio vy = 0.5), and fabricated using a
previously published lithography and soft molding technique [2]]. The microfibers were laid out
in a square-packing pattern, with a center-to-center spacing of 118 pm, microfibers tip diameter
as of 95 pm, and an aspect ratio (fiber tip diameter to microfiber height ratio) of 1.

The samples were contaminated with a single fused silica micro-particle (FSB Swiss Jewel
Company). A single 250 pm diameter particle was used in the experiment to study the cleaning
mechanism for cases where the particles are larger than the microfiber tips (large contaminant
regime) and for cases where the particles are smaller than the microfiber tips (small contaminant

regime). In the latter case, a flat polyurethane elastomer sample was used. Using 250 pm

diameter particles allowed for observation of the particle motion type (rolling or sliding), in the
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video images. However, to study the effects of normal load and drag speed, we used large 1 mm
diameter particles due to the resolution limit of our load cells, in order to measure the rolling
friction values for a single particle as well as to obtain a clear view of the contact area. Our
use of spherical microparticles as contaminants makes the current work consistent with, and

applicable to previous studies. [44, 152} 158162, 88,189,195, 121} [134]]

4.3.2 Results and Discussions
Evidence of Particle Rolling

Let us define the normalized particle displacement, 7, as

n=20x/A,, 4.5)

where dx is the particle displacement, and A, is the applied drag distance. Evidently, 7 is also

a measure of the cleaning performance. Large values of 7) indicate large particle displacement

relative to the adhesive after a single cleaning step, which results in better cleaning performance.

For a spherical particle sandwiched between a glass substrate and a fibrillar adhesive sample,

as shown in Fig. three cases of particle motion are possible when the glass substrate is

dragged:

Case I: The particle can slide across the substrate without moving relative to the microfiber
tips = 1 = 0 (Fig. B.5(b));

Case II: The particle can slide across the microfiber tips without moving relative to the sub-
strate = 1 = 2 (Fig. B.5(c));

Case III: The particle can roll with respect to both surfaces = n = 1 (Fig. 2[4.5(d)).

A combination of any two or all three cases is also possible when the critical forces required

for each of the particle motion are similar. For example, the particle can roll with intermittent

slipping across the fibrillar adhesive when the critical shear force for particle rolling foing 15
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Figure 4.5: Schematics of a single contaminating particle sandwiched between a polyurethane
microfiber tip and a hard glass substrate, before and after the substrate is dragged. (a) Initial
position of the particle before dragging (note the markers on the microfiber tip: each marker
spacing = A, /2, green markers indicate starting position and red markers indicate the final
position of the particle after the dragging step). After dragging: (b) the particle remains in the
same position relative to the microfiber when sliding occurs only at the substrate interface, (c)
the particle is displaced a distance equal to the drag distance, when sliding occurs only across
the microfiber tip, or (d) the particle is displaced a distance equal to one-half the applied drag
distance under pure rolling condition. Here, R is the particle radius, fgpe, 1S the critical shear
force for particle sliding across the microfiber, fopswae 1 the critical shear force for particle
sliding across the substrate, fiing 1S the critical shear force required to overcome the rolling
resistance. 7 is the normalized particle displacement given in equation[d.3] V' is the drag speed
and A, is the applied drag distance.
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close to the critical shear force for particle sliding across the microfiber fgpe,, in Which case n

will be slightly greater than 1.

In logical terms, any one of the cases of particle motion (Fig. 4.5(b-d)) is a sufficient con-
dition for obtaining 7. However the value of 7, in and of itself, is not sufficient to know the
particle motion. For example, under pure rolling motion, 7 is equal to 1; but, » = 1 does not
necessarily imply that the particle motion is pure rolling, as it could be the result of a combina-
tion of several particle motions. Thus, a visual inspection is necessary to ascertain the particle

motion.

Figure 4.6 shows graphs of the normalized particle displacements measured at various nor-
mal loads for a 250 pm diameter contaminant particle sandwiched between a microfiber array
and dragged horizontally at a speed of 20 pum/s. From the graph, it is observed that 7 is ap-
proximately equal to 1 for all loads, which suggests that rolling dominates the cleaning process.
Analysis of the videos recorded during the experiments confirmed that particle rolling is the
dominant cleaning mechanism (videos can be found in the supplementary materials available in
the electronic version of this thesis). At very small normal loads less than 10 mN, 7 is slightly
greater than 1 as can be seen in Fig. [4.6(a). This suggests that there was some sliding at the mi-
crofiber interface although rolling occurred for most of the time. At large normal loads greater
than 50 mN, 7 becomes less than 1 and decreases with increasing normal load as shown in Fig.
M.6(b). This indicates the occurrence of sliding at the substrate interface. At very high loads, the
particle becomes significantly indented in the microfiber array which begins to act as obstacles,
so that sliding at the substrate (Case I) becomes the dominant particle motion, and cleaning is

inhibited.

Also, the observed dependence of 7 on the normal load is intuitive since friction in this case
is a function of both the applied normal load and contact area as described in Chapter 3] By
increasing the normal load, the contact area at the adhesive interface is increased significantly

(for the soft polyurethane) compared to the contact area at the substrate interface (for hard
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Figure 4.6: Graphs of the normalized particle displacements measured at various normal loads
for a 250 sm diameter contaminant particle sandwiched between a microfiber array and dragged
horizontally at a speed of 20 um/s. (a) The normalized particle displacement is approximately
equal to 1 at all loads less than 50 mN, which suggests that particle rolling dominates the clean-
ing process. Analysis of the videos recorded during the experiments confirmed that particle
rolling is the dominant cleaning mechanism (videos can be found in the supplementary ma-
terials available in the electronic version of this thesis). (b) Graph of the normalized particle
displacement for normal loads up to 200 mN shows a decreasing normalized displacement as
the normal load is increased. The decreasing performance is due to an increasing occurrence of
particle sliding across the substrate. 7 is the normalized particle displacement given by equation
4.5
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glass). This can lead to a significantly higher friction resistance at the adhesive interface so that
sliding occurs only along the substrate. These results lead us to conclude that a low normal load
is favorable for the load-drag-unload self-cleaning procedure. In the following section, we study

the effect of cleaning rate and normal load on the rolling friction during contact self-cleaning.

Effect of Dragging Rate and Normal Load on Particle Rolling Friction

We studied the effect of drag rate and normal load on particle rolling friction by measuring
the rolling friction during the LDU process. During the experiement, it was important that
the microfibers were not in direct contact with the substrate so that the measured shear force
was solely due to the friction at the particle-fiber and particle-substrate interfaces. As a result,
a 1 mm diameter particle was used. A sample plot of the normal (black line AKLMG) and
tangential (red line ABCDEFG) forces measured during a single experiment is shown in Fig.
In the graph, line AB is the crosstalk on the tangential force sensor during normal loading.
The average tangential force measured at the end of the loading step (line BC) is subtracted
from the tangential force measured during the dragging step (line C-F) to obtain the actual
rolling friction without the crosstalk. Analysis of the rolling friction curve reveals two distinct
regions. The first is observed at the onset of rolling (line C-E) during which the rolling friction
increases gradually until it saturates. In the second region (line E-F), the rolling friction remains
constant for the rest of the dragging step. The increase in rolling friction in the first region is
believed to be the result of an increasing contact area at the onset of rolling (see contact area
insets in Fig. 7).

