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Abstract

Challenges for Synthetic Gecko Adhesives: Roughness, Fouling, and Wear
by
Andrew George Gillies
Doctor of Philosophy in Engineering - Mechanical Engineering
University of California, Berkeley

Professor Ronald S. Fearing, Co-Chair
Professor Tony Keaveny, Co-Chair

The past decade has seen rapid advancement in gecko synthetic adhesives (GSAs) and
their performance has also steadily increased. However, there still remains a gap between the
capabilities of current GSAs, and the properties required for GSAs to perform as the gecko
does: on natural undulating surfaces with several scales of roughness, in dirty environments
where particle contamination is the norm, and for thousands or even tens of thousands of
cycles. For continued progress to be made in GSAs, focus must shift from trying to attain
high adhesive values under ideal conditions, to exploring the weaknesses in current GSAs and
contrasting those with the principles that underpin the success of the natural gecko systems
in real world challenging conditions. Here we show results from the testing and simulation
of various GSA systems in rough environments, with contaminating particles of varying size
and for repeated cycling. We report that with careful geometry and material consideration,
large increases in 'real world’ performance can be obtained, and in some cases active control
can be utilized to increase controllability.

To better understand adhesion on macroscopic rough surfaces, we studied the ability of
live Tokay Geckos to adhere to an engineered substrate constructed with sinusoidal patterns
of varying amplitudes and wavelengths in sizes similar to the dimensions of the toes and
lamellae structures (0.5 to 6 mm). We found shear adhesion was significantly decreased
on surfaces that had amplitudes and wavelengths approaching the lamella length and inter-
lamella spacing, losing 95% of shear adhesion over the range tested. We discovered that the
toes are capable of adhering to surfaces with amplitudes much larger than their dimensions
even without engaging claws, maintaining 60% of shear adhesion on surfaces with amplitudes
of 3 mm. As well, Gecko adhesion can be predicted by the ratio of the lamella dimensions
to surface feature dimensions. In addition to setae, remarkable macroscopic-scale features
of gecko toes and lamellae that include compliance and passive conformation are necessary
to maintain contact, and consequently, generate shear adhesion on macroscopically rough
surfaces.



Similarly, we sought to understand the impact of surface roughness on the adhesion of two
types of GSA arrays: those with hemispherical shaped tips and those with spatula shaped
tips. Our simulations showed that the nanoscale geometry of the tip shape dramatically
alters the macroscale adhesion of the array, and that on sinusoidal surfaces with roughness
much larger than the nanoscale features, there is still a clear benefit to having spatula
shaped features. Similar to experimental results found with the macroscale features of the
gecko adhesive system, when roughness approaches the size of the fiber features, adhesion
drops dramatically.

We have also investigated the impact of two design parameters on the dry self-cleaning
capability of GSAs by experimentally testing two GSAs after fouling with small (1 pm),
medium (3-10 pm) and large (40-50 pm) particles. We found that a GSA made from a hard
thermoplastic with nanoscopic fibers was able to recover 96-115% of its shear adhesion after
fouling with small and large but not medium particles, while a GSA made from a soft polymer
and microscopic fibers recovered 40-55% on medium and large particles. Further examination
by scanning electron microscopy (SEM) revealed that the soft polymer structures were not
shedding the smaller particles during recovery steps, but were instead being absorbed into
the surface, and that, regardless of their size, particles did not release from the soft polymer
surface.

An analysis of the contact strength between fibers, particles and substrates of various
dimensions and elasticity reveals that dry self-cleaning will be more effective for GSAs fab-
ricated with smaller fiber diameters and for GSAs fabricated from materials with smaller
loss functions, such as hard thermoplastics. This has important implications on the choice
of materials and geometries used for GSAs when dry self-cleaning capability is a desired
function in the material, and indicates that hard polymer GSAs with smaller fiber diameters
are less prone to fouling.

As indicated by results of dry self-cleaning on a passive soft polymer fibrillar adhesive, we
set out to design a system with active control and release of particles. We have demonstrated
controllable adhesion to glass spheres with a new magnetically actuated synthetic gecko
adhesive made from a magnetoelastomer composite. Capable of controlling adhesion to
glass spheres 500 pym to 1 mm, this represents an important step in realizing an adhesive
with dry self-cleaning capabilities across a wide range of particle sizes.

We also examined the behavior of high density polyethylene (HDPE) and polypropylene
(PP) microfiber arrays during repeated cycles of engagement on a glass surface, with normal
preload less than 40 kPa. We found that fiber arrays maintained 54% of the original shear
stress of 300 kPa after 10,000 cycles, despite showing marked plastic deformation of fiber
tips. This deformation was attributed to shear induced plastic creep of the fiber tips from
high adhesion forces , adhesive wear or thermal effects. We hypothesize that a fundamental
material limit has been reached for these fiber arrays, and that future gecko synthetic ad-
hesive designs must take into account the high adhesive forces generated to avoid damage.
Although the synthetic material and natural gecko arrays have a similar elastic modulus,
the synthetic material does not show the same wear-free dynamic friction as the gecko.



The discovery of this wear mechanism has uncovered a possible pathway to the fabrica-
tion of nanoscale spatula shaped tips. Spatula tips have been shown by the rough surface
simulation to greatly improve adhesion strength. Several possible fabrication pathways are
proposed and preliminary results on these fabrication techniques are presented.
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Chapter 1

Introduction

1.1 Background on natural gecko adhesion

Watching a gecko scramble up a tree or across a ceiling at almost imperceptible speeds can
only leave one wondering how such acts are possible. This wonder has lead to centuries of
physical observations of the gecko adhesive system, as well as many in-depth anatomical
studies of the beautiful and complex structures found on the geckos toes. Much of the
anatomy has been thoroughly described, and has revealed a system that is hierarchical in
nature; spanning size scales from the millimeter level to the nanometer level that all work
in concert to give the gecko its special adhesive capabilities. Taking a trip from the largest
sized structures all the way down to the smallest structures is warranted here since it will
set the stage for later discussions surrounding the function of the gecko adhesive at each
independent size scale. Here we specifically give a description of the adhesive system of a
particular gecko species, the Gecko gekko or Tokay gecko. Although the entire gecko body
is necessary for climbing, it can be argued that the adhesive system starts with the feet and
toes, which measure 5 mm in length and 2 mm in width, and are terminated with a curved
claw. At the proximal end of the toe is the hyperextensible phalanges, which connected
with the flexor tendon and allows the toe to hyperextend away from the surface in an action
known as digital hyperextension [112, 114]. Each toe is highly vascularized, and connected
to sinuses which run the length of the toe distal to the phalanges. On the bottom surface of
the toe, there is an array of overlapping scale-like structures known as scansors or lamella.
Connective tendons known as the lateral digital tendon system connect each of these lamella
to the metatarsophalangeal joint capsule and the flexor musculature [113]. By action of
the digital tendon system, the lamella can be individually acted upon to move them into
an out of contact with a surface sequentially [114]. Each lamella consists of adipose tissue
terminated by an array of hairs known as setae, which are generated by an outer epidermal
layer that lies on the outer surface of the lamella [113], with a density of approximately 5300
setae/mm?, meaning each toe has about 150,000 setae [110]. Each setae consists of a flexible



Figure 1.1: Structural Hierarchy of the gecko adhesive system. From Autumn et al. [9].

shaft and measures 4.7 ym in diameter and 30-130 pum long [110]. The setae branch multiple
times along the length of the hair, each split terminating in a plate-like structure known as
the spatula. Each seta terminates in approximately 100-1000 spatular plates that measure
200 nm wide, 200 nm long and taper to 10 nm at their distal end [110, 8].

Whole body adhesion studies of the gecko gekko have revealed that each foot can adhere
with a force of approximately 10 N [64]. With an average mass of 50 g, this implies that
a gecko can support more than 40 times its own body weight with only its two front feet!
Autumn et al. first measured the adhesive force of a single gecko foot hair, reporting a pulloff
force of 194 pm per seta [8]. More interesting than the actual pull-off force measured was the
discovery of the action that was necessary to engage and disengage the seta. Namely that
the macroscopic orientation and pre-load increased the adhesive force parallel to the surface
to 600 times greater than frictional measurements of the material. A small perpendicular
preload (5-10 pm) followed by a small displacement of the seta parallel to the surface (5
pum) was necessary for engagement and resulted in drastically larger adhesive forces. As
well, a critical angle of detachment was discovered, that was shown to be independent of
pulling force. Above approximately 30 degrees, setae were found to detach. Autumn et al.
hypothesized that the digital hyperextension observed in the gecko during engagement and
disengagement allowed the setae to be easily attached and released by crossing this angular
threshold [§].

Although gecko adhesion has fascinated humans and piqued the interest of scientists for
thousands of years, significant insights into the physical principles that give rise to the adhe-



Figure 1.2: A longitudinal section through a series of lamellae of the tokay gecko (Gekko
gecko) lateral to the phalanges. From Russell [113].

sive properties have only recently been uncovered. Researchers have revealed that the geckos
amazing ability to climb vertically or inverted on nearly any surface can be attributed to van
der Waals forces generated between the surface and the millions of hierarchical nanohairs
made from [-Keratin (Young’s modulus ~ 1.5 GPa) [10, 9], as described above. Through
a clever experiment involving highly polarized hydrophobic and hydrophilic surfaces, they
were able to reject competing hypothesis that thin-film capillary forces were responsible for
adhesion. This resulted in the extremely important realization that the adhesive properties
of gecko setae are only dependent on the size and shape of the spatular tips, and are not
strongly affected by surface chemistry - ie. material property [10]. The implication was that
smaller spatulae will result in a greater adhesive force per unit area, and that continued sub-
division of terminal features would result in a greater surface density, and therefore enhance
the adhesive properties. This discovery paved the way for the development of artificial dry
fibrillar based adhesives known as Gecko-inspired Synthetic Adhesives (GSAs) [6, 81].

1.2 Previous work on gecko synthetic adhesives

Since the Autumn et al. [10] discovery of the principles underlying the gecko adhesive system,
there has been an explosion in interest from investigators trying to replicate the form and
function of fibrillar adhesives, and over 250 publications have appeared since 2000, and are
well documented by the gecko adhesion bibliography recorded and maintained by Dr. Ron
Fearing at http://robotics.eecs.berkeley.edu/ ronf/Gecko/gecko-biblio.html.

Autumn [123] has identified seven benchmark properties that are characteristic of gecko-
like adhesives, which are (1) anisotropic attachment, (2) a high adhesion coefficient, (3) a low
detachment force, (4) material-independent adhesion, (5) self-cleaning, (6) anti-self-adhesion,



and (7) a nonsticky default state. Although the overall adhesive strength of GSA systems
is important, these benchmark properties are equally important since they give rise to the
controllable aspect of the gecko adhesive system that make them interesting to investigators
and desirable as a new technology.

Recently, GSAs [6] have been made using a variety of fabrication techniques and materi-
als. These adhesives generally consist of a surface covered in millions of micro to nanoscopic
fibers, the dimensions of which allow for the effective stiffness of the array to be reduced
while maintaining morphological stability [124]. Structures can loosely be categorized into
three types: those consisting of primarily low elastic modulus polymers (Young’s modulus <
10 MPa) [3, 122, 131, 74, 94, 45, 99, 29|, high elastic modulus polymers (Young’s modulus
~ 1 GPa) [145, 40, 80, 119, 67|, and arrays of carbon nanotubes [141, 39, 108|.

The soft polymer adhesives generally consist of larger dimension structures (=~ 10um),
fabricated by first forming a negative mold either through direct machining of a rigid sub-
strate such as wax [54, 29|, or using traditional microfabrication techniques such as pho-
tolithography [95, 30], and casting an elastomeric material such as polydimethylsiloxane
(PDMS). Once the elastomer is cured, it is peeled from the mold to reveal the fibrillar
structures. These adhesives are generally characterized by high normal adhesion strengths.

The hard polymer adhesives generally consist of smaller dimension structures (= 1um),
typically fabricated by filling micro porous templates by injecting thermoplastic polymer
through the application of heat and pressure [85, 138]. Other techniques for hard fibrillar
surface fabrication involve fabrication of a soft mold using traditional photolithography or
nanosphere lithography techniques [80]. In either case, the negative mold must either be
etched away or be made of a soft deformable material to release the hairs due to the higher
stiffness and smaller surface dimensions of the fibrillar features, which is in contrast to the soft
fibrillar structures which can be peeled from the mold due to the flexibility of the elastomeric
features. Stiff fibrillar arrays generally generate less normal adhesive forces, however they
generate extremely high friction forces.

Arrays of carbon nanotubes or nanowires have also been fabricated via various chemical
vapor deposition techniques [39, 108] and tested for adhesive properties. These adhesives
show very high normal adhesion, however high preloads are generally required to engage the
adhesives, and adhesive properties degrade rapidly with repeated use [108].

A recent thorough review of the current fabrication techniques and current challenges
has also been compiled by Sameoto and Menon [118].

1.3 Motivations and current issues

The past decade has seen rapid advancement in GSAs and their performance has also steadily
increased. Many of the benchmark properties identified by Autumn have been achieved
to some degree, and adhesive forces up to 30 N/cm? in shear are reported for structures
presented in this body of work [41], and another example exhibiting up to 21.9 N/cm? in
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Figure 1.3: A survey of GSA structures including examples of soft polymer structures by
Askak et at. [3], Varenberg and Gorb [131] and Day et al. [29], stiff polymer structures by
Lee et al. [85, 86], Xue et al. [138], Zhang et al. [145] and Jeong et al. [67], and carbon
nanotube structures by Ge et al. [39] and Qu and Dai [108].



the normal pulloff direction [28], and many others reporting adhesive values in the 5-10
N/cm? range [118]. However, these reported values have been recorded under ideal surface
conditions, namely on smooth glass surfaces that have been thoroughly cleaned, and the
adhesives are generally only tested for a few cycles. Therefore, there still remains a gap
between the capabilities of current GSAs, and the properties required for GSAs to perform
as the gecko does: on natural undulating surfaces with several scales of roughness, in dirty
environments where particle contamination is the norm, and for thousands or even tens of
thousands of cycles. For continued progress to be made in GSAs, focus must shift from
trying to attain high adhesive values under ideal conditions, to exploring the weaknesses
in current GSAs and contrasting those with the principles that underpin the success of the
natural gecko systems in real world challenging conditions.

1.3.1 Adhesion to rough surfaces

The variety of surfaces found in nature pose a formidable challenge to any adhesive designer.
Often these surfaces have roughnesses at a variety of length scales, ranging from nanometers
to large undulations on the centimeter scale. These roughnesses can be critical, as it has been
shown that just a few nanometers in roughness is enough to disrupt the adhesion between
clean elastically hard surfaces [101], and that a root mean square (RMS) roughness of only
1 pum is enough to completely remove the adhesion between a soft rubber with a Young’s
Modulus of 1 MPa and a hard flat substrate [103]. This is due to the nature of the van der
Waals bonds that give rise to the adhesive forces between solids. The strength of this bond
between two spheres will have an adhesive force of [66]:

F = AR/12D? (1.1)

Where A is the Hamaker constant, taken to be 107! for typical solids [66]. With spheres
of radius R = 1 cm separated by a gap of D = 0.2 nm , the adhesive force will be 2 x 1073
N. When this gap is increased to D = 10 nm, the adhesive force drops to 1076 N, a factor
of 2500. Similarly, two planar surfaces will show an adhesive pressure of [66]:

P = A/6rD? (1.2)

Plates separated by 0.2 nm theoretically will show an adhesive pressure of 10®N/m?,
but this is reduced by 5 orders of magnitude when the gap is increased to D=10 nm. This
dramatic drop in the van der Waals bond with separation gap outlines the importance of
intimate contact between the adhesive structure and the counter-surface.