Rolling friction curves for various drag speeds ranging from 10 to 500 pm/s, under a con-
stant normal load of 100 mN, are shown in Fig. 4.8(a). Atlow drag speeds, the rolling friction
increased gradually until it reached a steady-state value. However, for higher drag speeds, the
rolling friction increased past the steady-state value to an initial peak value before decreasing

to a steady-state rolling friction. The peak of this overshoot was also observed to increase as

101



160 1.6
120 ¢ iy ™ Z
E f =
= 80 0.8 =
= D)
§ 40 Region of Region of LA %
o 0 _increasing steady state. 0 (e
L_L rolling rolling I
g _40 ~.friction... bl friction 104 £
= &0
_80 i ‘08 (=
z =

-120 K’f_ Constant Normal Force f\n ek

-160 ' ' ' e

0 100 200 300
Time [s]

Figure 4.7: Graph of the normal and tangential forces measured during a single constact
self-cleaning experiment with a 1 mm diameter silica micro-particle rolling across a flat
polyurethane adhesive sample, for a normal load of 120 mN and a drag speed of 10 pm/s.
Line AKLMG (black line) is the measured normal force, while line ABCDEFG (red line) is
the measured tangential force. During the experiment, the contaminated sample was pressed
against a smooth and flat glass slide until preload of 120 mN was reached (line AK). A con-
tact time of 10 s was observed before the substrate was dragged horizontally while keeping the
preload constant (line LM). After a drag distance of 3 mm, the sample was pulled away from
the glass substrate (line MG). The crosstalk on the measured tangential force due to the normal
load was obtained as the average of line BC and subtracted from the rest of the tangential force
measurement to obtain the actual rolling friction. The increasing rolling friction observed at
the initial phase of rolling is attributed to the growth of the contact area (insets) at the onset of
rolling.
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Figure 4.8: Graphs showing the dependence of rolling friction on the drag speed and normal
load for a 1 mm diameter particle. (a) Rolling friction plotted against drag distance for various
drag speeds at a constant normal load of 100 mN shows an increasing steady state rolling friction
as the drag speed was increased. An initial peak rolling friction with overshoots of up to 160%
of the steady state value was observed for drag speeds greater than 50 pm/s. (b) Graph of rolling
friction plotted against drag distance for various normal loads and at a constant drag speed 10
pm/s shows an increasing steady state rolling friction as the normal load is increased.
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the drag speed was increased, and rose up to 160% of the steady state rolling friction for a drag
speed of 500 pum/s. Finally, we observed that the average steady-state rolling friction increased
as the drag speed was increased. We believe that the increase in the steady-state rolling friction
was due to an increase in the work of adhesion, which is known to increase with the crack prop-
agation speed as presented in Chapter 2] and will be further discussed later in this section. We
believe that the observed overshoot is as a result of the enhanced adhesion at the initial contact
area before the onset of rolling (a relaxation phenomenon), in addition to the rate effect on work

of adhesion mentioned above.

Rolling friction curves from cleaning experiments conducted at various normal loads (10 to
150 mN), but for a constant drag speed of 10 pm/s are shown in Fig. [4.8(b). The curves had
similar trend for different normal loads, but reached a higher steady-state rolling friction as the
normal load was increased. The observed increase in the rolling friction with normal load is

believed to be as a result of the increased contact area at higher normal loads.

Using the mechanics of contact self-cleaning by particle rolling presented in Chapter [3]
and the model for the rate dependence of adhesion presented in Chapter 2] we will model the

observed load and rate effect on particle rolling friction as follows.

The critical force for self-cleaning by particle rolling mechanism as derived in Section
is

frolling =3 (fcfwcf + fcswcs) (46)

where ¢ is the critical rolling displacement before a re-adjustment of the contact zone (irre-
versible change in position of the particle) and a function of the contact radius, and W is the
work of adhesion of the contaminant-microfiber and contaminant-substrate interfaces denoted
by the subscripts “cf” and “cs”, respectively. By assuming a conservative value of £ equal to
the contact radius, and calculating the work of adhesion and contact radii at both interfaces for
the case of the materials used in this study, we observed that wp&,r for the soft polyurethane

interface was over an order of magnitude greater than wp,&ps for a rigid glass interface. Thus, for
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simplicity, we can neglect the contribution of the substrate from equation {4.6|so that the critical

rolling friction force can be obtained as

frolling = 37Twpffpf- (47)

Although equation does not show a direct dependence on the drag speed, the work of ad-
hesion has been previously shown in Section to be dependent on crack propagation speed

through a power law relationship of the form

wpr = Go[1 + (v/v)"]. (4.8)

Here, v is the crack propagation speed which is equal to the particle displacement speed (one-
half of the drag speed for pure rolling motion), () is the work of adhesion as v approaches zero,

vy 1s the crack propagation speed at which GG is doubled, and n is a fitting parameter.

Also, since ¢ is a function of the contact radius, it is expected to be dependent on normal

load. We propose that {,; as a function of the normal load P in the form

bt = &0+ CP, (4.9)

such that {; = {y when P is zero [33, 53], but increases linearly with P by a compliance
parameter C' (m/N) [65]. We anticipate that &, is a function of the particle size and will increase
for larger particles [[19, 55]]; C', on the other hand will depend on the effective modulus of the

contact interface and the contact radius.

By substituting equations .8|and .9]into equation[4.7| we obtain the equation for the rolling

friction force as a function of both the normal load and drag speed as

frotiing = 371Gy (§o + C'P) [1 + (v/v)"], (4.10)
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where £, and (G are geometric and material dependent properties, while n and C' are fitting
parameters for the rate and load dependence, respectively. A graph of the average steady-state
rolling friction plotted against P for a 5 pum/s rolling speed is shown in Fig. [4.9(a). The graph
shows a linear relationship between rolling friction and normal load.

The experimental data was fitted to equation to obtain C' = 1.85 £ 0.13 ym/mN, and
n = 0.63, where § = 0.4 um, Gy = 140 mJ/m? and vy = 104.4 pm/s for the polyurethane-
fused silica interface. Due to the relatively high normal load values investigated, &, given here
is statistically insignificant, and experiments at very small normal load with a high resolution
force sensor will be required to obtain a more accurate value [19,|55]].

Experimental results of the average steady state rolling friction measured at various drag
speeds are shown in Fig. [#.9(b) for normal loads of 20, 50, and 100 mN. For each normal
load, the theoretical rolling friction obtained from equation 4.10| using the parameter values
listed above is also plotted and fits well with the experimental data. It is important to note that
although the theoretical plots were obtained using fitted parameters n and C', those parameters
were obtained from a single loading case (100 mN) but they agree well with experimental results

at differing loads and drag speeds values.

4.3.3 Conclusions

By studying the mechanics of cleaning using a single contaminating particle, we have shown
that particle rolling is the dominant mechanism for contact self-cleaning of mushroom-shaped
microfiber adhesives using the load-drag-unload procedure. Analysis of the particle displace-
ment suggested that particle rolling is the dominant motion. A review of the videos recorded
during the experiments confirmed that particle rolling is indeed the dominant cleaning mecha-
nism for the small and large contaminant regime (A video of this experiment is included as a

supplementary material in the electronic version of this thesis).

The experimental results also showed that particle motion at low load is dominated by
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Figure 4.9: Experimental and theoretical results from equation[4.10]of the dependence of rolling
friction on both normal load and drag speed. (a) Graph of rolling friction as a function of
normal load for a 5 pm/s rolling speed. Each data point represents the average steady-state
rolling friction for a single experiment. The dashed line is a fitted line from which are obtained
after fitting to equation[d.9] (b) Experimental results of the average steady-state rolling friction
measured at various drag speeds and for normal loads of 20, 50, and 100 mN. The theoretical
results (dashed lines) are obtained from equation .10 and agrees well with the experimental
results at various loads and drag speed values where n = 0.63, and C' = 1.9 ym/mN are obtained
from fitting to equation Gy = 140 mJ/m?, vy = 104.4 pm/s, and & = 0.38 pm.
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rolling with some slipping. This result is in agreement with our model prediction as shown
in the cleaning map presented in Fig. for shear loading. However, at high loads, the clean-
ing performance dropped below 1 = 1 as sliding at the substrate interface occurred intermit-
tently with particle rolling. Cleaning was optimally inhibited at high loads as sliding along the

substrate became prominent.

The experimental result and supporting theoretical model shows that rolling friction is
strongly dependent on the applied normal load and the drag rate. Increasing the applied normal
load or the drag rate both lead to an increase in the rolling resistance, resulting in a reduction
in the cleaning performance. Based on this analysis, we suggest that low normal loads and low

drag rates are more favorable for contact cleaning of spherical contaminants.