In the case of primarily elastic adhesives such as the gecko adhesive system, adhesive
contact will be maintained as long as there is an energetic balance between the elastic
energy stored in the material and the surface binding energy arising from contact. Stored
elastic energy, U, , arises from the strains required to bring the material into contact with
the surface, and the binding or surface energy, 6vA is formed when two surfaces are brought



together, where 0+ is the change in the interfacial free energy per unit surface area and A is
the true area of contact [103]. Reaching this equilibrium is challenging on rough surfaces, as
the adhesive material must deform much more in order to form true contact area with the
surface, and for stiffer materials, this puts the energetic equilibrium out of balance leading to
detachment. To accommodate this, the gecko adhesive reduces the necessary stored elastic
energy by having thin terminal fibers, effectively reducing the stiffness of the surface from the
bulk modulus of ~ 2 GPa to ~ 85 kPa [9]. However, due to the varying scales of roughness
found on natural surfaces, a single level of thin hairs is not sufficient. To reach’ and make
contact with nanoscale roughness the hairs need to be on the order of nanometers, but if the
same hairs were to be used to accommodate millimeter scale roughness, the hairs would be
extremely weak and self condense [102]. Thus the system involves several branching scales
of hairs and structures which are postulated to be necessary at complying to the varying
levels of roughness found on natural surfaces.

Although the majority of recent studies on the gecko adhesive system and work on GSAs
have focused on the nanoscale or on smooth surfaces (with several notable exceptions [60,
77, 103, 116, 106, 14, 83, 109]), it is clear that an integrated approach must be taken that
considers the relationship between the surface roughness, the size of the adhesive structures,
and their ability to conform at a variety of length scales [102]. Understanding the abilities
and limitations of these structures on varying length scales of roughness is necessary to create
an adhesive that is able to adhere to naturally rough surfaces.

1.3.2 Fouling and dry self-cleaning of synthetic arrays

Adhesives in the natural world also must overcome the large amounts of contaminants found
on surfaces such as dirt and dust or loose frangible material such as a sandstone wall.
Traditional pressure sensitive adhesives (PSA) are made using soft viscoelastic polymers
(Young’s modulus < 100 kPa at 1 Hz [26, 104]), and will collect dirt and lose adhesion
rapidly with repeated use, often within just a couple cycles [84].

For the gecko to operate continually in its environment, it must be able to cope with
this contamination. Recently, it has been shown that the gecko adhesive structures can shed
particles after fouling in order to preserve the adhesive properties of the foot pads [53]. This
dry self-cleaning occurs by an energetic disequilibrium between the adhesive forces attracting
a dirt particle to the substrate and those attracting the same particle to one or more spatulae.

Although GSAs have shown several of the same remarkable behaviors as the gecko
including directional adhesion, strong attachment with minimal preload, and quick de-
tachment [99, 119, 84|, minimal attention has been paid to dry self-cleaning, with only a
handful of studies that directly address fouling and contamination issues in dry environ-
ments [84, 43, 42], with the aid of water droplets moving across the adhesive surface and
taking advantage of the lotus effect [144, 129, 121] and theoretical treatments considering the
mechanics behind dry self cleaning [63, 105, 103]. While dry self-cleaning has been exhibited
with GSAs, this effect has only been shown across a narrow range of particles and materials



choices. A better understanding of the interaction between particles, surfaces and adhesive
structures will be required before adhesives can be employed in use cases involving repeated
cycles in dirty environments.

1.3.3 Fibrillar surface robustness

Robustness of the adhesive is another critical component that must be carefully considered
for high cycle applications such as robot climbing [6], industrial gripping systems [67], and
automobile tires where controllable adhesion, reusability, durability and long lifetime are
desired properties. In typical solids, contact forces decrease at the onset of sliding, and
continue to decrease as the interfacial velocity increases and there is a loss in interfacial
contact due partly to wear [13]. For a gecko using traditional adhesives, this would have
severe consequences, as any slip while climbing would result in a fall. However, studies have
shown that this is not the case, and in fact contact forces increase with sliding velocity [49].
Gravish et al. discovered that gecko arrays subjected to 30,000 cycles did not show any signs
of wear or a reduction in adhesive forces. The surprising result may explain how the gecko
is able to travel through its environment and maintain adhesion between its two month long
molting cycles.

The principles behind this wearless dynamic friction have been explained by Gravish et
al. through a model involving nanoscopic stick slip events [49]. In the model, contacting
elements are either statically attached to the surface, or in the process of breaking contact
and slipping to a new contact position. These uncorrelated stick slip events give rise to
the adhesion witnessed during sliding, and increase to a peak velocity before falling off.
Their results were confirmed at the macroscale through testing of a soft polymer GSA,
which exhibited the stick-slip behavior. This stick slip behavior is critical in preserving the
robustness of the adhesive structures. If the structures are subjected to sliding, wear will
occur.

GSAs with intended uses in high cycle environments must therefore be designed and
evaluated with this in mind. Several investigators have attempted to quantify the wear or
long lifetime properties of GSAs [99, 41, 15, 79]. Although potential failure mechanisms
have been described, and there is potential for combined modes of failure such as creep
deformation and adhesive wear, there is still a need for close examination of the wear modes
in GSAs, and design principles that will promote wear-free contact than can enable high
cycle uses.

1.3.4 Testing Methodology

Due to the coupling of normal and tangential adhesive forces exhibited in the gecko adhesive
system, it is important that any testing methodology selected is able to capture this interplay
by allowing measurement in more than a singe axis. In the past several years, the load-drag-
pull (LDP) testing methodology has emerged as a repeatable methodology that is useful for



both natural and synthetic systems [6]. LDP testing involves moving the sample through a
displacement controlled path which brings the sample into contact with a counter-surface,
while reaction forces are measured in each axis. Due to the controllability and repeatability of
this displacement controlled methodology, and its adoption by many other GSA investigators,
the LDP test was used throughout this body of work. However, important considerations
must be taken when interpreting the results of the LDP test. Due to the displacement
controlled nature of the LDP test, it is not directly relevant to map the results to systems
and applications that have different boundary conditions. For example, in the case of a robot
climbing a wall, the path of the robot body is dictated by the forces acting on the system,
and it can be considered a force controlled system. In a force controlled system, a load will
be applied to the adhesive, and if this load does not exceed the adhesive limit, contact will
be maintained. This is in contrast to the displacement controlled LDP system, where the
adhesive will be driven past this failure point, but the path will still be followed, allowing the
adhesive to possibly re-engage. We therefore generally report either the maximum adhesive
forces during an LDP trial, or the mean forces during the drag phase of a trial, since this
could approximately be considered the adhesion limits of the system that one might expect
during applications with different boundary conditions.

1.4 Contributions

This work builds upon previous accomplishments in the fields of natural and synthetic ad-
hesion. Specific contributions are summarized in the list below:

e Natural Gecko adhesion on macroscopically rough surfaces (Chapter 2): A study of the
capability of the gecko gekko to adhere to macroscopically rough surfaces was carried
out to give insight into the function of the intermediate structures of the foot: the toes
and lamellae. The discovery that the toes are capable of adhering to surfaces with am-
plitudes much larger than their dimensions even without engaging claws, maintaining
60% of shear adhesion on surfaces with amplitudes of 3 mm, and that adhesion can be
predicted by the ratio of the lamella dimensions to surface feature dimensions.

e A new soft polymer GSA (Chapter 3): A new type of synthetic GSA has been developed
from a soft polymer. This newly developed GSA, consisting of 100-300 micron high
ridges, is made with a wax mold cutting process. Testing revealed that the GSA is
capable of tensile adhesion of 1.5 kPa while holding 5.5 kPa in shear on smooth glass.
In addition, the new GSA is also able to adhere to a variety of rough surfaces including
metal, wood, painted walls, acrylic and white marker board.

e A comparison of hard and soft GSA dry self-cleaning properties (Chapter 3): Testing of
dry self-cleaning was carried out across a wide variety of particle sizes on the new GSA
described above. Experiments were directed towards characterizing the capabilities of
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the soft polymer GSA to self-clean, as well as comparing the self-cleaning capabilities
with hard thermoplastic GSAs, finding that a GSA made from a hard thermoplastic
with nanoscopic fibers was able to recover 96 to 115% of its shear adhesion after fouling
with small and large but not medium particles, while a GSA made from a soft polymer
and microscopic fibers recovered 40 to 55% on medium and large particles, with SEM
imaging revealing particles embedding within the polymer.

A magnetically actuated GSA (Chapter 3): The development of a new MR elastomer
fibrillar adhesive based on the wax cutting technology above, showing that particle
capture and control of sub millimeter glass spheres is possible by activation of an
external magnetic field which is used to alter the fiber geometry.

Wear properties of hard polymer GSAs (Chapter 4): Further testing of a hard ther-
moplastic GSA made from either polypropylene or polyethylene has revealed that long
lifetimes are possible. The GSA was tested up to 10,000 cycles on glass, with only a
54% decrease in shear adhesion. We also discovered that it is possible to form spatula
like tips on the end of the fibers through a shear deformation process. Spatulae may
be partially responsible for the long lifetime of the GSA, and may represent a new
pathway to forming nanoscale structures on the tip of the hard thermoplastic fibers.
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Chapter 2

Adhesion to rough surfaces

2.1 Adaptability of gecko gekko adhesive system to
macroscopically rough surfaces

The gecko’s exceptional climbing ability has been attributed primarily to the fibrillar struc-
tures found on the toe pads [127, 8, 14, 9]. As described in Section 1.1, toe pads are in-folded
to form rows which hold modified keratinized scales called lamellae. These lamellae are com-
posed of hundreds of tiny hairs called setae, which are then further subdivided into hundreds
of nanoscale sized spatulae [112, 113]. This hierarchical system, along with claws [18, 142]
that are used for mechanical interlock, allow the gecko to attach to a wide variety of surfaces
ranging from smooth glass and plants to the roughest tree bark.

Although the majority of research on the gecko adhesive system has focused on the
nanoscale features, the lamellae, the tendons, blood vessels and muscles of the foot are known
to play an important role [111, 100, 128]. Russell [112, 113] proposed that the intermediate
structures are used to cushion the foot against the surface, and to allow the flexible lamellae
to conform more closely to the surface to which they are adhering. Another theory on
the function of the intermediate structures is that the size, shape and angle of the larger
hierarchical structures aid in rapid detachment of the foot [24, 38]. Other investigators have
also shown analytically that the hierarchical structures uniformly distribute the adhesive
force across the attachment pads, resulting in stronger and more robust adhesion on rough
surfaces [23, 77]. Investigators have also identified a range of surface roughness that is
too rough for the setae alone to adhere to, but is also too smooth for the claws to form a
mechanical interlock on, indicating that the intermediate sized structures may be critical
in allowing the hierarchical system to adhere across a wide range of length scales [14, 130].
Vanhooydonck et al. found that the acceleration of the geckos, and thus the effective force
they were able to produce, decreased when running vertically on mesh and cloth as compared
to fine-grained wood, although the final running speed was the same [130]. However, this
study was not conclusive because 1) acceleration of the center of mass is not limited by peak



12

adhesive force of the foot for these surfaces. There is no reason to expect peak single leg forces
to approach even the static adhesive or shear capacity unless the number of attached spatulae
could be reduced by 1 to 2 orders of magnitude. 2) Peak body accelerations estimated by
twice differentiating position digitized from a 250fps video do not provide a good estimate of
the instantaneous forces acting at the interface between setae and substrate. A recent study
by Russell and Johnson compared surface topology on a wide range of irregular surfaces
including sandstone, glass, acetate, sandpaper, cinderblock and oak, focusing primarily on
the available contact area of each surface [116, 70], and later found that deployment of the
gecko adhesion system is based on the surface incline, and not on roughness [115]. These
studies indicate that the gecko is able to adhere to rough surfaces at some reduced level
of adhesion. However it is still unclear how adhesion to rough surfaces is accomplished,
and to what degree surfaces of varying roughness compromise total foot clinging ability.
Furthermore, the randomly rough nature of the surfaces used in studies thus far limits the
ability to compare models of lamellar contact mechanics, as well as data from other studies
and among diverse species.

We attempt to better understand toes and lamellar function by measuring how geckos
adhere to surface features that are too rough for the setae alone to adhere to, but are
too smooth for the claws to form a mechanical interlock [14, 130], and to identify any
possible limitations of the hierarchical structure, as it is known analytically that roughness
will dramatically decrease adhesion between smooth surfaces [101, 126]. We studied whole-
foot gecko adhesion on extruded sinusoidal patterns of varying amplitudes and wavelengths
similar to the dimensions of the lamella and toe structures. By observing the maximum
shear force a gecko foot can attain on a variety of controlled surfaces, we propose to quantify
these macroscopic structures’ role in shear adhesion. We hypothesize that surface amplitudes
greater than lamellae depth will cause a decrease in shear adhesive force and that increasing
surface wavelength will increase shear adhesion.

Our data will be useful for validation of models attempting to explain contact mechanics
of the lamellar structures due to the computable nature of the sinusoidal surfaces used to
test shear adhesion. As well, this information can be used to explain how evolutionary forces
shaped lamellar traits by allowing a more rigorous comparison between surface features found
in the species environment and the dimensions and fidelity of the toe structures found on
various lizard’s feet. Insights from this study can provide biological inspiration for the design
of hierarchical synthetic adhesives and further improve their adhesive capability on rough
surfaces.
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2.1.1 Shear adhesion observations of gecko gekko feet on macro-
scopically rough surfaces

Species selection

Live Tokay geckos (Gecko gekko) (106 £+ 13 g ( mean £ s.d.) N=4) were used for our exper-
iments because: 1) they have been used extensively in adhesion research, and protocols are
well established, 2) the fabrication process for the engineered rough surfaces made possible
surface features that are similar in size to the intermediate structures of the Tokay gecko
foot and 3) the Tokay gecko has one of the most well developed lamellar structures of the
lizards that exhibit dry adhesion.

Gecko lamellae dimensions

Dimensions of the lamellae were determined by taking photographs with a camera mounted
on a microscope, and measuring structures using image analysis software (ImageJ, NIH,
Bethesda, MD). The lamellar wavelength was defined to be the average distance between
lamellae, and the lamellar amplitude was defined as the average proximal to distal length
directed along the length of the lamella as indicated in figure 2.1. Lamella had an average
amplitude of 0.87 + 0.13 mm (mean £ s.d. N=10) and wavelength of 0.7 £ 0.16 mm (mean
+ s.d. N=10).

Engineered surface fabrication

We used computer aided design software (SolidWorks, Dassault Systems, Lowell, MA) to
create designs of sinusoidal surfaces with various combinations of amplitudes (A) and wave-
lengths (T, Fig. 2.2) . We made these designs into wax molds using a 3D printer (Thermojet,
3D Systems, Rock Hill, SC). Polyurethane (PU) was cast into the wax molds and de-molded
once cured. Each PU surface was 50 mm long by 50 mm wide. Sinusoidal surfaces were se-
lected because they are easy to characterize and because the rounded edges prevented claw
engagement which would interfere with the surface-lamellar interaction. Amplitudes and
wavelengths were chosen to be the same order of magnitude as the lamellae to toe dimen-
sions, with 35 surfaces being created in total with amplitudes of 0.5-3 mm + 0.08 mm and
wavelengths of 0.5 mm to 6 mm 4+ 0.08 mm. The flat control surfaces were made of PU, cast
into molds made in the same 3D printer as the sinusoidal surfaces to minimize differences in
microscale roughness.