4.4 Simulation of Contact Self-cleaning for Microfiber Adhe-

sives

4.4.1 Introduction

In this section, we will utilize our current understanding of the mechanics and mechanisms of
contact self-cleaning to design a routine for the numerical simulation of contact self-cleaning
via the load-drag-unload procedure. A 2-dimensional simulation procedure is presented for
a single row of microfibers with mushroom-shaped tips of Young’s modulus E}, tip radius a,
microfiber length L, tip edge-to-edge spacing ¢, and microfiber edge-to-edge spacing S (see
Fig. @.10). The contaminants are assumed to be hard spheres and the substrate is assumed to be

rigid, flat and atomically smooth.
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Figure 4.10: An illustrative diagram with dimensions showing the side view of a contaminated
microfiber array used in the simulation of contact self-cleaning via the load-drag-unload proce-
dure.

4.4.2 Simulation Methodology

The load-drag-unload cleaning procedure will be used in the simulation using a constant normal
load P. Based on the preceding experimental result and model predictions for the contact self-
cleaning, we will assume that the particles are cleaned by particle rolling only, but the simulation
can be easily modified to account for self-cleaning by substrate adhesion and particle sliding on

the adhesive. We will begin by listing and initializing all the simulation parameters.

Microfiber array parameters:

® posX, posY is the x- and y-coordinates of the top-left edge of the microfiber backing

layer relative to the origin

The microfibers are labeled 7 from 1 to Vg, such that j = 1 is the first microfiber and

j = Ny is the last microfiber, counting from left to right
® x4(j) is the horizontal location of center axis of microfiber j with respect to pos.X
e R*(j) is the radius of the largest particle in contact with microfiber j at an given instance

® (j) is the virtual height of microfiber j and given as h(j) = L + 2R*(j)

H is the maximum virtual height in the array
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e fstate(j) is the state of microfiber j which can be used to determine whether the mi-
crofiber is contaminated or not
1 ifh(j) > L

fstare(j) = 4.11)
2 ifh(j) =L

e A, is the applied drag distance for each cleaning cycle

Particle parameters:

First, a set of 100 particle radii is randomly generated using the desired mean and standard

deviation of the particles

¢ The particles are labeled ¢ from 1 to N,,, where N, is the total number of particles in the

array

e R(7) is the radius of particle ¢ which is obtained by randomly selecting a number from

the generated particle radii

® 12,(i) is the horizontal position of particle i with respect to posX. The initial value is
randomly generated to be between the left edge of the first microfiber’s tip and the right
edge of the last microfiber’s tip. If a newly generated particle intersects with a previously
generated particle, the new data is recycled and another data is generated. Particles and

their location are generated until the pad is filled

® pate 1S the state of the particle that tells whether it can be displaced, or it has been cleaned,

where

0 alive, but not in contact with substrate
Psae(?) = ¢ 1 alive, and in contact with substrate 4.12)

2 cleaned, i.e. dead

Similar to the experiments, we will separate the simulation steps for one cleaning cycle into

three levels as shown in Fig. In Level I, the adhesive force of the contaminated microfiber
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array is obtained. In Level II, the sample is brought into contact with the substrate and indented
until the desired preload is reached. Particles that are alive and make contact with the substrate
after the indentation are considered “cleanable” and their pg, are change from O to 1. In Level
III, the sample is displaced by small increments dx in the positive Y-axis until the specified
drag distance A, reached. For each incremental step, the particles with py.. = 1 are displaced
a distance Jx in the reverse direction with respect to the sample. However, if any of the particles
are cleaned after an incremental displacement, the value of pg, for such particles are changed
to 2, and the simulation returns to level II where the indentation distance and related parameters
are readjusted. The simulation continues to loop through Levels II and III (as necessary) until
A, is reached which indicates the completion of a single cleaning cycle, and another cycle
begins. The cleaning simulation ends after completing LEVEL I if all the particles have been
cleaned or the desired number of cleaning cycles is reached. Details of each of the simulation

levels can be found in Appendix |A.2

4.4.3 Results and Discussions

The contact self-cleaning simulation was implemented in C++ for a microfiber array (a = 47.5
pm, L = 105 pm, S = 75 pum, Ey = 2.9 MPa) contaminated by particles of various sizes:
small (Dg = 30 £ 5 pm) and large (Dy = 118 £ 18 pum). Using the mean and standard devi-
ation specified for each particle size, a set of 100 random particle radii were generated using a
random number generator routine in Excel. Particle sizes used in the simulation were randomly
selected from the 100 particle radii from the C++ program. A tolerance of 0.005 was used in
the simulation for step 7 in Level I. The simulation result is shown in Figure 4.12(a). Each
error bar represents the mean and standard deviation of 20 simulations. The graph shows a
dependence of adhesion recovery on particle sizes for each cleaning cycle. Large particles are
observed to clean easily and faster compared to smaller particles. A summary of the experi-

mental results obtained in Experiment I is given in Fig b). A comparison of the results for
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Figure 4.11: A numerical simulation flow chart for contact self-cleaning of microfiber adhesives
using the load-drag-unload procedure. Similar to the load-drag-unload contact self-cleaning
experiments, each cleaning cycle is separated into three (3) levels. In Level I, the adhesive force
of the contaminated microfiber adhesive is obtained. In Level I, the adhesive is pressed against
the substrate until the desired preload is reached. In Level III, the sample is dragged against the
substrate by small increments until the specified drag distance is reached. If a particle is cleaned
after any drag step and the drag distance has not been reached, the simulation returns to Level
II, where the indentation distance and the number of contacting microfibers are readjusted.
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Figure 4.12: (a) Results of numerical simulation of contact self-cleaning of a microfiber ad-
hesive array (¢ = 47.5 pym, L = 105 pm, S = 75 pm, E; = 2.9 MPa) contaminated with
small (D = 30 = 5 pm) and large (D = 118 £ 18 pm) microspheres using the load-drag-
unload procedure. Error bars represents the mean and standard deviation of 20 simulations.
(b) Experimental results of adhesion recovery for load-drag-unload based contact self-cleaning
of microfiber adhesives with mushroom-shaped tips. Both results show similar trend for the
dependence of adhesion recovery on contaminant size

the large (x > 1) and small (v < 1) particles in both cases, shows similar trends of adhesion
recovery. Note that the adhesive force measured immediately after contamination shown in the
experimental result is not shown in the simulation result. A comparable result for this case has

been given in Tab. §.2]

4.5 Summary

In this chapter, we presented experiments and simulations that have significantly expanded
on the current knowledge of contact self-cleaning using the load-drag-unload procedure. We
started by investigating a first set of contact self-cleaning experiment of gecko-inspired mi-
crofiber adhesives with mushroom-shaped tips (the experiment was designed and conducted
by my colleague Y. Menguc and collaborator M. Rohrig. I developed the model and analyzed

the results presented here). The following observations were made from our analysis of the
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experiments:

a. Although the microfiber adhesives used in the experiments had a significantly high adhe-
sion, they all showed adhesion recovery to a notable extent. The results are in agreement
with previous studies that have reported the mushroom-shaped tips as optimum tip shape for

contamination and flaw resistance.

b. Microfiber adhesives contaminated by particles much larger than the microfibers tips showed
better and faster adhesion recovery compared to those contaminated with smaller micro-
spheres. This shows that microfiber adhesives have better self-cleaning performance when

contaminated with larger particles compared to smaller particles.

c. completely cleaned adhesives (i.e. no contaminants remaining on the fiber tips) could not re-
cover 100% of their initial adhesion before contamination due to damage to the microfibers.
In this case, the damage is attributed to the high normal load applied during the experiments,

and evident in the post-cleaning SEM images.

d. Samples contaminated with particles much smaller than the microfibers tips showed great
anti-fouling or contamination resistance. The exceptional anti-fouling capabilities of these
microfibers to small contaminants is due to the ability of the microfiber tips to deform around
the particle and still make good contact with the substrate - a phenomenon that has been
shown to be peculiar to microfibers with mushroom tips. A theoretical model presented also
suggests that the anti-fouling performance may be partly due to the adhesion contribution of

a large quantity of microspheres making contact with the substrate.

e. The poor self-cleaning performance of the samples contaminated with smaller microspheres
was due partly to the deformation of the microfiber tips around the particles, which inhibited
the particles from rolling or sliding with respect to the microfiber; and to the buckling of
the microfibers which led to the microfibers making side contact with the substrate. Both of
these scenarios are due to high normal loads and show that a high normal load during contact

self-cleaning is detrimental to the process.
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f. Observations of the contributions of each of the load ing steps showed that approximately
5% of cleaning occurred during the loading and unloading steps, leaving the rest 95% to
the drag step. Although this observation was not surprising based on the analysis using the
contact self-cleaning model presented in this work, it was interesting to note that the same
process of shearing of the samples, which under high loads can cause significant damage to
the microfiber, is the crucial step required for cleaning.