Experimental apparatus and testing methodology

We mounted the sinusoidal surfaces on a 6-axis force transducer (Nano-17, ATI-IA, Apex,
NC), which were then attached vertically to the edge of a rigid table. Data acquisition
software (MATLAB , Mathworks, Natick, MA) was used to collect and analyze the forces in
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Figure 2.1: Lamellae observed on the toe of a live Tokay gecko (Gecko gekko), showing
example measurements of the lamellar wavelength and amplitude.
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Figure 2.2: Creation of the surfaces. (A) A 3D wax mold was printed. (B) Polyurethane
(PU) was then cast into the mold and allowed to cure. (C) The PU surface was then removed
from the mold. (D) Cross section of the surface showing amplitude A and wavelength \. (E)
The flat PU control surface as well as three example surfaces used in the various conditions.
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the x, y, and z-axes. Additionally, a side view video camera was set up to record the behavior
of gecko feet, toes, lamella, and claws. Simulated steps were performed by manually moving
a gecko foot in a load-drag-pull path that allows measurement of the peak engagement forces
(Fig. 2.3). Tokay geckos were held vertically, with their head up, and a back foot was used
to engage the bottom of the sinusoidal surface. A pre-load normal force of approximately 1
2 N was applied to the entire gecko foot for approximately 1 second by pressing with a gloved
hand, and then released. When the normal force returned to 0 N, the gecko was dragged
upwards vertically along the surface at a steady speed of 2 to 5 mms™!, being careful not
to apply additional normal or lateral forces. Gravish et al. [49] have determined this to be a
reasonable drag velocity range, because 1 mm/s is the transition velocity above which there
is a power law increase in force. Following this power law, we calculated that we should
expect to see less than a 1% difference in measured adhesion due to velocity effects across
the range of allowable velocities. Small errors in velocity in our range should not have a
large effect on measured forces. As the foot approached the upper edge of the surface, we
pulled the foot off in the normal direction.

Trial selection criteria

Before and after each trial, we tested the gecko on the flat PU control surface to ensure the
gecko was adhering consistently. If geckos could not attain a benchmark force of 9 N on the
control surface before and after the surface trial, we discarded the trial. Trials were also
excluded if any claw engagement, foot disengagement, significant lateral or normal forces
above 1 N, or if dragging speeds were out of our set range, as calculated by measuring
the time of the drag phase across a set distance with a stopwatch. As well, individuals
were not used during periods when their setae were molting. Two hundred and twenty four
trials yielded acceptable data across four individuals. We attempted to have each animal
serve as its own control by testing the same rear foot of each gecko on all surfaces at least
twice. However, due to variations in animal behavior and the criterion used to accept or
reject trials not every gecko is represented equally in every condition. The vast majority of
conditions (30/35) had at least 6 acceptable trials from at least two geckos across the range
of conditions. Our data set represents an attempt to balance the challenge of collecting data
from live animals with gathering sufficient data across the large number of conditions.

The shear force for each trial was taken as the maximum generated during the steady-
state drag period, as seen in Fig. 2.4. We used maximum shear force values for each surface
to determine the change in maximum performance between the control surface and the
sinusoidal, engineered surfaces.
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Figure 2.3: (A) The experimental apparatus showing how the simulated steps were performed
with the Tokay geckos. (B) A sequence of stills taken from video of a foot drag on a surface
with amplitude 3 mm and wavelength 5 mm. (c) the testing methodology in which the rear
foot is testing on the PU flat control surface, then 3 trials are performed on the condition
being tested, and finally, the foot is again tested on the flat PU control surface afterwards.
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Figure 2.4: Shear (blue line) and normal (green line) adhesion data from a single load-
drag-pull step of a Tokay gecko on a sinusoidal surface with an amplitude of 2 mm and a
wavelength of 3 mm.

2.1.2 Observations of lamellar conformation and adhesion
Shear adhesive force as a function of time

As we loaded the gecko’s foot, normal force increased to our target preload of 1-2 N (Fig.
2.4). After dragging, shear adhesive force increased rapidly to a steady-state, while normal
force remained near zero (Fig. 2.4). Shear adhesive force steady-state was maintained for
more than 5 s allowing estimation of the maximum value for the given trial. The force traces
were not filtered. Data were collected at 1000 Hz. Maximum shear adhesive forces ranged
from 0.21 to 14 N.

Effect of surface amplitude and wavelength

To determine the effect of surface features, we plotted the percent relative maximum shear
in relation to a flat PU control surface as a function of the surface wavelength and amplitude
(Fig. 2.5). Multi-Factor ANOVA results showed no significant effect of individual (P=0.06).
As amplitude increased, maximum shear adhesion decreased significantly for each wavelength
tested (ANOVA, F(4,213) = 74.3; P <0.001; Fig. 2.5A, B). As wavelength increased, maxi-
mum shear adhesion increased significantly at each amplitude tested (ANOVA, F(6,213) =
88.6; P<0.001; Fig. 2.5C, D). The condition with surface amplitude of 1 mm and wavelength
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of 6 mm showed no significant difference in adhesion from a flat control surface made from
the same material (One sample T-Test, P=0.076). Video evidence shows that the surface
feature dimensions that caused this decrease in adhesion correspond approximately to the
dimensions of the gecko toe and lamella features.

Conformation of toes and lamella to engineered rough surface

Video footage of trials revealed a wide range of toe and lamella conforming behavior, from
the entire toe and lamella contacting sinusoids, to lamella and toes not conforming at all
to the surface (Fig. 2.6). At wavelengths below the lamella dimensions (Fig. 2.6A, B),
the toes and lamella were not conforming to the surface and instead are only resting on
the peaks of the engineered surface. It is on these surfaces that we measured the most
significant reduction in shear adhesion. The intermediate surface dimensions (Fig. 2.6C, D)
approximately correspond to the point at which lamella can slightly conform, but the toes
cannot, reducing the number of contacting lamella. Toes are seen slightly curling around the
surface features, but not enough to bring all the lamella into contact. We observed lamella
extending from the bottom of the toes, but not being long enough to reach the deepest parts
of the surface. At the largest surface dimensions (Fig. 2.6E, F), the lamella and toes conform
to the surface, and they appear to make complete contact. There is no significant loss in
adhesion on these surfaces from a flat control surface of the same material (surface: A=1,
T=6, One sample T-Test, P=0.076) .

2.1.3 Discussion

The interactions between the gecko lamella and surface features that allow the gecko to
adhere with such large forces remain a complex phenomenon. Previous studies of whole
body forces have given some indication of how roughness may decrease adhesive forces, but
the randomly rough nature of these surfaces and lack of data have made making conclusions
about toe and lamellar contact mechanics difficult [70, 130]. The systematic approach taken
by this study is the first to shed light on how varying both surface amplitude and wavelength
effect adhesion at the whole foot level. Specifically, the data suggests that the ratio of lamella
to surface feature size plays a large role in whole foot clinging ability as indicated by both
force measurements, and video data which show lamellar features interdigitating to various
levels depending on the amplitude and wavelength of the surface as shown in Figure 2.7.
Russell and Johnson (2013) [117], suggested that setae or lamella features would be able
to make contact with the uppermost portion of the surface corresponding to the length of the
lamella. They go on to predict that this potential area of available contact could be used to
predict adhesive forces. However, our data show that just using the available area of contact
only poorly predicts adhesive forces. Figure 7 shows the measured shear adhesive force as
a function of the projected area available for contact for the top 0.87 mm of the conditions
tested (as this depth is the measured lamella length for the Gecko gekko individuals we



20

Figure 2.5: Percent shear adhesion across surfaces that vary in amplitude (A) and wavelength
(T) relative to a flat control surface. (a,b) Percent shear adhesion as a function of amplitude
with wavelength held constant across low (a) and high (b) wavelengths shown in inset. (c, d)
Percent shear adhesion as a function of wavelength with amplitude held constant across low
(c) and high (d) amplitudes shown in inset. Adhesion decreased significantly with increasing
amplitudes and decreasing wavelengths (ANOVA P<0.001; error bars represent one standard
error.).
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Figure 2.6: Photos taken from video of load-drag-pull trials on several, engineered rough
surfaces. At wavelengths below the lamella dimensions (a, b) the roughness is too large
for the toes and lamella to conform (black bracket showing lamellae only contacting tips of
ridges). The intermediate surface dimensions (c, d) approximately correspond to the point
at which a significant loss in adhesion is measured, where lamella can slightly conform, but
the toes cannot (white arrows). At larger surface dimensions (e, f), the lamella and toes can
conform to the surface, and there is no significant loss in shear adhesion (black arrow).
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Figure 2.7: Percent reduction in maximum shear force from a flat control surface vs available
area for contact in the top 0.87 mm of the sinusoidal surface. Russell and Johnson [117]
suggested that increased available area for contact may predict an increase in adhesion,
however we found this was not significant (r? = 0.29) showing that a more complex metric
is needed to predict surface adhesive forces (error bars are 95% confidence intervals).
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used in this study). As can be seen, no clear trend exists between the available area for
contact and the shear adhesion. The data suggest the available area of contact is a weak
predictor of shear adhesive capabilities (r? = 0.29), and as Russell and Johnson contend,
more exploration is needed surrounding the relationship between toe-pad geometry, surface
features and adhesive capability across a wider variety of species.

It may be that beyond certain amplitudes and below certain wavelengths the lamella can
no longer adapt to the surface, and adhesion is lost due to geometric constraints (e.g. the
lamella cannot fit between the surface features to make contact with the surface). Interest-
ingly, Huber et al. [60] reported that for spatular attachment, a roughness on the same size
scale as the feature size created a decrease in the adhesive force. This is strikingly similar
to the trend we have found at the lamellar size scale, and may suggest that the smaller size
scale structures are behaving similarly to the larger size scale structures, and again supports
the hypothesis that it is the relationship between the anatomical feature size and the surface
feature size that best predicts adhesive capability .

It is also possible that the local angle of the surface features determines clinging ability,
and this has been demonstrated at the setal size scale [8]. During contact, the lamella can
be seen bending to an angle in order to conform to the surface, and this angle may be
determined by the ratio of lamella to surface feature size. However, further modeling would
be required to conclusively say how local lamellar angle effects whole foot adhesion. It is our
hope that data from this study could be used to verify such a model.

The significant drop in adhesive forces on surfaces with higher amplitude and shorter
wavelengths suggest that the lamellae and toe structures have evolved to conform to only
a certain range of rough surfaces. There has been some speculation that there may be a
positive relationship between lamellae number and clinging ability [65], however our data
suggests that clinging ability on rough surfaces may also be linked to lamellae dimensions.
It is still difficult to make these conclusions since data from other species does not yet exist.
These results do indicate that surface roughness plays an important role in explaining the
disproportionately high safety factor of the gecko adhesive system, which is in some cases
stated to be several-hundred fold [7]. This was pointed to by Vanhooydonck, but lack of
strong data prevented a stronger conclusion [130]. Our data may be used to explain how
evolutionary forces shaped lamellar traits by allowing a more rigorous comparison between
surface features found in the species natural environment and the dimensions and fidelity
of the toe structures found on various lizards feet. More data will need to be collected
from a wider variety of species as well as characterization of substrates found in the natural
environment to allow further conclusions.

These results also hold strong implications for the design of synthetic gecko adhesives; a
new controllable adhesive inspired by the gecko. Current synthetic gecko-inspired adhesives
incorporate only micro and nano structures that adhere ideally to smooth surfaces, but few
synthetic adhesives have incorporated macroscale structures similar to those found on gecko
feet that would allow for adhesion on macroscopically rough surfaces. In one case, Lee et al
fabricated nanofiber arrays on lamellae-analogues from a hard polymer and demonstrated
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that adhesion on non-planar surfaces were five times greater than arrays without lamellar
support structures [83]. Our results suggest that adhesion to rough surfaces of these gecko
inspired adhesives may be improved if the relative size between the adhesive geometry and
surface geometry is carefully considered. Further understanding of the mechanisms of adhe-
sion on a macroscale level may enable adhesion on nonplanar surfaces; one of the ultimate
engineering goals required for wide-scale application of synthetic gecko-inspired adhesives.

2.2 Concluding remarks

The role in adhesion of the toes and lamellae - intermediate sized structures - found on
the gecko foot remains unclear. Insight into the function of these structures can lead to a
more general understanding of the hierarchical nature of the gecko adhesive system, but in
particular how environmental topology may relate to gecko foot morphology. We sought to
discern the mechanics of the toes and lamellae by examining gecko adhesion on controlled,
macroscopically rough surfaces. We used live Tokay geckos, (Gekko gecko), to observe the
maximum shear force a gecko foot can attain on an engineered substrate constructed with
sinusoidal patterns of varying amplitudes and wavelengths in sizes similar to the dimensions
of the toes and lamellae structures (0.5 to 6 mm). We found shear adhesion was significantly
decreased on surfaces that had amplitudes and wavelengths approaching the lamella length
and inter-lamella spacing, losing 95% of shear adhesion over the range tested. We discovered
that the toes are capable of adhering to surfaces with amplitudes much larger than their
dimensions even without engaging claws, maintaining 60% of shear adhesion on surfaces with
amplitudes of 3 mm. Gecko adhesion can be predicted by the ratio of the lamella dimensions
to surface feature dimensions. In addition to setae, remarkable macroscopic-scale features
of gecko toes and lamellae that include compliance and passive conformation are necessary
to maintain contact, and consequently, generate shear adhesion on macroscopically rough
surfaces. Findings on the larger scale structures in the hierarchy of gecko foot function could
provide the biological inspiration to drive the design of more effective and versatile synthetic
fibrillar adhesives.
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Chapter 3

Fouling of fibrillar surfaces

3.1 Dry self-cleaning properties of hard and soft fiber
structures

Particle capture and release is a significant problem in many industries such as in semicon-
ductor manufacturing, solar panel cleaning and reusable adhesives for robot locomotion in
complex and dirty environments [55]. Current methods of particle manipulation or control
are insufficient for these applications where liquid solutions cannot be used [129, 144], vi-
bration or air jets are ineffective due to high surface area to volume ratios [98], scrubbing is
not an option due to delicate surfaces, geometric or environmental constraints [19, 137], and
electrostatics [32] or other methods [52, 133, 33] are not sufficient.

Traditional pressure sensitive adhesives (PSA) are made using soft viscoelastic polymers
(Young’s modulus < 100 kPa at 1 Hz [26, 104]) that conform to a surface to achieve high
adhesion. However, these soft polymers tend to foul quickly, and lose their ability to adhere
to a surface after several uses.

In contrast to traditional soft-polymer pressure sensitive adhesives, Hansen and Autumn
have revealed that gecko hairs can shed dirt particles during use, keeping the adhesive pads
clean enough to allow the gecko to continue climbing [53]. This dry self-cleaning is explained
by a change in the conformation of the nanofibrillar surfaces through passive mechanical
action. The authors used contact models to explain that self-cleaning occurs by an energetic
disequilibrium between the adhesive forces attracting a dirt particle to the substrate and
those attracting the same particle to one or more spatulae. Specifically, they describe the
interaction energy between a spherical dirt particle or radius I, and a substrate by Equation

3.1 [53]:

— pr Rp

W =
P 6D,

(3.1)

where p and w refer to particle and substrate, A is the Hamaker constant (=~ 10'° J for
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van der Waals interactions in air), and D is the particle-to-substrate gap [53]. Similarly, the
spatular-particle interaction can be characterized for a spatula approximated by a portion
of a sphere or radius R, by Equation 3.2:

—A,sRyR,
6D,s(R, + R;)
Taking the ratio of these interaction energies, and equating it to /N, the number of

spatula in contact with a particle, gives the equilibrium point when the adhesive energies
are in balance:

Whs = (3.2)

W, R,\ A,,D
N =2 — <1 + _P> pwTps (3.3)
Wps Rs Apstw

Considering the Hamaker constants and the gaps to be the same for each interaction,
an approximate trend can be determined for the self cleaning behavior, dependent on the
particle and spatula size. Figure 3.1 shows the maximum number of spatula that can be
adhered before dry self-cleaning will not occur. The trend shows that for larger particle sizes
and smaller spatula geometries, self cleaning is more likely. For geometries similar to a gecko
spatula, they estimate that 26 or more spatula would need to adhere to a 2.5 ym particle in
order for self-cleaning of the particle to not occur; a case that is geometrically impossible.