Although these results contained a lot of insight to the contact self-cleaning process and
exposed the critical step during the process, it was not sufficient to unravel the contact self-
cleaning mechanism that dominated the load-drag-unload procedure, hence the need for a sec-
ond experiment.

In the second experiment, the following observations were made:

a. Particle motion during dragging in the LDU procedure was shown to be dominated by
rolling. This experimental observation is in harmony with the model developed for contact

self-cleaning under shear loading.

b. The experiment also showed that particle motion at low load was dominated by rolling but
with some sliding at the microfiber interface. This result is also in agreement with the previ-

ously derived model in[3.3]

c. We showed by conducting further experiments that increasing the normal load or the drag
speed during the dragging step both lead to an increase in the rolling friction. A model of the
speed and normal load effect on rolling friction agrees with the current experimental results.
Finally, based on the broadened understanding of contact self-cleaning and the unveiled

mechanism, we developed a method for simulating contact self-cleaning using the load-drag-

unload procedure. A comparison of the simulation result and those obtained in Experiment I,

shows very similar trends for the dependence of adhesion recovery on contaminant sizes. In

Chapter [5] we will discuss how these results can be used to obtain microfiber adhesives with

improved self-cleaning performance.
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Chapter 5

Design Considerations for Contact

Self-cleaning of Microfiber Adhesives

5.1 Introduction

There is currently a tremendous amount of information on design methodology for gecko-
inspired microfiber adhesives with high adhesion and friction characteristics. A compilation
of literature on gecko and gecko-inspired adhesives found in [36] contains several reports of
successful design of synthetic microfiber adhesives with strong, directional and controllable ad-
hesion to smooth surfaces. Some of these synthetic adhesives have achieved adhesive strengths
similar, or even higher compared to that of the natural gecko on smooth surfaces [40, [74, 93].
However, no design method that addresses self-cleaning or anti-fouling of microfiber adhesives
have so far been presented. The lack of a design methodology for the design of synthetic mi-
crofiber adhesives with contact self-cleaning or anti-fouling characteristics is the motivation for
this work.

In the preceding chapters, we developed a model of adhesion and contact self-cleaning, and
have presented experiments that uncovered the major factors that influence contact self-cleaning

of microfiber adhesives. We will begin this chapter with a recount of these parameters and how
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they influence contact self-cleaning and anti-fouling. In subsequent sections, these parameters
will be used to provide design considerations for microfiber adhesives with enhanced contact
self-cleaning performance while maintaining a good adhesion. We will also present design
considerations for the design of microfiber adhesive for anti-fouling performance in Section

[5.4] A chapter summary will be presented in Section [5.6]

5.2 Factors that Influence Self-cleaning and Anti-fouling of

Microfiber Adhesives

Based on the theoretical model and experimental results presented in the previous chapters, here

are the factors that influence contact self-cleaning and anti-fouling in microfiber adhesives:

5.2.1 Microfiber Tip Shape

The microfiber tip shape is known to be very crucial to the adhesive strength, controllability,
and overall performance of microfiber adhesives [22, 32, 39, |51} 105, [128]]. Of the several
microfiber tip designs (Fig. [5.1)), the mushroom-shaped tips have shown remarkable adhesion
qualities. Recent work by Aksak et al. [4]] presented the optimal shape for a mushroom-tipped
microfiber with adhesive strength up to 97% of the intrinsic interface strength (theoretical limit).
Thus it will be exciting to find out that the mushroom-shaped tips also contribute positively to
self-cleaning and anti-fouling.

As shown in Fig. [5.1(b), microfibers with flat tips are desirable for contact self-cleaning
compared to other shapes as they allow for a good contact between the particle and the substrate.
This allows for efficient cleaning. Among flat-tipped microfibers, those with mushroom-shaped
tips provide an added benefit to self-cleaning by allowing the microfibers to act as a reservoir
for embedded contaminants (Fig. [5.1(c)). The same is true for microfibers with spatular tips,

but in their case, the protrusion are not symmetric.
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Flat tip Spherical tip

Flat tip with Concave tip
rounded edges

Spatular tip Mushroom tip

Figure 5.1: Microfiber tip shapes and their effect on self-cleaning. (a) Various tip shapes used in
the design of microfiber adhesives. (b) Microfibers with flat tips are desirable for contact self-
cleaning compared to other shapes as they allow for a good contact between several particles
and the substrate. (¢) Among flat-tipped microfibers, those with mushroom-shaped tips provide
an added benefit to self-cleaning by allowing the microfibers to act as a reservoir for embedded
contaminants.
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The extraordinary adhesion performance of microfibers with mushroom-shaped tips is
shown to be as a result of the robustness of the tips to flaws and contaminant. In fact, pre-
vious work by Carbone et al. [22] showed that as long as the crack width on the interface,
due to the presence of a contaminant, is less than the microfiber stem diameter, the microfiber
can retain a good measure of adhesiveness. This feature is also important and contributes to
anti-fouling. Based on these reasons, microfibers with mushroom-shaped tips proves to be most

efficient for adhesion as well as self-cleaning and anti-fouling performance.

5.2.2 Microfiber Tip Radius

The microfiber tip radius plays a crucial role in self-cleaning as well as anti-fouling. It may ac-
tually be the most important geometric parameter that must be considered, based on the model
and experimental results in the preceding chapters. In a broader scale, the self-cleaning per-
formance of the small and large contaminant regimes showed that small microfiber tips (large
contaminant regime) had better self-cleaning performance, while large microfiber tips (small
contaminant regime) performed better in terms of anti-fouling performance. Narrowing down
to each of these cases, while small microfiber tips are advantageous for contact self-cleaning,
they are also beneficial for adhesion, especially for rough or irregular surfaces. On the other
hand, large microfibers are beneficial for anti-fouling but have negative effect on adhesion.
Later in this chapter, we will try to design the tip radius for optimal adhesion and anti-fouling

performance.

5.2.3 Contaminant Size

As discussed in the preceding chapters, the contaminant size can also affect the self-cleaning
and anti-fouling performance of the microfiber array. Similar to our discussions of the effect
of microfiber tip radius, contaminants that are much larger than the microfiber tips are easier to

clean both by normal and shear loading, but could cause a complete loss of the adhesion for the
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adhesive.

5.2.4 Loading Condition

Our model for self-cleaning by substrate adhesion showed that high normal load could lead to a
poor self-cleaning performance. Our experiments for as well as theoretical model also showed
that high normal load was detrimental to the self-cleaning performance due to increased friction
and shear resistance at the microfiber interface. From the experiment, it was also observed that
high normal load during cleaning caused damage to the microfibers and led to a complete loss
of some of the adhesive’s original adhesive strength. Thus, a low normal load is beneficial to

self-cleaning.

Due to these several factors as well as application considerations, there is no general mi-
crofiber design that is optimum for self-cleaning and anti-fouling in various environment and
for all applications. However, the microfiber can be designed for optimum self-cleaning or
anti-fouling performance for a specific environment or for a desired task. Depending on the
size of contaminants in an environment, microfiber adhesives can then be designed for optimal
self-cleaning performance, given the application procedure. In the following sections, we will
discuss design considerations and present a case study of microfiber adhesive design for opti-
mal self-cleaning based on application procedure and application environment. Our belief is
that, similar to chemical companies having different grades of chemical adhesives for optimum
performance in various applications and environments (i.e., wood paints, metal paint, outdoor
paint, etc.), manufacturers of microfiber adhesives can produce adhesives with optimum self-
cleaning, anti-fouling and adhesion performance for various applications and different environ-

ments.
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5.3 Microfiber Design Considerations for Self-cleaning

Based on Application Procedure

In Chapter 3] we presented two application-based loading procedures for microfiber adhesives,
namely: the load-unload procedure, and the load-drag-unload procedure. Generally, most mi-

crofiber adhesive application steps fall within either of the two procedures.

5.3.1 Considerations for the load-unload procedure

In applications where the loading condition are similar to the load-unload procedures (such as
the use of microfiber adhesives for transfer printing), self-cleaning can only be effected using
normal loads. This implies that the substrate adhesion mechanism must be enhanced. The
condition for cleaning by substrate adhesion requires that the adhesive force of the substrate
interface is greater than the adhesive force of the microfiber interface. Such condition can be met
by (1) using a substrate material with a comparable adhesive strength to that of the adhesive, or
(2) tuning the microfiber adhesive strength such that contaminants will be deposited. The later
will required reducing the adhesive strength of the microfibers, which though achievable, may
not be desirable. A third approach involves (3) controlling the adhesive force of the microfiber
array by the preload force. This approach only limits the applied preload during the use of the
microfiber adhesive and eliminates the need for a special microfiber array design as in option
(2) or a special substrate material as in option (1). A last but easily implementable approach is
(4) the use of microfibers with better anti-fouling capabilities. This may be the most practical
approach based on our experimental observations that contact self-cleaning is less likely under
normal loading condition. Thus, a microfiber with optimum anti-fouling properties for the

desired application environment should be designed.
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5.3.2 Considerations for the load-drag-unload procedure

Microfiber applications that mimics the load-drag-unload procedure, such as locomotion, or ap-
plications that involves shear loading of the microfibers allows for self-cleaning to be achieved
easily as indicated by our experimental results in Chapter 4 Unlike the case with only normal
load, self-cleaning is very likely during the shear loading by partcle sliding along the microfiber
interface and, most likely by particle rolling. To achieve self-cleaning, the following should be

taken into consideration:

Small microfiber tips: The microfiber adhesive should be designed such that the microfiber
tips are much smaller than the dominant contaminants. Based on the studies presented in this
work, microfibers with small tips have been shown to outdo large microfibers with large tips
in self-cleaning performance. Design of microfibers with small tips also has positive effect on
the adhesion performance of the array in most cases, except for very rough surfaces where long
microfibers are desirable. Thus, the design of microfibers with small tips is usually a good

practice.

Low normal load: Low normal loads should be used during application to prevent damage

to the microfibers in the dragging step.

High substrate friction: Based on the condition for contact cleaning under a combined nor-
mal and shear load given in equation [3.13] the applied shear force should be less than the critical
shear force at the substrate interface. One of the ways to achieve this is by using substrates with
high friction coefficient. Such high friction surfaces with inhibit particle sliding along the sub-
strate and effectively increase the cleaning region for a cleaning map like that shown in Fig.
However, a high friction substrate may also have the tendency to cause damage to the microfiber

tips when in contact.
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Patch size and groove design: For particle much larger than the microfiber tip to be cleaned,
they must be completely removed from the microfiber array. This implies that the size of the
array determines the number of cleaning steps that must be taken before the particles are com-
pletely cleaned. A solution to this problem for very large array is to pattern groves onto the
microfiber array as temporal contaminant storage. Grooves and deep wells can be patterned
into the array to collect rolling and sliding particles. Experimental results in Chapter {] showed
that particle embedding is a dominant process in contact self-cleaning. This means that the
patterning of groves onto the array will be a great design practice as it increases the efficiency
of the embedding process. The natural geckos possess skin folds called lamellae at the base of
their fibrillar structures which help to enhance self-cleaning in the animal by acting as a cavity
where contaminants can be embedded for a long period of time before the skins are regener-
ated. Similarly, microfiber adhesives with groves mimicking the lamellae in geckos will make

embedding more efficient and enhance contact self-cleaning.

The results of a preliminary study of the advantage of implementing a groove pattern in the
microfiber adhesive array, conducted by Y. Menguc [95] are shown in Fig. Mushroom-
tipped microfiber array with 95 pm tip diameter and 105 y length were used in the study. The
patch was patterned such that the raised ridges were four pillars wide (550 pm) and the interven-
ing gaps were two pillars wide (225 pm), which resulted in approximately 67% area coverage
by the adhesive structures. The microfiber array with groove and a control without groove were
contaminated by glass spheres with diameter of 110 xm. By manual manipulation of the adhe-
sive to simulate the load-drad-unload procedure, the groove-patterned adhesive demonstrated a

significantly better cleaning compared to the non-patterned sample.

As evident in the study, the grooves take the place of the microfibers and reduce the overall
performance of the adhesive (33% less adhesives was reported in the study presented). However,
for optimum design, we propose that hexagonally patterned deep grooves with groove width no

more than 150% the size of contaminants, should be implemented. The use of hex-patterned

123



‘ groove patterned I unpatterned

Figure 5.2: Results of a preliminary study to show the advantage of implementing a groove
pattern in the microfiber adhesive array. (a) SEM image of a microfiber adhesive patch with
groove showed an extensively cleaned microfiber array when compared to (b) an SEM image
of an unpatterned adhesive after similar cleaning steps. The experiments were conducted by Y.

Menguc [95]].
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grooves as opposed to long groove strips used in the preliminary study, eliminates the need to
align the groove perpendicular to the direction of drag. Hex-packed grooves will also reduce
the stresses on the groves which could lead to damage of the adhesive. In fact, most natural

adhesive systems posses groove design that may have evolved to aid contaminants embedding

(See Fig. [5.3).

Figure 5.3: Morphology of tree frog toe showing hexagonal patterned adhesive pad [37]. (a)
SEM image of the toe pad (b) SEM image of the epidemis showing hexagonal patterned groves.
The groves may have also evolved to aid contaminant embedding, besides the already known
function of secreting mucus for wet adhesion. (Inset) High-magnification image of the surface
of a single hexagonal cell showing peg-like projections.

5.4 Microfiber Design Considerations for Anti-fouling

As discussed earlier, there are cases where microfiber design for self-cleaning may not be the
best option from a design or application standpoint. The alternative in such cases will be to
design the microfiber adhesive for optimal anti-fouling performance. Our review of various
microfiber tips have shown that microfibers with mushroom tips are best for adhesion perfor-
mance as well as self-cleaning and anti-fouling performance. The following must be considered

for self-cleaning performance:
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Mushroom-shaped tip design: The microfiber adhesives should be designed with mushroom
tip decorations. Our analysis of various microfiber tip design earlier in this chapter showed
that microfibers with mushroom shaped tips has better resistance to contaminants compared to
other tip designs. Hence, a practical design for anti-fouling must begin with microfibers with

mushroom-shaped tips.

Large microfiber tip size: Self-cleaning experiments presented in this work have shown that
microfibers with large tips are favorable for anti-fouling (refer to Fig. {.1)). This is because
microfibers with large tips can deform around the particles to make contact with the substrate.
On the other hand, increasing the tips of the microfiber would lead to lower adhesion perfor-
mance of the array. Thus, it is important to optimize the microfiber tip size based on the size of
contaminants prevalent in the application environment.

Carbone et al. [22] have shown that the microfibers with mushroom-shaped tips are able to
retain a significant portion of their initial adhesion as long as the gap width a, due to a con-
taminant particle is less than the microfiber stem radius a. So that the tip size can be optimized
for both adhesion and anti-fouling by letting a = a,. In this case the adhesive force of the

contaminated microfiber is given as

E’*
F= (“’ >m3, (5.1)

3 o

where w is the work of adhesion of the interface, Ef = E;/(1 — v/?) is the effective modulus of
the interface, E is the Young modulus of the microfiber, v is the poisson ratio of the microfiber,

and a is the microfiber tip radius.

High preload: For optimum adhesion of contaminated adhesives under normal loads only, it
is important to apply sufficient load that is enough to make the microfibers to deform around

the contaminants and make contact with the substrate, but less than the critical buckling force
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(for vertical microfibers). Overall, high preloads in this case will ensure higher contact area and

effectively, better adhesion.

5.5 Case Study: Design of a Self-cleaning Microfiber Adhe-

sive Patch for Use in an Office Environment

Let us consider a situation where microfiber adhesives with optimal adhesion or self-cleaning
performance are desired for use in an office environment. We will present two scenarios based
on the application of the adhesive. In the first case, we will assume that the adhesive will be
implemented under normal and shear loading, for example on the fingers of a humanoid robot
for enhanced gripping, or as a residue-free attachment mechanism for hanging a white board to

office walls.