It has also been theorized that geckos shed particles from their feet through a unique
dynamic self-cleaning mechanism via digital hyperextension. Hu et al. [59] have described a
model in which dry-self cleaning can be explained by inertial forces of particles overcoming
adhesive forces during digital hyperextension of the foot. Their results indicate that digital
hyperextension of the arrays can give a two-fold increase in recovery.

Whether the source of dry self cleaning is caused by static disequilibrium or a dynamic
effect, it has only been previously reported in natural gecko hairs and in the polypropylene
gecko-inspired synthetic adhesives previously developed in the Fearing lab [84]. Arrays of
the stiff polypropylene fibers were contaminated with gold particles 1.5 ym and 2 pm in
diameter before simulated steps were performed by attempting to adhere them to a vertical
glass slide while suspending an increasing amount of weight from the samples. In contrast to
PSA samples which recovered zero of their initial adhesive strengths, the PP fibers recovered
33% of their shear force. It was also noted that about 60% of the particles were transferred
onto the glass slide, and that arrays of PP fibers were unable to recover from larger 3-5
pum particles. Using a similar contact mechanical model from Hansen and Autumn [53], Lee
calculated that particles larger than 5.2 pum would not self clean [84].

This apparent ability to dry self-clean in dry environments is in contrast to the lotus
effect, which requires droplets of water to shed particles from the highly hydrophobic non-
adhesive surface [11]. Several synthetic gecko adhesives have shown this ’lotus’ or wet self-
cleaning effect. Notably, Tsai et al. [129] fabricated a GSA made from e-beam photoresist
and carbon nanotubes (CNT), and showed that although these materials are hydrophilic,
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Figure 3.1: A contact analysis outlined by Hansen and Autumn [53] reveals that with larger
particle sizes and smaller spatula geometries, self cleaning is more likely.



28

they exhibit superhydrophobic behavior due to the surface geometry. A contact angle of
157° was achieved. As well, Kim, Cheung and Sitti [75] created a polyurethane mushroom
shaped microfiber array that exhibited superhydrophobic behavior, which was attributed to
the mushroom shaped tips. Further experimentation revealed that water droplets passed
over an array fouled with silica contaminants were able to clean the array to nearly its
original state.

With the rapid advancement of many types of GSAs under way, it will be advantageous
to understand the impact that the design parameters have on the dry self-cleaning effect
discussed above. To date, no work has been done to directly compare what effect material
choice or fiber diameter have on the dry self-cleaning property. Therefore, a comparison
of the dry self-cleaning capabilities of two example types of GSAs fabricated with different
materials and dimensions was carried out; one made from a hard thermoplastic polymer
(Young’s modulus ~ 1 GPa) with fiber diameters ~ 600 nm and the other made from a
soft elastomer (Young’s modulus < 10 MPa) with fiber diameters ~ 25 um. Each type was
subjected to a standard testing protocol across various particle sizes, which was used to
quantify the cleaning effect through the establishment of an empirical recovery ratio.

An analysis of the contact strength between fibers, particles and substrates of various
dimensions and elasticity was also carried out to explain the experimental findings and
generalize the results. The Hansen and Autumn model cited above only accounts for forces
normal to the interacting surfaces, and applies to the cases where surfaces are separated
normally. However, the vast majority of use cases for the GSA (and the experimental setup
used to test the adhesive properties of the array) involve shearing between the counter
surfaces which give rise to shearing or static friction forces between the array, particles and
the substrate. Therefore, the analysis below extends the self-cleaning predictions to cases
involving shearing of the surfaces, and a fiber in side contact with the contaminating particle,
as shown by Puthoff et al. [43].

3.1.1 Modeling of self-cleaning with shear/static friction

Macroscopic friction forces are independent of the contact area between bodies, as described
by Amontons’ Law [13]. This is, however, not the case for microscopic, single-asperity
contacts. In these cases, the static force required to produce interfacial sliding F} is related
to the strength of the interfacial bond in shear 7* (a stress) and the contact area A, given
by [22]

Ff = T*A, (34)

Whether or not contacting bodies will slide relative to one another will be determined
by the criterion 7 > 7%, where 7 = F'/A is the applied shear stress.

In problems with multiple, serial contacts (such as those incorporating a particle lodged
between two surfaces) the sliding criterion will be different for each individual contact, since
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(7) the parameter 7* depends on the properties of the materials involved and (i) the applied
stresses will vary with differing contact areas A. The interfacial shear strength of materials
#1 and #2 can be estimated from their effective interfacial shear modulus G* as [22]

L G 12— 2—m)\T!
mr-s(EEe ) (39)

where G, G, 11, and 1, are the shear moduli and Poisson’s ratios of the different
materials and C' =~ 25-30 is an empirical factor relating the ’yield stress’ of the interface to
the shear modulus. The other determining factor in the sliding criterion, the contact area
between the bodies, will be in general unknown, although good solutions exist for the contact
of spherical bodies under applied normal loading [69, 31]. These contact areas will depend
on the contact modulus E* = [(1 — v2)/E; + (1 — 12)/E,]”", which includes the Young’s
moduli, F; and E5, of the different materials.

The three-body contact problem for a contaminated fiber with a particle between itself
and a substrate is shown in Figure 3.2. The fiber is pulled with transverse force F' and
imparts a normal load L to the particle. The triplets of elastic constants of the fiber, particle,
and surface are, respectively, {Er, Gy, v5}, {Ey, Gp, vp}, and { Eg, Gy, vs}. Following Johnson-
Kendall-Roberts (JKR) contact mechanics, there is a circular contact region between the
particle and the surface with an area of [69]

2/3
Aps =T < SR*p )
4Ep’s
2/3

(L + 3myR, + \/67r'prL + (37r’pr)2> :

(3.6)

where L is the normal load and ~ is the work of adhesion. The contact between the
cylindrical fiber and the particle is a shape that is difficult to calculate, so here we assume it
to be an ellipse whose semimajor axis is aligned with the axis of the fiber [58] and is equal
to the JKR radius for the spherical case. If this ellipse has eccentricity e, then the area A,
will calculated in a similar manner to A, above, but will include an additional factor of
(1—¢€?).

Using Equations 3.4, 3.5, and 3.6, the sliding criterion can be determined for the particle
and the surface at all applied transverse forces I for fixed L = 250 nN and R, = 500 nm.
We assume a stiff particle (E, = 10 GPa), a surface of intermediate modulus (Es = 1 GPa),
and that v, = v = % The surface energy term = is fixed at 0.05 J/m?, typical for van der
Waals interactions [66]. Similar calculations apply for the criterion for sliding between the
fiber and the particle. We take Ry = 1000 nm, so e = 0.859. The resulting curves are in
Figure 3.3. Sliding occurs at a lower threshold force for the fiber-particle system than for
the particle-surface system, i.e. the fiber will self-clean under these conditions.

The analysis above sets the threshold force for sliding at the i-j interface at F;, as
determined by the solutions to the curves in Figure 3.3. This is the force of static friction
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Figure 3.2: Schematic of fiber, contaminant particle, and substrate. The interfacial contact
areas Ag, and A, s depends on the materials properties and the normal load L. These areas
and the applied lateral load F' determine the shear stress acting at each interface. Plot
contributed by Puthoff, in [43], used with permission.

Figure 3.3: Sliding criteria for particle-surface and fiber-particle interfaces. The critical
sliding forces for each contact are given by Fy, and Fj . For the given parameters, sliding
threshold forces are smaller for the fiber-particle interface; this produces self-cleaning of the
fiber. Plot contributed by Puthoff, in [43], used with permission.
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Figure 3.4: The cleaning parameter p = Fy, /F;, as determined by both fiber radius Ry and
contaminant particle radius R,,. Self-cleaning by shear works best for small fibers and/or
large particles. Plot contributed by Puthoff, in [43], used with permission.

for the given interface and, in the case of a smooth or stick-slip mechanism, is required
for sustained sliding [22]. We can explore how the different variables affect the cleaning
properties of a fiber/particle/substrate system by defining a ’cleaning parameter’ p as:

= ﬁ 3.7
=T (3.7)
When p < 1, sliding at the fiber-particle interface is favored and self-cleaning will be
significant. When p = 1 or greater, self-cleaning is not expected to occur. Figure 3.4 shows
how the cleaning parameter changes with both particle and fiber size. The data in Figure 3.4
indicate strong (p < 0.77) self-cleaning at all the R R, combinations illustrated, though we
note that, for combinations where R, > R¢, up to n fibers may be associated with each
o

where the arbitrary numerical parameter § = 5(n), can accommodate this additional detail.
The preceding analysis is a purely static one; we assume that the materials involved are

contaminant particle. A straightforward modification of Equation 3.7 to read p ~
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perfectly elastic and exhibit no time-dependent behavior. This is not the case for real engi-
neering materials, particularly those commonly in use in fibrillar adhesives such as PDMS,
latex, and lightly-cured urethane. In a dynamic picture of interfacial sliding, dissipative
mechanisms will come into play and will affect the cleaning picture. Furthermore, deforma-
tion in individual fibers or wetting of contaminants can enhance the area of contact A.
Dissipation by internal relaxation mechanisms (viscous or plastic) will produce an effec-
tively larger shear resistance 7);. The magnitude of the interfacial strength increase will
depend on the dissipative properties of the material and the sliding velocity v [107, 93], so
we write:
¢ = 77 [1 + @ (“lossiness”, v)]. The form of the loss function ® is a priori unknown, but it
typically increases as the Young’s moduli of the materials decrease and they become more
rubberlike. Our measure of lossiness is the ratio of the short timescale /low-temperature mod-
ulus Fy, to the rubbery modulus Ey. Assuming a simple relationship like ® = (E,./Ep) f(v),
where f is an unknown, dimensionless function of v, we have:

S [1 + % f(v)] | (3.8)

Figure 3.5 is an exploration of the { E,/ Ey, E'} parameter space for the fiber material. All
the other material and geometrical properties are fixed at the values indicated for Figure 3.3,
above. At fixed velocity, we take f(v) = constant = 10, for arguments sake. (In a quasi-
static picture of frictional sliding, the v term is a representation of the strain rate in the
materials.) An inspection of Figure 3.5 indicates that self-cleaning is inhibited at large
values of {E¢/Ey, Ef} and E.

3.1.2 Experimental testing of dry self-cleaning on hard and soft
GSAs

Polypropylene (PP) fibrillar surfaces were fabricated by molding a 12 gm thick polypropy-
lene film into a 20 pm thick polycarbonate (PC) track-etched membrane filter (ISOPORE,
Millipore Inc) containing 600 nm diameter pores, as described previously [41], and shown in
Figure 3.6. The resulting fibers are 600 nm in diameter and 18 pum long, with a pitch of ~1
pm. The resulting structures can been seen in Figure 3.8a.

Polydimethylsiloxane (PDMS) (Sylgard 170, Dow Corning) fibrillar samples were manu-
factured by first fabricating a 33 pum thick steel shim into a 'comb’ shape with a UV ablation
laser, leaving comb dimensions of 25 um wide teeth at the base, tapering to 15 um at the
tip, 70 pum in length and a pitch of 40 ym. Then with a CNC tool, the comb is used to make
progressive cuts into a wax surface [42, 29]. Once cut, PDMS is cast onto the wax mold and
the structures are released by peeling. The final fibers are 25 by 33 pum in diameter at the
base, tapering to 15 by 33 pum at the tip, 70 um tall and spaced 40 pm apart. The resulting
structures can been seen in Figure 3.8b.
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Figure 3.5: The cleaning parameter p for various combinations of fiber modulus E; and
intrinsic loss parameter Ef o,/ Ero. Self-cleaning is poorest at high E o/ E¢ (. Plot contributed
by Puthoff, in [43], used with permission.
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Figure 3.6: Fabrication of the PP and PDMS fibrillar structures. Polypropylene structures
are made by (a) molding into a track-etched membrane filter in a hot press and then (b)
etching away the filter with methylene chloride. PDMS structures are fabricated by first (c)
cutting a 37 pm thick steel shim into a 'comb’ shape with a UV ablation laser (d) then with
a CNC tool, the comb is used to make progressive cuts into a wax surface. (e) Once cut,
PDMS is cast onto the wax mold and (f) released by peeling.
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Figure 3.7: (a) Force displacement apparatus block diagram. (b) Load-drag-pull step on
glass surface. (c) Spacing of steps after fouling to avoid stepping in contaminated areas of
the glass slide. (d) Particles shed on glass after successive steps with a fouled PP fibrillar
sample.
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Figure 3.8: (a) An unused clean fabricated polypropylene fibrillar surface. (b) An unused
clean fabricated PDMS fibrillar surface.
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The custom force displacement apparatus, shown in Figure 3.7a, is described in Gillies
2011 [41]. Load-drag-pull step tests (Figure 3.7b) were performed on a custom built force
displacement apparatus that mimics the methods used by Gravish et al. [48] and Hansen et
al. [53], which allows for a repeatable testing protocol. Samples are arranged in a loop to
facilitate better contact with the surface, as well as to achieve some level of self alignment.

The self-cleaning property of the GSAs were quantified with a protocol similar to that
used by Hansen et al. [53] which consists of three stages. In stage one, pre-training of the
GSAs was first measured by running nine samples of each type through 50 load-drag-pull
steps on clean glass in order to pre-train the fibers. In stage two, samples were stepped across
a clean glass slide 40 times, each step in a new location that would act as a benchmark for
the self-cleaning steps. In the third stage, the samples are fouled (described below) and
then stepped across the same 40 locations used in the benchmark stage so that a direct
comparison of the adhesive properties before and after the fouling can be made independent
of local substrate conditions.

Fouling of the PP and the PDMS samples was performed by taking a single LDP step
on a glass slide coated in one of three types of fouling agents, referred to as small (1 pm
polystyrene microspheres), medium (3-10 pum glass microspheres) and large (40-50 pm glass
microspheres) particles.

Hard polymer array dry self-cleaning

Figure 3.9a shows an example of a load-drag-pull step of a PP sample before fouling. Stress
on the Y-axis is calculated by dividing the measured force by the estimated microfiber contact
area, determined from in-situ observations obtained with a camera, using frustrated total
internal reflection at the interface of the side-illuminated glass substrate and the microfiber
array [86]. During the drag a high shear stress of ~ 140 kPa is measured while the normal
stress goes from a compressive state during loading into a slight tensile stress during the
drag phase indicating that shear adhesion is taking place, a behavior typical of GSAs.