As discussed earlier, we will use microfiber adhesives with mushroom shaped tips. The
microfiber geometry will be optimized for adhesion by setting the microfiber tip radius to be
1.1 times the stem radius [4]. The microfiber length will also be optimized based on the equation
for lateral stability of the microfibers in an array given in[2.10]as

4 1/12 3 Fra3S2 1/4
L= <7T 11fa) ( fa_) ) (5.2)
2H ¢ Ve

where  is the surface energy of the microfiber material, and S is the edge-to-edge distance

between the microfibers.

For optimal self-cleaning or anti-fouling performance in an office setting, it is important to
know the sizes of contaminants present in the environment. Thus, we conducted a literature
survey to find the size distribution of dirt particles in offices. A very good analysis of dust and
dirt particles was conducted by Molhave et al. [99] in which they analyzed about 11 kg of dusts

collected from seven Danish office buildings with approximately 1047 occupants. Result of the
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Particle size Percentage composition

(nm) (Wt %)
0-3 <0.1
3-6 0.1
6-10 0.4
10-25 6.3
25-50 12
50-125 41
s 40

Table 5.1: Size distribution of about 11 kg of bulk dust obtained from seven Danish office
buildings with about 1047 occupants [99].

size distribution of the dust particles is shown in Tab. From the table, 40% of the dirt
particles greater than 125 pm, 81% were greater than 50 pum, 93% were greater than 25 pm,
and 99.3% were greater than 10 pm, based on weight composition. As always, we will assume

that the particles are spherical.

Microfiber radius: Assuming we are making our design based on the size of 93% of the
particles, this would require that particles with diameter greater than 25 1 should be in the large
contaminant regime. In the experimental study presented in .2} it was observed that particles
with diameter greater than 2 times the microfiber tip diameter, had similar cleaning behavior
as much larger particles so that they were considered in the large contaminants regime. Using
the same ratio, the microfiber tip diameter should be at most 12.5 pm, so that a; = 6.25 pm.
Assuming a dense parking so that S = 2a,, the microfiber edge-to-edge spacing will be 12.5
pm, and the microfiber length obtained from equation [5.2]is 65.4 ym, where £y = 2.9 MPa,

v; = 0.5, and vy = 50 mJ/m?.

Groove pattern: For a more efficient self-cleaning by particle deposition, there is a need to

pattern grooves into the array to serve as temporary storage for cleaned contaminant. However,
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as mentioned earlier, the implementation of groove design leads to a loss in the adhesive strength

of the array.

=== e
REm= I
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DeOn e —

D/
| Microfibers &

| Groove

Figure 5.4: (a) Schematic view of a microfiber array with hexagonally patterned groove. (b)
Graph of percentage loss in adhesion as a function of groove size ratio. D is the side length of
the hexagonal pattern, and g is the width of the groove.

Thus, to implement a groove design, it is important to know the area ratio of adhesive
displaced by the groove, in order to make sure that the array retains enough adhesion to perform
it’s desired task. For a hexagonally patterned groove design (Fig. [5.4(a)), with groove width g

and hexagon length D, the area fraction ¢ of the groove is given as

(V3D + ¢)(3D + v/3g)’
which in expanded series form is
2g g2 4q3 5g* 1\°
= —— — = — 0 = . 54
) 73D D2+3\/§D3 opi + i) (5.4)

129



For D >> g, we can drop the second term in the series so that

_ 2%
o= AD’ (5.5)

A graph of the % loss in adhesion of the array as a function of D/g is shown in Fig. [5.4(b). The
plot shows that for grove patterns with D/g > 11, the percentage of lost adhesion in the array
is less than 10%.

For the groove size, the groove should be wide enough to lodge most of the particle sizes.
Unfortunately, the data given in Tab. does not provide enough information to determine the
upper range of the contaminant. However, we will assume a groove with of 200 pm so that we
can retain particles less than 200 pm in the groove. For a 10% less adhesion (¢ = 0.1), the side

length of the hexagonal pattern is obtained from equation[5.5)as ~ 2.3 mm.

5.6 Summary

In this chapter, we combined our findings from previous chapter to develop a concise list of
factors that are vital to contact self-cleaning and anti-fouling. Interestingly, most of the factors
that are beneficial for adhesion are also advantageous to contact self-cleaning. A review of
various tip shapes showed that mushroom-shaped tip, which is so far the optimum tip geometry,
is more advantageous for contact self-cleaning compared to other tip design. Similarly, small
microfiber tips are advantageous to both adhesion and contact self-cleaning.

Due to the environmental and application factors, we believe that no single microfiber design
is best for all environments and applications. Rather, microfiber adhesives can be designed for
optimum cleaning performance for a given application or for a desired environment, by taking
some key factors into consideration. Far applications that utilized only normal loads (load-
unload procedure), best practice will be the design of the microfiber for anti-fouling since self-

cleaning is not easily achieved with normal loads only, except with specially designed substrate,
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which is usually not the case in real world applications.

Apart from the size and structure of the individual microfiber, the size of the adhesive sample
also plays a crucial role in the adhesion recovery process. Large microfiber patches will require
more steps before to remove the contaminants from the array. To resolve this problem, we
propose the design of hexagonally patterned groves to serve as temporal storage for rolling
and sliding contaminants. A revisit of the natural gecko’s adhesion system suggests that the
lamellae on the gecko toes, serves a similar purpose as a temporal storage for contaminants. In
fact, most natural adhesive and friction mechanisms employs the grove design, possibly for this
purpose. We should that depending on the ratio of the groove width to the side length of the
hexagonal pattern, the effect of groove implementation on the adhesive strength of the array is
considerably low.

Based on the divergent nature of the parameters involved in contact self-cleaning, we pro-
posed that different grades of gecko inspired microfiber adhesives can be manufactured for
better performance in different applications and in various environments, similar to how current
chemical companies make adhesives or paints for based on application or environment. lL.e.,
wood paint, metal paint, outdoor paint, etc. The end user or design specialist, can then select an
appropriate grade, depending on the intended usage procedure or environment.

Using a case study, we investigated the design of microfiber adhesive for use in an office
environment. Our result showed that microfibers with tip diameter less than 12.5 pym should
be able to self-clean in an office environment, for application procedures that involve shear

loading.
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Chapter 6

Summary and Conclusion

6.1 Overview of Contributions

This work was motivated by open questions related to adhesion modeling in microfiber adhe-
sives and the lack of a thorough understanding of self-cleaning in gecko-inspired microfiber
adhesives. In this thesis, solutions to the questions were provided and in-depth insight were

presented through the following contributions:

6.1.1 Adhesion Modeling for Microfiber Adhesives

A model of microfiber adhesion was presented that improved on previous model by taking the
deformation of the backing layer under an individual microfiber into consideration. Microfiber
array deformation under a spherical indenter was also modeled to show the load-indentation,
and load-contact area relationship for microfiber adhesives. The developed model is useful for
predicting the number of fiber in contact with a single particle under a given normal load, or
indentation distance. The model is also useful for obtaining the contact area of a microfiber
adhesive array for friction analysis.

The dependence of pull-off force on the rate of retraction for microfiber adhesives was
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modeled. Experiments and finite element simulations were conducted to show that the rate
effect on adhesion is a function of the crack propagation speed at the interface, and mainly due
to interfacial viscoelasticity. It was concluded that the influence of the bulk material properties
is negligible. The model developed was validated by experiments, and can be used to predict
the change in adhesion due to a change in crack propagation speed of an adhesive interface.

A procedure for simulating the adhesive force of a microfiber adhesive array in contact with
a spherical surface was also presented. The simulation provided can be used to predict the
effect of the microfiber geometric and material properties, as well as loading conditions, on the

adhesive force of a microfiber adhesive array.

6.1.2 Mechanisms of Self-cleaning

A general definition for self-cleaning of microfiber adhesives was presented along with a broad
review of the possible mechanisms of self-cleaning. Three major categories of self-cleaning
were identified as wet self-cleaning, dynamic self-cleaning, and contact self-cleaning. The
mechanisms associated with each of the categories of self-cleaning were also identified and
discussed. A total of seven self-cleaning mechanisms were identified which include rolling of
a water droplet, capillary adhesion, vibration and agitation, digital hyperextension, substrate
adhesion, particle rolling, and particle sliding on microfibers, and the last three were grouped
under contact self-cleaning. A new approach for self-cleaning that involved the temporary
embedding of the particle inside the microfiber adhesive array was proposed as an effective

cleaning process.

6.1.3 Mechanics of Contact Self-cleaning

The mechanics of self-cleaning by substrate adhesion, particle rolling, and particle sliding on
the microfiber, were developed. The models addressed two categories of contaminants based

on the ratio of the microfiber diameter to the contaminant diameter. Two cases of loading
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procedures, namely the load-unload procedure and the load-drag-unload procedure were also
investigated in the model. The model predicted that cleaning by substrate adhesion will occur
only when the adhesive force of the substrate on the contaminant is greater than the adhesive of
the microfiber adhesive on the contaminant. For hard contaminants smaller than the microfiber
tips, this condition implies that the work of adhesion of the substrate interface should be greater
than 3/4 of the work of adhesion at the microfiber interface.

For contaminants much larger than the microfiber tips, the model predicted that cleaning
would occur when the preload force is low, such that the adhesive force at the microfiber inter-
face is at its minimum. The model also predicted that self-cleaning will occur during dragging
when the critical rolling friction, or the sliding friction at the microfiber interface is less than
the critical sliding friction at the substrate interface. For large contaminants, the model pre-
dicted that low normal loads, which results in a low contact area at the microfiber interface, is

beneficial to self-cleaning.

6.1.4 Experiments and Simulation of Contact Self-cleaning

Detailed experiments of contact self-cleaning were conducted using the load-drag-unload clean-
ing procedure. The experiments showed that small microfiber sizes with microfiber tips smaller
than the size of the contaminants, have better contact self-cleaning characteristics compared to
large microfiber tips. On the other hand, microfibers with tips much larger than the size of the
contaminant possess better anti-fouling characteristics. High normal loads during the experi-
ments were shown to cause damage to the microfibers, much so that up to 20% of the initial
adhesion were completely lost and could not be recovered even after a complete removal of all
the contaminants from the adhesive.

Further experiments showed that particle rolling was the dominant contact self-cleaning
mechanism when using the load-drag-unload cleaning procedure with spherical contaminants.

Experimental analysis and a model of the effect of normal loads and drag speed both showed
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that increasing the normal load or drag speed both led to an increase in the critical rolling
friction, with negative self-cleaning consequences.

Based on the uncovered mechanism of self-cleaning in microfiber adhesives, a simulation
method was presented for simulating contact self-cleaning using the load-drag-unload proce-
dure. The simulation results confirmed that large contaminants (; microfiber tips) are cleaned

faster compared to small contaminants.

6.1.5 Design Considerations for Microfiber Adhesives with Contact Self-

cleaning or Anti-fouling Characteristics

Several parameters that influence self-cleaning and anti-fouling that were uncovered in this
study were presented. The mushroom tip shape was found to be more favorable for both self-
cleaning and anti-fouling compared to other microfiber tip shapes. The design of grooved pat-
terns on the microfiber adhesive array was shown to be favorable for contact self-cleaning,
although it could also lead to a loss in the overall adhesion of the microfiber array. A method
for obtaining the groove parameters for minimum effect on adhesion, was presented. The de-
sign guidelines presented can be used to obtain microfiber adhesives that are suitable for use in
a given environment or with a given application procedure.

The results presented in this work also suggests that the sub-micron size of the gecko’s
spatulae supports its self-cleaning functionality. Also, the gecko’s lamellae is believed to play

a key role in self-cleaning by acting as a temporary storage for embedded contaminant.

6.2 Outlook

Microfiber adhesives are becoming very attractive for use in several application areas due to
its numerous features. One of the challenges of microfiber adhesives has been identified as the

presence of contaminants in real world environment, which could lead to a complete loss of
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adhesion. Although fibrillar adhesives possess better resistance to contamination than conven-
tional pressure sensitive adhesives, this thesis work presents a thorough study of self-cleaning
and anti-fouling of microfiber adhesives that takes us closer to overcoming the problems of con-
tamination. If followed, the design guidelines presented for self-cleaning and anti-fouling could
lead to the design of microfiber adhesives with robust adhesion and self-cleaning performance
in various environments. Considering its numerous functionalities, gecko-inspired microfiber
adhesives could serve as a better alternative to some adhesive mechanism currently employed
in industrial, medical and consumer settings.

In this thesis, contact self-cleaning was investigated using spherical micro-particles as con-
taminants. Future work to study the effect of particle shapes and roughness on self-cleaning
would be necessary in order to extend the current work to various dirt and dust geometries.
Some of the characteristics of self-cleaning investigated here are also useful for pick-and place
applications of microfiber adhesives, so that the design considerations presented can also be
applied to tackle other problems not directly related to contamination.

Similar to the various grades of present day glue or chemical adhesives (wood glue, metal
glue, high temperature glue, etc.), the future for microfiber adhesives will certainly comprise
of various grades of the adhesive that end users can select from, depending on the intended
application process or environments.

This thesis work takes us closer to the design of robust, anti-fouling, and self-cleaning

gecko-inspired microfiber adhesives for numerous applications in various environments.
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Appendix A

Numerical Simulations

A.1 Simulation Steps for Obtaining the Indentation Distance

of a Spherical Indenter on a Microfiber Array

The following steps can be used to obtain the indentation distance of a spherical indenter on
a microfiber array, for a specified preload (Fig. [A.I). A schematic diagram of the loading
condition is given in Fig.[2.2]

1. Specify a desired preload P.

2. Guess an initial indentation distance A. A small initial value is preferred.

3. Generate array of microfibers with ny number of microfibers in each row, ¢ and column, j

such that ng¢ > 2r./d. r. is the contact radius of the sphere with the array and is given as

re= VR = (R= ) A1)

d = S + 2a is the center-to-center spacing between adjacent microfibers. For hexagonally
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Start with microfiber and substrate
data

1. Specify applied preload force, P

\!

2. Guess initial indentation distance, A

N

7
N
I

dA= dA/2

1

3. Generate array of fibers. Calculate
xij,andy; ;fori =1in;j = 1:n.

\

Decrease indentation Increase indentation
distance by dA distance by dA

Yes No

8. Pyost> P

No

4. Randomly generate position of indenter
(Px, Dy)- Calculate r; ; for all fibers .

\

5. Calculate: §;;, F; j, N

6. Sum: Ptest = ZFL,]

Figure A.1: Flowchart for finding the indentation distance A of a spherical indenter of radius
i,j» and F; ; are the radial distance from the center of the
sphere, the indentation distance and the reaction force, respectively, of a microfiber in row ¢
and column j. (p,,p,) are the x and y coordinates of the indenter in the microfiber array. Ny is
the number of microfibers in contact with the substrate. Pj; is the estimated preload obtained

R for a given normal load P. r;;, 0

PP
7. | test
P

< tolerance

from each iteration. This routine is valid for compressive load only.
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arranged microfibers, the coordinates of each microfiber is given as

o d((j —1)+0.5) for odd values of i
ZIZ’(Z, ]) =
d(j —1) for all other values (A.2)

y(i,j) = jdv/3/2

4. Randomly generate the position (p,, p,) of the indenter on the microfiber surface, such that
it is within a radius of 0.5d from the center of the array. Obtain the radial distance from the

center of each microfiber to the center of the sphere given as

rig =\ (g — P2+ (i — py)?. (A3)

5. Obtain the deformation of each microfiber 9, ;. For microfibers with 9, ; < J,, the force
acting on the microfiber is obtained by solving for F' in Eqn. but when 0;; > dcr,

F; ; = Fe,. N is obtained as the number of microfibers with F; ; > 0.
6. Sum up all F; ; to obtain Pieg

7. Check whether

P - P es
‘—” < tolerance. (A.4)