To measure the effect of fouling on the samples, a recovery ratio is defined as I' =
(Fairtn)/ (Feeann), where Fyi. , is the maximum shear force during the recovery step n and
Fieann is the maximum shear force from the benchmark step n. Figure 3.10 shows the
recovery ratio for the PP fibrillar samples for 40 steps following the fouling step for the
small, medium and large particles. Samples recovered 96+11% of their initial shear adhesion
within 10-15 steps on the glass when fouled with small particles, and recovered 115£12%
of their shear adhesion when fouled with large particles. The increase in shear adhesion
beyond the initial trials is likely due to fibers continuing to ’train’ after the fouling step,
as reported by Lee et al. [85]. However samples fouled with medium sized particles only
recovered 36+20%. During the self-cleaning steps, particles were left on the glass by the
samples, as seen in Figure 3.7d, with the amount of particles left on the glass from each
subsequent step decreasing, indicating that the majority of the particles are removed from
the sample onto the glass in the first several steps. This was observed with all particle sizes.
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Figure 3.9: A typical load-drag-pull step for: (a) a polypropylene fiber sample on a clean
glass substrate. (b) A PDMS fiber sample on a clean glass substrate.
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Figure 3.10: The shear recovery ratio I' = (Fyirtn)/(Feieann) for the polypropylene fibrillar
surface after fouling with (a) small (mean=96+11%) (b) medium (mean=36+20%) and (c)
large particles (mean=1154+12%). (N=3 samples for each particle type, error bars are 4+
S.D.)
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Figure 3.11: (a) Polypropylene fibrillar structures 40 steps after fouling with 1 pm
polystyrene spheres, which can be seen between fibers (PS). (b) Fibers fouled with 3-10
pum glass spheres, where some can be seen deeply embedded (EM) between fibers and (c)
Fibers contaminated with 40-50 pum glass spheres, only one of which could be found sitting

on top (OT) on the sample 40 steps after fouling.
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Figure 3.12: The shear recovery ratio I' = (Fyirt.n)/(Feeann) for the PDMS fibrillar surface
after fouling with (a) small (mean=99+4%), (b) medium (mean=40+15%) and (c) large
particles (mean=55+18%). (N=3 samples for each particle type, error bars are + S.D.)

Figure 3.11 shows the PP structures 40 steps after fouling with (a) 1 pm polystyrene
spheres, (b) 3-10 um glass spheres and (c) 40-50 um glass spheres. After the 40 cleaning
steps, fibers in the contact zone appear to have shed a majority of the 1 um PS spheres,
however, some spheres can still be seen on the fibers, adhering to the sides of the fibers
below the tips, with others still remaining on top. However, fibers contaminated with 3-10
pm glass spheres still have spheres in the contact zone, some being deeply embedded between
the fibers. Of the fibers fouled with 40-50 pum glass spheres, only a single glass sphere could
be found on the sample after the 40 cleaning steps.

Soft polymer array dry self-cleaning

Figure 3.9b shows an example of a load-drag-pull step of a PDMS sample before fouling.
Stress on the Y-axis is calculated as described for the PP fiber samples. From the plot we
can see a similar behavior to the PP sample, indicating that shear adhesion of ~ 40 kPa is
taking place under a slight tensile load. This is less shear adhesion than the PP samples,
but is still performing well for a soft polymer GSA.

Recovery from fouling of the PDMS samples was calculated the same as for the PP
samples, using the recovery ratio, I'. Figure 3.12 shows the recovery ratio for the PDMS
fibrillar samples for 40 steps following the fouling step for the small, medium and large
particles. When fouled with small particles, PDMS fibers recovered 99+4% of initial shear
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adhesion, however no particles could be seen deposited on the glass during the recovery
steps. When fouled with medium and large sized particles, PDMS samples lost 40+15% and
554+18% of their initial shear adhesion, respectively.

Figure 3.13 shows the PDMS structures 40 steps after fouling with (a) 1 gm polystyrene
spheres, (b) 3-10 um glass spheres and (c) 40-50 um glass spheres. After the 40 cleaning
steps, 1 um PS spheres can be seen deeply embedded within the fiber tips, almost to the
point of being ’absorbed” by the PDMS. Fibers contaminated with 3-10 pum glass spheres are
still coated in particles after 40 recovery steps. Fibers coated with 40-50 pm glass spheres
are also still covered in particles, showing particles embedded between the fibers after the
40 cleaning steps.

3.1.3 Discussion of the results

The results indicate that the fouling particle size has a large impact on the self-cleaning prop-
erties of the two GSAs. In general, the experimental results are consistent with the analytical
prediction that harder fibrillar structures with nanoscale dimensions will dry self-clean more
readily than softer fibrillar structures with microscale dimensions. This is evidenced by SEM
images showing particles releasing from the PP structures, while becoming deeply embedded
in the PDMS structures. As well, a comparison of the empirical recovery ratio between the
two GSA types across the various particle sizes (Figure 3.14) reveals that the harder PP
structures dry self-clean across a wider range of particle sizes, and that larger particles more
readily self clean. These results are supported by the analysis, as seen in Figure 3.4, which
shows that smaller fibers and larger particles are more likely to self clean. The analysis also
predicts that materials with a higher loss modulus (Figure 3.5 and Figure 3.8) are less likely
to self clean, which is also found in the experimental data in Figure 3.14. From this, we can
state a general design rule that to maximize adhesion while avoiding fouling, structures with
low loss functions, Ef./Ero, and smaller fiber diameters, Ry, are favored.

However, we have observed two phenomena in our experimental data that cannot be
explained by our analysis. Namely, the inability of the PP structures to recover from medium
sized particles, despite particles observed on the glass substrate after recovery steps, and that
PDMS fibers do not lose adhesion from small particle contamination, despite particles found
deeply embedded in the fiber tips after the recovery steps. This indicates that there may be
several mechanisms in operation that are still not understood.

For the first phenomenon, SEM images of the PP structures after recovery from medium
particle fouling reveal 3-8 um particles embedded near the surface of the array. Unlike the
1 pm PS particles seen between the fibers after recovery, these particles are large enough
to disrupt the contact of the fibers with the substrate, preventing them from adhering. We
postulate that an intermediate range of particles exists for which they are small enough to
fit between the fibers, but large enough to disrupt contact. Once the fibers are too large
to become embedded between fibers, they will preferentially shed to the substrate, as seen
with the larger 40-50 um particles. Since the analysis does not consider fibrillar spacing, this
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Figure 3.13: (a) PDMS fibrillar structures 40 steps after fouling with 1 pm polystyrene
spheres, which can be seen deeply embedded in the fiber tips (PS). (b) Fibers fouled with
3-10 pm glass spheres, where many particles can be seen embedded on the outside of the
fibers (EM) (c) Fibers contaminated with 40-50 pum glass spheres after 40 recovery steps.
Particles can be readily seen embedded between the fibers (EM).
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Figure 3.14: Comparison of the PP and PDMS fiber structures dry-self cleaning recovery
ratio across the various particle sizes tested.

experimental observation is not captured.

For the second phenomenon, we observe deep embedding of the 1 pym sphere within the
PDMS fiber (Figure 3.13a) almost as if the sphere is being absorbed. It could be the case
that the PDMS fiber is so soft, and the particle so small that the fiber is able to wrap around
the small particle and still make contact with the surface. This type of large deformation is
beyond the scope of the analysis, and therefore would not be captured. It is also possible
that the PS spheres are so small that they too aid in adhesion by acting as small contact
points, or spatulae, increasing contact with the glass.

Furthermore, removal of particles from the fibers to the surface may not be the only
mechanism by which the samples are recovering adhesion. PS microspheres seen on the
SEM image of the PP sample after cleaning indicate that recovery is occurring despite their
presence. It is possible some particles are pushed down between the fibers, away from the
surface where they were first interfering with the fibers. Also, it is possible that some particles
are being removed to the substrate during the lifting phase, in the normal direction, instead
of being cleaned in shearing. As well, large clumps of particles at the trailing edge of the
contact zone indicate that fibers are being brushed backwards off the sample. This may be
why the loop geometry is able to recover much more shear adhesion than the 30% recovery
reported by Lee et al. [84]. The loop structure gives a shorter path along which the particles
can escape, as opposed to the long flaps used previously by Lee et al. [84].
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3.2 Dry self-cleaning with active control of soft poly-
mer fibers

Although soft polymer GSAs do not show the same dry self-cleaning properties as the stiff
fiber counterparts, there is still interest in a soft polymer GSA capable of shedding particles
due to their relative ease of manufacture, their superior performance for larger area pads, and
for applications where soft polymer GSAs are already being employed, such as in a dynamic
climbing robot [16]. To increase the versatility and effectiveness of soft GSA materials, and
to improve self-cleaning capabilities, we studied active controllable adhesion to spherical
particles with the new soft polymer GSA.

Recent efforts have investigated switchable adhesion via chemical functionality and topog-
raphy, with some success by means of pH or temperature changes [72]. Switchable adhesion
has been shown by Jeong et al. in a nontransfering dry adhesive in transport of large smooth
surface such as LCD screens, and Kim et al. created a microstructured elastic surface ca-
pable of transfer printing by modulating pressure on flat stiff objects [67, 76]. Nadermann
et al. [96] also showed a fibrillar surface terminated by a continuous film can be switched
between two metastable states which show markedly different adhesive properties as shown
by normal load-pull tests.

The literature also offers several examples of actively controlled fibrillar surfaces. Belardi
created magnetic artificial cilia fabricated from photoreactive copolymer precursors filled
with magnetic nanoparticles by a new photolithographic process [12]. The cilia are operated
in a fluidic environment for micromixing, but adhesion to the array was not reported. Evans
produced high aspect ratio nanorod arrays of a PDMSferrofluid composite material, and
exhibited actuation for applications in photonics and sensing [36]. Northern fabricated a
GSA on nickel cantilevers that, when actuated, decreased the adhesion of the structure to a
glass flat punch [97]. However, to the authors knowledge, no examples exist of a GSA showing
controllable adhesion to particles for the purposes of particle capture and control. Here we
report a new GSA made from a magnetoelastomer (ME) composite material actuated by
an external magnetic field. The GSA is comprised of parallel microfabricated wedge-shaped
microridges that are 100 ym wide at their base, and taper to less than 10 ym thick at their
tips. The microridges are 325 pm long, and are formed in 15 mm wide rows, 325 um apart,
similar to earlier work [54].

ME composites are a new class of materials, generally involving a dispersion of carbonyl
iron particles in a poly-dimethyl siloxane (PDMS) network [21]. Such materials have an
elastic stiffness that can be tuned by an external magnetic field. To increase the magnetic
reinforcement effect, the ME composite can also be cured under a magnetic field in order
to align the carbonyl iron particles during curing [132]. Relevant examples of devices that
employ this material to effect a change in mechanical response include a microfluidic mixer
capable of large deformations and a tunable elastic stiffness member capable of changes in
elastic modulus of 10x [90, 87].
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3.2.1 Fabrication of magneto-elastomer composite adhesive ridges

Microridges are fabricated by first creating a wax mold with similar techniques mentioned
above. The mold is formed by melting paraffin wax on a glass slide at 80 °C, with a thickness
of 3 mm, and allowed to cool so that the top surface is smooth and uniform. The glass slide
is then mounted into a custom-built 3 axis CNC machine, consisting of 3 microstepper stages
(Zaber T-LSR150A) aligned with 2 two manual rotation stages (Newport RSP-2) and two
linear slides with micrometers (Newport 423 slide) used for fine adjustment. The entire
apparatus is mounted onto an air table (Newport VH series). The cutting tool (Bits and
Bits, Profile Tool 10 degree 3.175 mm x 38.1 mm) is mounted in the CNC chuck, and guided
by the stages to cut 15 mm long slices in the wax that are 325 pum deep and have a row
spacing of 325 pum. 125 rows are cut, giving a mold that is approximately 15 x 40 mm,
similar to methods used previously [54, 122, 41].

The magnetoelastomer composite is formed by first mixing the liquid PDMS base (Mold
Max 20, Smooth-On Inc.) with carbonyl iron powder, 6-9 micron particle size, (> 99.5 %,
Sigma-Aldrich) in a 25 by weight ratio. Once the base and the carbonyl iron are thoroughly
mixed by hand, the PDMS curing agent is added and thoroughly mixed. The mixture is cast
into the wax mold and degassed in vacuum at 5 kPa abs for 10 minutes. After degassing,
a second glass slide is placed over the liquid PDMS mixture, with a 400 g weight on top.
This stack is then placed over a 5 x 5 x 0.635 cm Grade N42 nickel plated neodymium rare
earth magnet (K and J Magnets). The weight prevents the magnetoelastomer from bulging
in the magnetic field. The elastomer is then allowed to cure in the presence of a permanent
magnet, 4 mm from the bottom surface, with a field strength of approximately 2000 Gauss
(Fig. 3.15). During curing, the carbonyl iron particles form into chains that are aligned
with the magnetic field. The microridge array is demolded after curing for 24 hours at room
temperature. Cross sections of the resulting material reveal the alignment of the carbonyl
iron particle chains with the magnetic field (Fig. 3.16).

3.2.2 Results

The effective elastic modulus of the array was tested by using a sphere indentation apparatus
similar to that described by Schubert [119]. A glass sphere indenter, with a radius of 20.3
mm was brought into contact with the array, under displacement control using a microstep-
per stage (Zaber T-LSR150A), while forces were recorded with a 6-axis force-torque sensor
(Nano43, ATT Industrial Automation Inc.). Normal force measurements were used in con-
junction with surface displacement measurements to determine the effective elastic modulus
by the following equation [44]:

_ 4By
ormal — 3(1 _ U2)

Where v is the Poisson’s ratio, taken here to be 0.5, R, is the radius of the probe and A

F, I (3.9)



47

Figure 3.15: Fabrication of the magnetoelastomer microridges. (a) A wax surface is inscribed
with a custom-built 3 axis CNC machine. (b) The magnetoelastomer material is cast into
the wax mold, and allowed to cure in a magnetic field. (¢) While curing, the carbonyl iron
particles align to form chains along the direction of the magnetic field.
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Figure 3.16: ME microridge, viewed from the side, showing chains of carbonyl iron particles
(white), cured into alignment with a magnetic field (dashed black line).

is the height of indentation from the neutral surface position. The results (Fig. 3.17) show a
low slope at the beginning of the indentation as the ridges bend over, and then a steepening
of the curve as the ridges fully compress, and the backing begins to depress. From the above
equation, an effective elastic modulus of 65 kPa is calculated for the vertical ridge surface,
1.4 MPa for the magnetically flattened surface, and 1.5 MPa for the control surface, at an
indentation depth of 125 um. 125 pm is used at the nominal indentation depth because
this is the approximate ridge penetration depth as observed in images of spheres on the
array. Figure 3.17 shows that vertical ridges are greater than 10 times more compliant at
indentation depths of 125 microns, as compared to the flat actuated ridges, which at the
same indentation level have effectively the same elastic modulus as a flat control surface.

Actuation of the array is tested by placing the material near a 1x1x0.5 in nickel plated
neodymium magnet (K and J Magnetics). Placing the magnet within 5 mm of the array
causes the microridges to bend into alignment with the magnetic field, and as the magnet
is moved away, the microridges return to their original vertical position (Fig. 3.18). Using
an online magnetic field calculator (K and J Magnetics online field calculator, available at
http://www.kjmagnetics.com/calculator.asp), the array deflection is plotted as a function of
the magnetic field strength (Fig. 3.19) .

Adhesion was tested using a 2-axis wire cantilever force sensor and an optical dissection
microscope (Zeiss) connected to a computer via a digital camera (Paxcam). The cantilever,
made from copper wire measuring 0.21 mm in diameter, had a glass sphere of varying size
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Figure 3.17: Results from a sphere indentation test show that vertical ridges are greater
than 10 times more compliant at indentation depths of 125 microns, as compared to the
flat actuated ridges, which at the same indentation level have the same compliance as a flat
control surface (N=3, error bars are 1 s.d.). Vertical ridges also fall under the Dahlquist
criterion for tack.
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Figure 3.18: (a) SEM of the completed magnetoelastomer microridges. The microridges are
325 microns long, 15 mm wide, and taper from 100 microns at their base to less than 10
microns at the tip. (b) Actuation of the ridges, as seen from the top and side. In the presence
of a magnetic field, the ridges completely flatten.
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Figure 3.19: The microridge deflection from vertical as a function of the external magnetic
field strength.
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Figure 3.20: (a) Schematic of the 2-axis wire cantilever apparatus used to test normal and
shear adhesion between a glass sphere and the ME composite microridges. (b, c¢) Images of
a sphere adhering to the microridge array, showing normal and shear displacements. (Video
of test attached as supplementary information)

affixed to the tip via cyanoacrylate glue. The ME ridges were brought into contact with
the glass sphere using two Newport linear slides with micrometers (Newport 423 slide).
Deflections of the cantilever were recorded during the load-drag-pull tests using the software
package Tracker (Tracker Video Analysis and Software Tool, Copyright (c) 2012 Douglas
Brown). From the deflection measurements, adhesive forces can be calculated via Euler
beam bending, where F,4, = 3EI l% . Taking deflections in the normal and transverse
directions is translated into normal and shear adhesion (Fig. 3.20).