If the result of Eqn. [A.4]is true, we have obtained an approximate value of A for the given
P. Otherwise, we adjust the value of A accordingly and return to step 3, and the simulation is
repeated until Eqn. is satisfied. Although the preceding routine is used for obtaining the
value of A for a known value of P, it can also be used to obtain P for a known value of A. The

model and simulation given above is valid only for compressive load.
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A.2 Simulation Steps for Contact Self-cleaning of Microfiber
Adhesives Based on the Load-Drag-Unload Procedure

The following are steps for simulating contact self-cleaning based on a load-drag-unload clean-
ing procedure. The simulation is separated into three levels similar to the load drag unload
experiment (Fig. [A.2] A schematic diagram of the microfiber array and contaminant dimension

can be found in Section 4.4l
Level I 1. Calculate virtual height of fibers, /
(Adhesion) Obtain maximum virtual height, A
Vi Level 1]
| 2. Bring into contact with substrate | (Dragging)
\/

| 3. Set indentation distance, A, = dy | | 1. Move sample by dx in the x-direction
r 1 L
2| 4 Apply indentation distance, A, I 2. Move ‘cleanable’ particles relative to fibers
\L (based on sliding or rolling mechanism)
5. Check fibers for deformation
Obtain reaction forces, F
Ta. Ir;crel:iase A, 7b. Dgcrleiase A, \L
thd y &y 6. Get total reaction force, P, Yes No
._ Yes Calculate error
Check 'f'_, Update cleaned particle count
P < Pgp? Change particle(s) state No

7. Check if:
error < tolerance

| 8. Obtain the adhesive force |

¥

I 9. Record data I

All particles cleaned or
desired no. of cleaning cycles

evel
(Loading)

1. Bring sample into contact with
the substrate

y

3. Apply preload force & I
Label “cleanable particles” I

r:) Return to Level II (adjust loading)

Figure A.2: A numerical simulation flow chart for contact self-cleaning of microfiber adhesives
using the load-drag-unload procedure. Similar to the load-drag-unload contact self-cleaning
experiments, each cleaning cycle is separated into three (3) levels. In Level I, the adhesive force
of the contaminated microfiber adhesive is obtained. In Level I, the adhesive is pressed against
the substrate until the desired preload is reached. In Level 111, the sample is dragged against the
substrate by small increments until the specified drag distance is reached. If a particle is cleaned
after any drag step and the drag distance has not been reached, the simulation returns to Level
II, where the indentation distance and the number of contacting microfibers are readjusted.
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A.2.1 LEVEL I: Obtaining the Adhesive Force of a Contaminated Mi-

crofiber array

1. Calculate the virtual heights of all microfibers. The virtual height A(j) of each microfiber j

and obtain the maximum virtual height H

2. Bring sample into contact with the substrate at zero load. The sample is in contact with the

substrate at zero loading when posY = H.
3. Set initial indentation distance A, i.e., A, = dy.
4. Apply indentation distance by setting posY = H — A,

5. Check for microfiber deformation. Microfiber j is compressed if h(j) > posY. When this
occurs, the microfiber state fsrarg(j) is set to 1 for h(j) > L and 2 for h(j) = L. The
reaction force F'(j) of each microfiber is obtained as

Flj) = (h(j) —posY)/C if h(j) > posY (AS)

0 otherwise

where C' = L/(ma?E;) + 2/(3aK) the microfiber compliance as derived in Section [2.2|in
Chapter 2] E; is the Young’s modulus of the microfiber, and K is the effective modulus of

the interface.

6. Obtain the simulated reaction force on the array P;,, given by
Pim =Y _F(j). (A.6)
J

Then, obtain the error of the reaction force in comparison to the applied load P as

P_Psim

Iz (A.7)

error = ’
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7. Check if the desired tolerance is satisfied, i.e., error < tolerance. If the tolerance is
satisfied, continue to Step 8. If the tolerance is not satisfied, decrease A, by dy if P < P

or increase A, by dy if P > Py, and return to Step 4.

8. Obtain the adhesive force of the array due to microfibers and particles contacting the sub-
strate. Let Pyiqy ¢ be the contribution of the contacting microfibers, and Py, be the contri-

bution of the contacting particles. Py ¢ is obtained as

Ny
Pdiny,f - Z F(])? for fSTATE =2 (A8)
j=1
Check for particles in contact and change pge to 1.

‘ 1 if2R(:) > (posY — L)
pstate(z) = (A9)
0 Otherwise

where Py (i) = 2 are cleaned particles and no longer considered in the simulation. For the

particle contribution to adhesion using the DMT theory,

NP
Piingp = Y 2mwpR(i),  for pyye = 1 (A.10)
=1

where NV, is the total number of particles and wy, is the work of adhesion of the particle-

substrate interface.

9. The value of the adhesive force is stored

A.2.2 LEVEL II: Applying a Normal Load to Simulate Loading

2.1. Bring sample into contact with the substrate. This is achieved similar to 1 and 2 of LEVEL

L.

2.2. Apply preload force by following Step 4 through 7 of LEVEL I until the desired preload
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is reached.

Label particles as shown in Equation[A.9] Particles with py,e = 1 can be cleaned. store

date for use in LEVEL III

A.2.3 LEVEL III: Applying a Horizontal Displacement to Simulate Drag-

3.1.

3.2.

3.3.

3.4.

ging
Move sample in the positive x-axis by a small distance dz. i.e. posX = posX + dzx.

Move the position of ‘cleanable’ particles by dxin the negative x-axis relative to the mi-

crofibers. i.e.

2p(1) = (1) = 02, if pygee(i) = 1 (A.11)

For cleaning by particle rolling, dz = dx/2, and for cleaning by particle sliding on mi-

crofibers, dx = dx.

Check if any of particles are cleaned. A particle is cleaned when its position is outside the

microfiber array, 1.e.,

Psae(1) = 2 if [v, < 24(1) — a] or [z, > x;(N;) + d (A.12)

Also, if a particle’s diameter R(7) is smaller than the microfiber length i.e. 2R (i) < L and
the spacing between the tips of adjacent microfibers i.e. 2R(i) < g, the particle can also
be cleaned when its position is between adjacent microfiber tips i.e. [z¢(j) +a| < z,(1) <
[¢(j +1) — al. If cleaning occurs, the pya Of the cleaned particle is changed to 2 and the
number count of cleaned particles is adjusted. Particles with pg,e = 2 are assumed to be

non-existent in subsequent steps.

Check if the desired drag distance A, is reached, i.e, posX > A,. If A, has been reached,

the values of posX, posY, and h(j) are reinitialized to 0, and the number cleaning cycle

143



is updated before returning to LEVEL L.

If A, has not been reached, but particles were cleaned in Step 3, the values of h(j), H,
and pgyee for all particles must be readjusted in LEVEL II to account for the change in the

loading condition.
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Appendix B

Visualization of the Contact Area Using

Interferometric Microscopy

Interferometric microscopy was used in some of the studies conducted to obtain a more accurate
contact area measurement. When light is reflected between two surfaces separated by a small
gap, it generates a pattern formed from the constructive and destructive interference of the
reflected wave, which is a function of the gap between the two surfaces. When viewed with
a monochromatic light source with a known wavelength ), it results in a pattern of bright and
dark rings (for a spherical surface and a flat surface) known as Newton’s rings. The dark rings
are as a result of destructive interference between the light rays, where the gap between the two
surfaces is an odd multiple of A\/2 so that the reflected waves are 180° out of phase; while the
bright rings are due to constructive interference where the gap between the surfaces is an even

multiple of A\/s and the reflected waves are in phase.

Since the wavelength of the light is known, the gap at the n‘* ring can be obtained as

where ) is the wavelength of the light source and n,. is the ring number counting outward from
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the center dark region (the 0" ring).

a SIDE VIEW b TOP VIEW

Hemisphere

| Flat surface

Monochromatic light Newton’s rings

Figure B.1: Schematics of a typical experimental setup to observe contact area using interfer-
ometric microscopy. (a) Side view schematics of the setup in which a monochromatic light is
channeled onto the contact interface. (b) Newton’s rings interference pattern is observed from
a top view through a microscope. The dark rings are as a result of destructive interference
between the light rays reflected from the two surfaces which are 180° out of phase, while the
bright rings are due to constructive interference from the reflected waves which are in phase.
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