Adhesion was tested on arrays in the vertical unactuated position and in the flattened
actuated position with sphere probe sizes of 0.5 and 1 mm diameter. For the vertical position,
results show that normal adhesion has a strong dependence on the shear load placed on the
sphere (Fig. 3.21). This effect, known as shear-induced normal adhesion, is a common
feature of GSAs, and is used to control the normal adhesive strength by adjusting the shear
loading on the array [5]. When the array is flattened in the presence of a magnetic field,
the normal adhesion shows no dependence on the shear load, and the adhesion is ten times
less than the vertical orientation. Adhesion tests on a smooth ME composite control sample
confirm that the flattened ridges are effectively behaving like a smooth surface.

A proof of concept apparatus was also created to show how the material could be used
for particle removal and release. Using a 3-axis displacement apparatus, the MR microridge
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Figure 3.21: Data from sphere pull-off tests show that the microridge surface has a strong
shear-induced normal adhesion effect while the ridges are vertical (red). Once ridges are
activated and lie flat, the material acts the same as a smooth control sample and has 10x
less normal adhesion (blue). A smooth flat control surface (green) shows slightly larger
adhesion than the flat actuated ridges. Open circles are Imm spheres, asterisks are 500
micron spheres.
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Figure 3.22: (a) A proof-of-concept test in which the ME composite microridges are used to
remove particles from a surface before being transported and actuated to release the particles
into an adjacent hopper. (b) Stills from video showing microridges (c) picking the particles
off a surface and then (d) actuation of the microridges, causing particle detachment into the
hopper. A video of the test is attached as supplementary information.

material was brought into contact with glass slide covered with 500-1000 micron glass spheres.
When sheared, the microridges adhere to the glass spheres, and the material is retracted.
It is then moved to a permanent magnet. Once near the magnet, the microridges collapse
flat, the adhesion with the spheres is lost, and the spheres fall into a hopper (Fig. 3.22). A
video of this test is available in the supplementary information, showing that nearly all the
particles are transported from the glass surface into the hopper.

3.2.3 Modeling of fiber bending controlled by an external mag-
netic field

To determine the magnetic field strength necessary to flatten the ridges, we solve for the
equilibrium of torques acting on the beam [71]. We consider two torques, the elastic torque
arising from the bending stiffness of the ridge, T¢4stic, and the magnetic field torque, T),qgnetic-
Considering the large deflections observed, the elastic term is developed by considering the
microridge as a rigid plate with a torsional spring at its base, with T¢jusic = Keqf. The
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equivalent stiffness of such a spring is:

El
Keq = COT (310)

where E is the Youngs modulus of the magnetoelastomer composite, I is an approximation
of the second moment of area, 1 is the length of the microridge and ¢, is a parametric angle
coefficient [57]. A magnetic material, such as carbonyl iron, having magnetization (M), will
experience a torque (7},,) in a magnetic field. This torque will rotate the magnetic moment
into alignment with the magnetic field, and has strength:

Tmagnetic = Vmﬁ X ﬁ (311)

where V,,, is the volume of the magnetic material, and H is the magnetic field strength.
The direction of the magnetization of the material is assumed to be along the length of the
particle chains, parallel to the length of the ridges, while the strength of the magnetization
is assumed to be at the saturation limit of carbonyl iron, 1.6 MA /m due to the presence of
the strong magnetic field [1]. The resulting available torque from a misalignment between
the external magnetic field and the ridge direction is:

Trnagnetic = Vim )]\7) ‘ﬁ‘ sin(y — 6) (3.12)

Where v is the angle of the fixed external magnetic field, and € is the angle the ridge
has deflected from its neutral position. Considering the ridge to be at equilibrium when
Terastic = Tmagnetic we get:

0= M sin(y — ) (3.13)
K,

€q

This transcendental equation is solved numerically using Matlab. Due to the large non-
linearities and non-constant cross-section of the microridge profile, the approximate model
was verified by using a simple macroscale prototype, which was created as a simple analog
to verify the above analysis. The prototype consists of a nickel shim, 75 um thick, cut into
flaps measuring 15 mm wide and 2.5 mm long. The flaps are attached to the base via a
polyethylene terephthalate flexure layer, 12 pm thick and 0.25 pm wide. The nickel flaps
approximate nickel plates with hinges at their base, which have a stiffness approximated
by K., = EI/l, where E, I and 1 are the polymer flexure modulus, second moment of in-
ertia and length [57].The deflection of the flaps is measured from horizontal in a magnetic
field, and the strength of the magnetic field is controlled by placing a permanent magnet at
varying distances from the flap in manner such that the orientation of the magnetic field is
always vertical. Magnetic field strength is calculated using an online magnetic field strength
calculator available at http://www.kjmagnetics.com/calculator.asp. Ridge deflection, 6 vs
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Figure 3.23: Theoretical analysis of beam angle has good agreement with a macroscale
prototype of the ME composite microridges, and shows the beam angle dependence on the
distance from a 2.5x2.5x1.25 ¢m neodymium magnet.
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magnetic field strength is shown in Fig. 3.23, and the results show good agreement between
the experiments on the macroscale prototype and the model.

A difference in the adhesive properties between the vertical and flattened positions can
be explained by the change in effective stiffness between the two states. Previous studies
have shown that below an elastic modulus of approximately 100kPa, known as the Dahlquist
criterion, the material surface becomes tacky [26]. A stiffer material, with a modulus well
above the Dahlquist criterion can be made to have an effective modulus below 100kPa
through only the geometric design in its surface. Considering the surface of the microridge
material to be made of cantilever beams, we can calculate the change in effective stiffness
between the vertical and flattened ridge position [9, 44]. Assuming a sphere comes to rest
between two ridges, we can approximate a contact with the ridges, , to be 75°. Following
Autumn’s cantilever model, [9] we calculate the effective elastic modulus as:

3EIDsin(p)

3.14
L2 cos p? (3.14)

Eeyr =
Using the ridge dimensions as above, and taking the Young’s modulus of the ME com-
posite to be 1.5 MPa (determined by indentation experiments), we get an effective elastic
modulus of 35 kPa, well below the Dahlquist criterion. This change in effective stiffness of
the surface can be used in the Johnson Kendall Roberts (JKR) theory of contacting elastic
solids to explain the change in adhesion between the two states. We use, as an approxima-
tion, the change in shear strength of the interface to predict the shear induced adhesion seen
in Figure 3.21, and described Schubert et al. [119] and Tian et al. [127] For a rigid sphere on
a flat elastic plane, the area of contact is related to the elastic modulus in JKR theory [69]
as:

Ajgg ox E72/3 (3.15)

Looking at the ratio of contact areas between the two cases, we get Ayerticat/Afiat X
(Ef1at/ Evertical)?*and from the measured values above, E,ertica=75 kPa and Ejj,; =1 MPa,
we find an area ratio of 5.6 between the two cases. Assuming that the shear strength is
proportional to the area of contact, Fy o< Ajxr, we would expect to see a 5.6x increase in
shear strength between the two cases, which is slightly less than the 10x increase we see in
figure 3.21.

Differences between the above model and the experimentally determined effective elastic
modulus (Fig. 3.17) of the array can be explained by nonlinearities arising from the complex
shape of the ridges, as well as the large strains not considered in the model. However, the
underlying principle remains intact, that being, in the vertical position, the ridges approx-
imate a tacky surface. When the ridges are in the flat state, the effective elastic modulus
approximates the bulk properties of the PDMS composite material, and the adhesion is lost.
The surface now acts as if it had no microridge structures.
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3.3 Concluding remarks

The ability of gecko-inspired synthetic adhesives to dry self-clean during use has many po-
tential interesting applications such as in wall crawling robots, reusable adhesives, microfab-
rication and solar panel cleaning and microparticle capture and control where other methods
of particle control are not sufficient. With the rapid advancement that the GSA field has
gone through in the past several years, we are getting closer to seeing these controllably ad-
hesive systems employed for these uses. Work presented in this chapter represents important
advancements in the properties and also the design of GSA that will hopefully contribute to
making these uses a reality.

We have investigated the impact of two design parameters on the dry self-cleaning capa-
bility of GSAs by experimentally testing two GSAs after fouling with small (1 gm), medium
(3-10 pm) and large (40-50 pm) particles. We found that a GSA made from a hard thermo-
plastic with nanoscopic fibers was able to recover 96-115% of its shear adhesion after fouling
with small and large but not medium particles, while a GSA made from a soft polymer and
microscopic fibers recovered 40-55% on medium and large particles. Further examination
by SEM revealed that the PDMS structures were not shedding the smaller particles during
recovery steps, but were instead being absorbed into the surface, and that, regardless of their
size, particles did not release from the PDMS surface.

An analysis of the contact strength between fibers, particles and substrates of various
dimensions and elasticity reveals that dry self-cleaning will be more effective for GSAs fab-
ricated with smaller fiber diameters and for GSAs fabricated from materials with smaller
loss functions, such as hard thermoplastics. This has important implications on the choice
of materials and geometries used for GSAs when dry self-cleaning capability is a desired
function in the material, and indicates that hard polymer GSAs with smaller fiber diameters
are less prone to fouling.

As indicated by results of dry self-cleaning on a passive soft polymer fibrillar adhesive, we
set out to design a system with active control and release of particles. We have demonstrated
controllable adhesion to glass spheres with a new magnetically actuated synthetic gecko
adhesive made from a magnetoelastomer composite. Capable of controlling adhesion to
glass spheres 500 pm to 1 mm, this represents an important step in realizing an adhesive
with dry self-cleaning capabilities across a wide range of particle sizes.

Clearly there is a compromise between the adhesive properties currently achievable with
the soft polymer structures and the dry self-cleaning properties of the hard thermoplastic
fibrillar surfaces. Future work may involve integrating the microscale adhesive properties
of the soft adhesive with the nanoscale adhesive properties of previously published hard
polymer adhesives. This will make possible the next generation of reusable controllable
adhesives that demonstrate dry self-cleaning across many orders of magnitude in particle
size.
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Chapter 4

Fibrillar surface robustness

4.1 Material limits of hard polymer fibrillar surfaces

Natural gecko array wearless dynamic friction has recently been reported for 30,000 cycles
on a smooth substrate [49]. Following these findings, stiff polymer gecko-inspired synthetic
adhesives have been proposed for high cycle applications such as robot climbing [6], indus-
trial gripping systems [67], and automobile tires where controllable adhesion, reusability,
durability and long lifetime are desired properties.

There has been limited research done into the high cycle behavior of GSAs. Parness [99]
reported a low elastic modulus polymer wedge shape structure that maintained 76% of shear
and 67% of normal adhesion over 30,000 cycles in controlled conditions, however no failure
mechanism was identified (although some have suggested fouling of low elastic modulus
polymers during use may be problematic [3, 40]). GSAs made from high elastic modulus
polymers such as polypropylene have shown high shear forces and frictional adhesion [119,
86] as well as the ability to self-clean during use [84] and adhere to certain non-planar
surfaces [83], however there have been no investigations of their high cycle behavior. Wear
of bulk high elastic modulus thermoplastics in long lifetime applications such as in prosthetic
joints and bearings has also been well studied [35, 17], but GSA’s radically different geometry
and interfacial adhesive forces are likely to show a different failure mode. Here we examine
the behavior of high density polyethylene (HDPE) and polypropylene (PP) microfiber arrays
during repeated cycles of engagement on a glass surface to identify possible material limits
for these polymers’ use in GSAs.

4.1.1 Experimental testing of hard polymer thermoplastic arrays

Fibrillar surfaces were fabricated using two polymers; polypropylene (PP, E=1.5 GPa) and
high density polyethylene (HDPE, E=0.4 GPa) with a modification of a fabrication process
previously reported [86]. The fibrillar surfaces in each case were fabricated by molding either
a 50 pm thick PP film or a 60 pum thick HDPE film into a 20 pum thick polycarbonate (PC)
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Figure 4.1: (a) Molding of HDPE film into PC filter (b) Etching of PC filter in methylene
chloride.

track-etched membrane filter (ISOPORE, Millipore Inc) containing 600 nm diameter pores.
Samples were molded in a hydraulic press at 171°C' for 300 seconds and allowed to cool for
45 minutes before being released (Figure 4.1. The PC filter was then etched in methylene
chloride to release the molded fibers. The resulting samples were rinsed in isopropyl alcohol
and air dried (Figure 4.5a & b).

We performed load-drag-pull step cycles on a custom built force displacement apparatus
(Figure 3.7 (a)) that mimics the methods developed by Hansen and Autumn [53]. The
apparatus consists of two main components. The first is an acrylic SEM stub chuck attached
to a 6 axis force torque sensor (ATI Al Nano 43 F/T sensor) and a goniometer (Newport
GON-U-60) and two linear slides (Newport 423 slide) with micrometers attached for fine
adjustments and alignment. The second component is a custom built aluminum frame used
to rigidly hold a glass microscope slide. This is mounted on two perpendicular stepper motor
controlled linear stages (Zaber T-LSR 150B) and a second goniometer. The entire apparatus
is mounted onto an air table (Newport VH series) to dampen vibrations and encased in an
acrylic box to prevent external contamination, and also electrically grounded.

Load-drag-pull steps were performed on the apparatus under displacement control for
the HDPE and PP loop mounted samples to simulate their use in robot feet or industrial
grippers as seen in Figure 3.7b. Samples were mounted in a loop configuration in order
to increase compliance of the system and improve alignment with the substrate to allow
repeatable testing on the force displacement apparatus. Interestingly, the shear stress of 300
kPa generated by the PP loop samples are 3-4 times larger than the previously reported
flat sample’s 90 kPa for a similar fibrillar surface [86], and close to the reported 540 kPa
for natural gecko lamella [86]. Each sample material was subjected to 150, 300 and 10,000
load-drag-pull cycles consisting of a 2 mm drag at 0.4 mm/s.

Figure 4.2 describes how contact area of the fiber patch was calculated.

The forces generated by an HDPE and PP sample during an engagement cycle for trial
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Image of sample during contact

Bright area appears by total internal
reflection due to contact with glass

Contact area isolated and
thresholded to measure area

>

Figure 4.2: Contact area of the fiber sample is calculated by total internal reflection.
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Figure 4.3: Load-drag-pull steps for (a) HDPE and (b) PP fiber samples for trial 50, 150
and 300, showing the three phases of a single trial and correlation between cycles 50, 150
and 300.

number 50, 150 and 300 are shown in Figure 4.3. A normal preload of 40 kPa for PP samples
and 15 kPa for HDPE samples occurs during the load phase of the cycle. This is followed by
a rapid increase in shear to 300 kPa as the samples adhere. During the drag phase, a high
shear force is maintained while the normal force goes from compressive to tensile, indicating
that frictional adhesion is taking place; a behavior typical of gecko adhesives (PP sample
normal forces decrease to nearly zero, but never become tensile). All forces then return to
zero as the sample leaves the surface.

Over the course of the 300 trials, the HDPE samples maintain high peak shear forces while
the normal force remains tensile (Figure 4.4). During the first 20-30 trials, a large increase in
shear force is seen, which has been previously described as a training phenomenon in which
the fibers angle and cause a greater adhesion with the counter surface [86]. Over the course
of 10,000 cycles, peak shear forces gradually decrease to 54% of initial for PP fibers, and
63% for HDPE fibers.

After 150 cycles, a small amount of deformation is observed on the HDPE tips, with
increasing deformation after 300 cycles into 100 nm thick ’spatula’ (Figure 4.5). PP samples
only show deformation after 300 cycles, and much less than the HDPE samples. By 10,000
cycles, the HDPE and PP fibers are heavily deformed, and the observed spatulae appear to
be fusing together. Previously published results [86] never showed this type of deformation,
most likely because they were only tested for 150 cycles, which was insufficient to bring
about the level of deformation reported here.
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Figure 4.4: Maximum shear force and the corresponding normal force for 300 load-drag-pull
steps of (a) HDPE and (b) PP fibers showing no significant change in peak force over the
course of the first 300 trials. For 10,000 load-drag-pull steps of (¢) HDPE and (d) PP fibers,

shear forces eventually start to decrease.
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Figure 4.5: SEM images of HDPE (left column) and PP (right column) after 0, 150, 300
and 10,000 cycles, showing progressive plastic deformation of the fibers over the course of
the trials.
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Figure 4.6: Progressive deformation observed on the fibrillar samples can be explained by
visco-plastic creep deformation as described by Freed [37]. Stresses calculated at the fiber
tips are consistent with values required to induce creep deformation.

4.1.2 Mechanisms of failure

To explain the large amount of plastic deformation observed in Figure 4.5, three possible
mechanisms are discussed; fiber tip melting, visco-plastic creep deformation and adhesive
wear.

Fiber-tip melting

A simple heat transfer calculation was used to estimate if sufficient power is produced at
the surface to induce melting. By calculating the maximum force on a single fiber, Ffiper,
the maximum force measured, 0.244 N, divided by the fiber density, 42 x 10* fibers/mm?
multiplied by the contact area, A =0.853 mm? as imaged by frustrated total internal reflec-
tion [85] (Figure 4.2), we estimated the power produced at a single fiber interface as:

P == FfiberU (41)

where ¢ = 4 x 107 m/s is the sliding velocity, and P = 2.7 x 107!* W. We treat
this as a 1-D heat transfer problem, where the resistance of the glass and the fiber can be
used to calculate the temperature at the fiber-glass interface. The interface temperature is
determined using Fourier’s heat equation:

AT = QR (4.2)

where AT is the change in temperature between the interface and the backing, Q is the
heat generated (where Q = P) and R = 1.6 x 108K /W is the combined resistance of the
fibers and the glass. The calculation shows that the energy dissipated at the interface during
the drag is only enough to raise the interface temperature by less than 1 °C'. This was also
verified by the fact that no heating of the glass substrate could be measured during the
course of the experiments with an IR thermometer (Extech model 42510A).
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Viscoplastic creep deformation

The large amounts of plastic deformation seen at the tips of the fibers could also be attributed
to shear stresses that develop at the fiber tip due to adhesion with the glass by Van der
Waals bonding, as illustrated in 4.6. These shear stresses could cause visco-plastic creep
deformation as described by Freed [37] and Ward [134, 135]. Ward describes the viscoelastic
nature of yield through the use of the Eyring theory, which gives the relationship between
the strain rate, the applied stress and the temperature of the material. This explains that
creep will occur at temperatures above the glass transition temperature and at stresses below
the yield stress. By measuring the contact area during the drag phase, the density of the
fiber array, and calculating the contact area of a single fiber as previously reported [85, 120],
we calculated the stress on a single fiber to be approximately 1.5 MPa over a period of
approximately 5x10* seconds. This is about 10 times less than the yield stress of HDPE
and PP, yet high enough to cause creep failure at room temperature. As well, since the fibers
are inclined, the reported shear loads transform to a significant axial load on each adhering
fiber, resulting in similar loads to those reported by Chrissman, who reported creep failure
of a high density polyethylene at a load of 1 MPa after 10? seconds in uniaxial tension [25].
Creep deformation is also evidenced in the SEM images by the lengthening of the fibers with
an increasing number of trials.

Adhesive wear and plowing

It is also possible that there is some level of adhesive wear taking place at the interface.
Adhesive wear occurs when bonding between two materials sliding under a compressive
load causes one material to fail and remain adhered to the second material, followed by
plastic deformation at the surface. This is evidenced in the SEM images, however, this
generally occurs above a pressure-velocity threshold, which has not been reached in our
experiments [13]. As well, the fibers do not appear to be wearing down, or losing a significant
amount of material which would result in their shortening; in contrast, the fibers appear to
become longer. Given that the geometry and size scale of our structures fall outside the
classical definitions for creep deformation and adhesive wear failure mechanisms, it can not
be ruled out that the actual mechanism for plastic deformation is a combination of both,
occurring at a nanoscopic level. A comparison of the possible failure modes is given in
Table 4.1.

Interestingly, although the fibers are being plastically deformed within the first 300 trials,
the shear forces do not decrease until after many more cycles. This may be due to the
formation of the observed ’spatulae’ shapes at the fiber tips. However, after 300-10,000
cycles, the ’spatulae’ appear to be fused together. This fused structure may not be able to
make as intimate contact with the surface as the original fibrillar structure, and therefore
may not form the same Van der Waals bonding, resulting in the decreased adhesive forces
seen in 4.4 [50, 10, 9]. Below we discuss importance of the spatula structure and preliminary
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work on the fabrication of such structures.

4.2 Preliminary work on spatula fabrication

Many synthetic gecko adhesives currently being developed have approximately hemispherical
tip shapes, which have contact forces described by the model outlined in Chapter 5. The
analysis using the Johnson Kendall Roberts contact analysis for a sphere adhering to a flat
surface, and comparing this to the pull-off force for a flap-terminated fiber, reveals that the
film terminated fiber gives much larger adhesive forces. In contrast to the spatula plates
found on the gecko system, hemispherical shaped tips also cannot adhere well to rough
surfaces due to the high elastic energy required in straining the fiber tips to conform to the
surface.

As well, work by Majidi and Fearing [89] has shown that the spatula feature is critical for
adhesion on surfaces with roughness on the size order of the fiber tips. A contact analysis of
a rectangular elastic plate adhering to a sphere, (exemplifying the spatular plate adhering
to an asperity on a rough surface), shows that below a critical spatula plate thickness, the
plate will spontaneously adhere to a spherical surface of radius > p (Equation 4.3). The
study revealed that to adhere to 300 nm radius asperities, the spatula plate must be less
than 20 nm in thickness.

w2 4 H2 < Wad
128(1 —v?)p*  12(1 —w)p? — EH

The spatula can also be credited with the reversible nature of the gecko adhesion system.
Models analyzing the spatula terminal plate as a peeling film have shown that at low angles of
pull, detachment forces are quite high, and upon reversal of the pull direction, adhesion can
be changed over 3 orders of magnitude [127]. As well, Persson [102] has shown analytically
that the very thin geometry of the plate (10 nm), results in an extremely low bending elastic
stiffness, allowing molecular forces to dominate the stored elastic energy and bring the plate
into contact with the surface. This is critical on rough surfaces, where larger geometries are
unable to conform to the surface, and the structures spontaneously detach due to low true
contact area.

Results from Cheng, Chen and Gao [24] have shown that as the spatula plate adheres
to a surface, pre-tension within the spatula may occur. This pre-tension has been shown
analytically to be important in the reversible nature of the gecko adhesive system, and
that the thickness of the spatula plate is a critical parameter for adhesion and reversibility.
Specifically, given a certain pretension, P,, they have determined that there is a critical angle
below which strong attachment will occur, and above which the spatula will spontaneously
detach (Equation 4.4).

(4.3)
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Figure 4.7: (a) Example image of spatula on gecko gekko (Image courtesy of Kellar Autumn)
(b) Ideal angled fiber and terminal spatula plate geometry shown in various literature to be
critical to high performance synthetic gecko adhesives [9].

P P,\* 2y
0,=cost|1-=2 2 - 4.4
cos EH T \/(EH) T Em (44)

This critical angle is dependent on the generated pre-tension, P, , Young’s Modulus, E,
surface energy, 7, and spatula thickness H. For the spatula to function in this manner, the
spatula plate must be very thin (H = 5 nm for Gao’s model). The implication for synthetic
gecko adhesives is clear: for strong and reversible adhesion, the terminal spatula plate must
have thicknesses approaching 10 nm. This represents a significant manufacturing challenge
that to date has not been achieved.

Despite recent advances in synthetic fibrillar fabrication techniques, to date, no synthetic
fibrillar adhesive has been created with the same scale terminal plate features (Table 4.2).
Attempts at fabricating similar structures have been made by several groups, and plate like
structures have been shown to be superior to hemispherical shaped tips. Jeong and Suh [68]
also showed a PUA fiber with a post-processed tip with 4 times higher adhesion than an
unmodified counterpart. Xue and Gorb [138] also showed a similar 270 nm fiber with a
flattened tip with similar results. However, none of these have approached the 10-20 nm
thick terminal plate on a stiff 1-4 GPa fiber (necessary for overall compliance) shown by
previous analysis [9] to be necessary for robust and reversible adhesion on rough surfaces
(Fig. 4.7).

The proposed fabrication processes outlined in Figure 4.8 are based on abrading or plas-
tically deforming partially fabricated features into the final desired shape, and are based on
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Figure 4.8: A variety of possible tip fabrication processes and parameters are presented for
fibers still in a mold (a)-(c) and free standing (d)-(e). Spatula plates fabricated by: (a)
flattening with a smooth tool with stress, o, tip height, A, and approach angle . (b) Abra-
sion/polishing of the mold surface with stress, o, surface roughness, >, and polishing time,
At. (c) Tearing/scratching of fiber tips with a cutting tool with stress, o, and approach angle
0. (d) repeated cycles of shearing resulting in creep deformation with stress, o, approach
angle 6, and number of cycles. (e) Hot melting of free standing fiber tips with temperature,
time, At, and stress, o.

the sub-100 nm thin-film features that were created on polymer microfibers above using a
plastic creep-deformation process.

Based on preliminary results and on literature on nano-scale stiff polymer deformation,
there are several promising fabrication pathways for realizing nano-scale spatular tips. The
first three involve processes where the fiber is constrained by a mold or protective layer
(Figure 4.8 (a-c)). This layer (dotted area) can either be the mold in which the fiber was
formed, or added later through a dip or spin coating process (with similar techniques that
have been developed in our lab for Germanium nanowires [78], as well as other groups with
CNT [141]) followed by a timed etch process.

The first method involves epoxy in AAO templates and an abrading and polishing method
in which both the mold and the fibers are polished via material removal by an abrasive
counter surface (Figure 4.8b). Polishing on polyethylene surfaces has revealed that nano sized
portions of material will plastically shift and deform with the polishing surface. Notably,
Wong et al. [136] has shown nano-scale wall formation between intersecting lines during an
abrasive scratch test, and described the process as a low-cycle localized fatigue.

The second method of tip deformation may be achieved by a shear and flattening process
similar to the results seen above via creep deformation of the fibers above. Work by Xue
and Gorb [138], has also shown that tip flattening is possible when fibers were exposed by
removal of a cap layer on an AAO template, leaving 100 nm of the fibers exposed to the
flattening tool. This work can be extended by optimizing fiber spacing, tip exposure length,
pressure, and surface conditions in order to form the required 10-20 nm thick structures
(Fig. 4.8a).
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Figure 4.9: An example of a scratch map for PE (taken from [20]). The picture shows results
from scratch tests performed at room temperature for a range of cone angles and normal
loads and at a scratching velocity of 2.6 mm/s.

Although traditional cutting machining operations are not appropriate for nano-scale
fabrication, recent work on the study of surface deformation by scratch indentation reveals
that similar tensile deformation principles are at play. Work by Dasari [27] has shown
that a number of modes of deformation are encountered during scratching. They include
deformation bands, crazing, tearing, microcracking, regular cracking, and grooving. However
they have found that crazing and tearing are the predominant modes of scratch deformation.
As indicated by local strain rates, which are many orders of magnitude larger than the
surrounding bulk material, it may be possible that when stiff thermoplastic fibers (made
from materials like polyethylene and encased in a stiffer, rigid supporting material) may be
deformed with a scratching or tearing process in order to reveal nano-sized spatula plates
(Fig. 4.8). As well, a rich source of literature has been established describing scratching
processes on stiff thermoplastic materials. In one instance, Briscoe et al. [20] reported
results for the case of rigid conical indenters for various tip angles, bulk temperatures, scratch
velocities, and applied normal loads (Fig. 4.9).
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Polishing of thermoset nano-fibers

Alternative materials to thermoplastic PP fibers are thermoset polymers such as polyimide
(PI) or epoxy, which may better resist deformation due to stronger cross-linking. In this
case, a regular ceramic template mold, such as AAO can be utilized by filling with the PI
or epoxy material through capillary action. The AAO mold can then be partially etched,
exposing the tips of the epoxy fibers that are partially cured. An adhesive block can be
brought in contact with the top surface of the mold along with an adhesive slurry. A process
similar to Chemical Mechanical Polishing (CMP) can be performed (Fig. 4.10) where the
polishing process will plastically deform the exposed fiber tips into the desired position,
where they will later be cross-linked, either by thermal or UV process. Material removal rates
(MRR) for CMP processes have been described, and the relevant parameters identified as
MRR = pyNVol,emoved, Where p,, is the density of wafer, N the number of active abrasives,
and Vol,emovea the volume of material removed by a single abrasive [34, 4]. The volume
removed is dependent on pressure and velocity, and other important input parameters include
the wafer hardness, pad hardness, pad roughness, abrasive size, and abrasive geometry.
While the CMP process has been well described, adaptations need to be made because CMP
is primarily used for planarizing hard/brittle materials, not for plastically shaping features
in relatively soft polymers. However as shown above, results show promise for soft polymer
nanodeformation [136].

Preliminary work in this area has shown some promising results, but significant challenges
still exist. Figure 4.10 shows epoxy fibers formed by wetting in an AAO template, and sanded
as outlined above (but not including pre-partially etching of the AAO template to expose
the tips). The fiber tips exhibit some deformation, however this array is likely non-functional
due to the observed self collapsing of the array. AAO templates generally have a density of
pores the result in arrays that self-collapse due to self-adhesion [122]. One method to reduce
the density of the array is to first seed the AAO template with an array of PS microspheres
via a dip coating method [82]. The PS microspheres then effectively block some of the pores
during filling with polymer reducing the density of the array, as seen in Figure 4.11. For full
spatula tips to be formed with this method, further control over the processing steps will be
required. As well, partial etching of the mold prior to the polishing step may allow the tips
to more fully form into a spatula shape.

Creep-trained spatulae on nano-fibers

Further controls to the creep training fabrication method reported in section 4.1 could
be added. For example, by adding a protective coating to protect all but the tip of the
nanofibers. The fabrication steps using the sacrificial coating method are shown in Fig. 4.12,
using similar techniques that have been developed in our lab for Germanium nanowires [78],
and in other groups used to coat CNT in PMMA [141]. After coating, a partial etch exposes
the tips of the fibers, where the length exposed can be determined by a timed etch or an
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(@) (b)

Figure 4.10: (a) Epoxy fibers fabricated via capillary wetting into an AAO template with
200 nm pores, then post processed with a sanding step. (b) Detail of the fiber tips showing
slight deformation of the tips.

(@) (b)

Figure 4.11: (a) An AAO template seeded with 900 nm PS microspheres before filling with
polymer. (b) HDPE hairs with reduced density formed by heat molding in a PS seeded AAO
template.
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Figure 4.12: Proposed manufacturing process for fabrication of spatula plates. (a) Start-
ing with fabricated stiff nanofiber arrays (b) Spin or dip coating to protect fibers during
post processing (c) Partial etch of the protective coating to expose nanofiber tips (d) Post
processing of tips by polishing or deformation (detail outlined in work plan) (e) Final etch
release of fibers with spatula tips.

etch-stop layer. Using a plate or other dragging surface, the fiber tips will be plastically
deformed. High friction due to fiber-surface adhesion leads to subsurface stresses beyond
the plastic flow limit. Therefore, the upper layers of material, which adhere to the contact-
ing surface, could slide along (float) in the direction of motion, after repeated passes of the
working tool, a spatula-like tip emerges. In the final step, the sacrificial template can be
removed, and further fiber deformation steps applied, such as angling fibers.

4.3 Concluding remarks

We conclude that a fundamental material limit has been reached for these fibrillated poly-
mers, where the adhesive forces being generated with the counter surface are large enough
to cause significant plastic deformation with the substrate during use. Thus, for repeated
use applications on smooth substrates, the fiber adhesive is already limited by its material
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strength, and improved adhesive strength would lead to earlier failure. A comparison can
also be made to the natural gecko setae, which has been reported to last 30,000 cycles with-
out any significant wear, and only a 5% decrease in shear adhesion [49]. This resistance to
wear in the natural gecko setae may be attributed to the stability of the S-Keratin protein
the fibers are made of, as well as uncorrelated nanoscale stick-slip events where contact
spatular elements are either in static contact or in the process of slipping to a new static
contact [49]. It is possible that future hard polymer GSAs fabricated from cross-linked ma-
terials, or with changed geometry that allows for nanoscale stick-slip events may avoid this
failure mechanism due to the increased stability of cross-linked polymers and reduced sliding
loads, respectively.

This creep-deformation phenomenon has been identified as a possible fabrication pathway
that would allow for low cost and scalable nano-manufacturing of large arrays of spatulae-
terminated nanofibrillar arrays. We have outlined several possible pathways and presented
preliminary results which show promise for these techniques with further development. Em-
phasis is placed on moving to cross-linked polymer systems which better resist the creep
deformation and wear mechanisms that arise from contact with the substrate.
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Chapter 5

Adaptability of synthetic gecko arrays
on rough surfaces

To better understand the role surface roughness plays in the adhesion of GSAs, a model is
developed below that attempts to uncover the relationship between surface feature size and
the adhesive terminal feature size, and also considers fiber stiffness, spacing and terminal
feature shape. There are many examples in the literature of gecko fiber models that describe
the adhesive properties of an individual fiber through varying fiber tip shape [125, 46, 24, 92],
fiber dimensions [51], or robustness to roughness [62, 38|, most of which model the fibers as
elastic beams [102, 119, 91, 88]. There are fewer examples of models that describe how an
array of fibers work together in concert to give rise to adhesive forces across the total array,
which on rough surfaces will be different than just a sum of the adhesive forces generated by a
single fiber [2, 61]. Some of these models consider several hierarchical levels [77, 14, 140, 23],
and some consider shear on smooth or spherical indenters with a frictional adhesion cantilever
or curved beam model [119, 139]. Another examines a logarithmic fit to experimental data
to explain how the uncorrelated stick-slip behavior of fibers sliding on a surface gives rise
to velocity dependence[49]. However, there have been no examples of models which include
shearing of the array and attempt to capture the coupling between the shear adhesion and
normal adhesion on rough surfaces across an array of fibers. The model below describes an
approach which is designed to replicate the load-drag-pull style of GSA testing that is the
common testing methodology throughout this body of work and is becoming widely adopted
within the gecko adhesives community.

5.1 Fiber setup

As in many examples cited above, the fibers are modeled as spring elements approximated by
a rotational spring at the base and a linear spring along the length of the fiber (Figure 5.1).
These spring elements approximate the bending of the fiber by stiffness, K, and axial stiffness
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of the fiber, K, which constitutes a pseudo-rigid body model of the fiber and simplifies the
numerical calculation, as carried out by Schubert et al. and Tian et al. [119, 127]. Howell [57]
describes that the bending of a thin elastic beam can be approximated for large deflections
as a torsional spring with stiffness:

Ky = 7¢E iper I/ Lo (5.1)

Where ¢ is a characteristic radius factor ( ¢ =~ 0.82 for this case), Efi., is the Young’s
modulus of the fiber material, L, is the initial fiber length and [ is the second moment of
inertia of the fiber, which in the case of a circular fiber cross section is 7r¢*/4 where r; is
the fiber radius. The axial stiffness of the fiber is:

Ko =715 Ejiyer/ Lo (5.2)

The assumption for both the axial stiffness and the bending stiffness is made that
the change in fiber length does not significantly effect the stiffness of the structure. The
fiber is prescribed an initial angle, 0,7, and the current angle is calculated as Ocyrent =
tan ™ ((Yeip — Yroot)/ (Ttip — Troot)). Forces acting on the fiber at the tip in the shear direction
and normal direction are F, and F,, respectively. Forces are calculated by first determining
the displacement of the fiber tip from its initial rest configuration, and then calculating the
axial force Fy = Ky *(Leyrrent — Lo) and the torsional force Fi, = Ky (Ocurrent —Oof)/ Leurrent-
These are then used to calculate F, and F} via a transformation:

Fx = FA Cos<ecurrent) + Ftor Sin(ecurrent)

5.3
Fy - FA Sin(ecur’rent) - Eor Cos(gcurrent) ( )

The backing connecting the fibers is assumed to be rigid, and houses the fibers spaced
at a constant pitch. The total shear and normal adhesive forces are taken as the sum of the
individual fiber shear and normal forces.

For this particular execution of the simulation, dimensions and material properties of the
fibers are chosen based on the stiff thermoplastic fibers published by the Fearing group [119,
83, 43] and outlined in Table 5.1. As well, a fiber height and angle variation are added via
a random distribution to the array. Based on observation, a distribution of £1.5 pum in
length and 4+5° in angle are used. Furthermore, it is assumed that the fibers are sufficiently
rigid and spaced so they do not collide or self adhere in order to simplify the calculations.
Previous studies and observations have shown this to be a valid assumption [119].

5.2 Surface characterization and load-drag-pull path

For the model, two contact surface types are considered: a spherical probe with a radius of 2
cm and a sinusoidal surface with amplitude A and wavelength T. For each surface, the profile
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Figure 5.1: (a) Modeled approximation of the fiber and the relevant parameters indicated.
The fiber is modeled with an axial spring and a torsional spring at its based that approximates
fiber bending with a pseudo-rigid body model [57]. (b) Hemispherical tips approximated by
the JKR contact model and (c) Spatula tips approximated by the Kendall peel model.

Table 5.1: Fiber properties used for simulation.

Property Dimension
Young’s Modulus | 1 GPa
Fiber Radius 300 nm
Length 18.5 um
Pitch 3 pum
Adhesion Energy | 30 mJm ™2
Tip Radius 150 nm
Spatula Width 200 nm
Spatula Thickness | 10 nm
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Figure 5.2: Hlustration of the Load-Drag-Pull path.

is discretized into an array of sy, face a0d Ysyurface coordinates, with a spacing of e = 5 x 107°
m. The spherical indenter size is chosen so that at full indentation, a significant portion
of the fibers make contact, as would be the case for a macroscopic adhesion measurement.
For the sinusoidal surface, amplitudes and wavelengths and chosen to be on the same size
order as the fiber length and spacing. Sinusoidal surfaces are chosen so that the effect of
varying ’asperity’ sizes can be studied in a systematic way by isolating feature sizes through
amplitude and wavelength. This type of isolation would not be possible with a randomly
generated rough surface.

Load-drag-pull path generation follows experimental methods outlined previously, and
consists of three phases: a loading phase where the surface approaches the array on a fixed
path at an angle of 45° to the surface, for a distance of 25 ym. Immediately following
loading, the surface is dragged parallel to the fiber array for a distance of 10 pym, and finally
during the unloading phase the surface moves away from the array at an angle of 45° for a
distance of 25 pm (Figure 5.2). For each load-drag-pull path, the surface indents into the
fiber distance a fixed displacement, A.

5.3 Fiber tip contact

To better understand the influence of tip geometry on the adhesion of an array of microfibers
contacting a surface, we carry out the simulation using two contact models that represent
the tip geometry of interest in each case; firstly we model the fiber tips as elastic hemispheres
using the well-known Johnson-Kendall-Roberts (JKR) contact model, and secondly we model
the fiber tips as plates (similar to the gecko’s terminal spatula) that peel as a thin tape
following the Kendall peel model.
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5.3.1 JKR contact model

Fibers with hemispherical tips have been modeled using the JKR theory of contact adhe-
sion and it has shown to be an effective tool for predicting adhesive forces between elastic
bodies [119, 122, 51, 140, 10, 143]. Fabrication of stiff thermoplastic arrays of microfibers
have been largely limited to hemispherical tipped fibers, therefore we use the JKR model
to estimate the adhesive properties of this design. According to the JKR theory, an elastic
sphere, when pressed against a rigid substrate with a force F,, will develop a true contact
area with the surface governed by Equation 5.4 [69].

3(1 —v?) 2/3
At (Fn) = pl {T (_Fn + 37TWath + \/—67TFnWath -+ (37TWath)2) } (54)

Where R; is the tip radius, v is Poisson’s ratio and W, is the work of adhesion (approx-
imately 30 mJm™2 for a hard thermoplastic such as polypropylene on glass [47]). Equation
5.4 is linearized about F,, = 0, and the tangential force F; is expressed as a function of the
normal force as carried out by Schubert et al. [119] and Sitti and Fearing [122]:

Ft = :i:TAt<Fn)

~7|A(F, =
T t( n O)+ an

F, (5.5)

~ u(F, + )

Where 7 is the interfacial shear strength, F, = (9/2)7R,W,4 is the assumed adhesive
component of the contact and p = 7(d/dF,)A;(F, = 0) = 0.2. As the fiber reaches this F;
limit, we assume that the fiber remains in contact with the surface, but that the fiber slides in
shear opposite to the direction of the shear force. In addition, a maximum pull-off force can be
calculated, using the same sphere-on-flat assumption, and is given as Fyxr = (3/2)7RWoq
and represents the maximum normal load a fiber can sustain before detaching completely
from the surface [69]. These equations constitute the adhesion limit for a hemispherical
shape tip, beyond which the fiber will either slide or detach as discussed.

5.3.2 Kendall peel model

It has been hypothesized by many investigators studying the gecko adhesive system that the
terminal spatula plates can be modeled as a continuum adhesive surface on a flexible strip
that follows Kendall peeling mechanics and is governed by the peeling force [73]:

F = bdFE cos (a—1+\/0082a—2cosa+1+2R/dE) (5.6)

where b is the width of the strip, d is the thickness of the strip, F is the Young’s modulus
of the strip material, R is the adhesion energy per area and o = 6,y is the peel angle, which
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Figure 5.3: Adhesion limits for both the Johnson-Kendall-Roberts model as well as the
Kendall peel model. A fiber undergoing axial strain and bending as outlined previously will
fall within this force space as a function of the shear and normal load on the fiber, F}, and
F,, as well as the local surface angle, 0. Fibers will remain in contact as long as the forces
are within the adhesion envelope. Fiber properties and dimensions are given in Table 5.1.

in this case is the angle between the fiber shaft and the surface; the difference between the
current fiber angle and the local surface angle where the fiber is making contact, 05y =
Ocurrent — Bloca- Maximum and minimum peeling forces can be predicted at the limits of the
peel angle, with the maximum peel force occurring at o« = 0°, being F,.. = V2RU*dE.

These equations constitute an adhesion limit beyond which the contacting terminal will
either slide if normal forces are compressive or detach from the surface via peeling if normal
forces are tensile. Although digital hyperextension exhibited by the gecko during detachment
could be explained by detachment via a Kendall peel model, whole array forces do not
represent Kendall peel behavior [5]. However, it is still unclear whether or not such a model
applied to the individual elements would sum to the observed macroscopic behavior. The
simulation attempts to predict the cumulative effect of an array of fibers each acting as
independent Kendall peel fibers.

Adhesion limits are represented in Figure 5.3. A fiber undergoing axial strain and bending
as outlined previously will fall within this force space as a function of the shear and normal
load on the fiber, F, and F}, as well as the local surface angle, f,5. Fibers will remain in
contact as long as the forces are within the adhesion envelope.
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Figure 5.4: A snapshot of the simulation running on a sinusoidal surface. Fibers in red are
in contact, fibers in blue are out of contact.

5.4 Numerical simulation

The numerical simulation runs as a displacement controlled system in which the surface is
moved along the load-drag-pull path in increments of i = 10~® m, in a quasi-static manner.
As the system evolves, each fiber can switch between 5 possible contact modes: no contact
(mode 0), stable tip contact (mode 1), sliding contact (mode 2) , detaching contact (mode
3) and side contact (mode 4). A snapshot of the simulation being run on a sinusoidal surface
is shown in Figure 5.4.

For a fiber in no contact(mode 0), at each step, it is possible for the fiber to switch into
stable tip contact (mode 1), or side contact (mode 4). At each step, a contact detection
algorithm is used to determine if each fiber is in contact. Contact can either occur along the
length of the fiber (side contact) or at the tip. A linear approximation of the fiber between
the fiber root and the fiber tip is used to determine if any portion of the surface interferes
with the fiber through Equation 5.7.

a = (ytips - yroots)/(xtips - Iroots)
b= Ytips — @ * Ttips (57)
0= (a * Lsurface + b) — Ysurface

The resulting array, J, is the vertical distance between the fiber and the surface at each
point of the surface array s, fqce. For the elements of 0, tip contact occurs when the first
element is found to be negative, and side contact occurs when elements between the second
and last are found to be negative.

For a fiber in stable tip contact (mode 1), the fiber tip is stable in its adhered position
on the surface at an index n, which identifies its location in space by the previously defined
surface: Ty = Tsurface(n) and Yrip = Ysurface(n). The force on the base of each fiber is
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then calculated as described in Equations 5.1 and 5.2 using the torsional stiffness, K, axial
stiffness, K, and the transformation described in Equation 5.3. These forces are then used in
conjunction with the adhesion limit models discussed in Sections 5.3.1 and 5.3.2 to determine
whether the fiber will remain in stable tip contact (mode 1), or if it will cross the adhesion
limit by sliding (mode 2) or detachment (mode 3). Furthermore, axial compressive loads are
limited by Euler buckling, where Fy, . <= 72FEI/(kL)? where k is a characteristic factor
determined by the beam boundary conditions, in this case assumed to be k = 0.69 for a
pinned-clamped beam. As well, contact detection is once again used to determine if the fiber
will enter into side contact (mode 4).

For a fiber entering into sliding contact (mode 2), the fiber is assumed to remain in
contact with the surface, and translate in the direction opposite of the shear force on the
fiber, Ty, = Tsurface(n — 1 X sign (F)) and Yiip = Ysur face(n — 1 X sign (F)) , until a position
is reached where the adhesion limit is no longer violated, or the fiber detaches (mode 3) or
switches into side contact (mode 4).

For a fiber undergoing detachment (mode 3), the fiber is assumed to first retract from
is extended position on the surface to a point in space defined by its current incline angle,
Ocurrent, Dy Equation 5.8.

Ltip = Troot — COS(ecurrent)Lo

Ytip = Yroot — Sin<ecurrent>Lo

(5.8)

Once retracted, the fiber is assumed to immediately swing back to its initial angle 0.
As the fiber swings back to its initial angle, the contact detection algorithm is once again
employed to determine whether the fiber will return to no contact (mode 0) at its initial
rest configuration, or if there is an intermediate angle in which the fiber regains tip contact
(mode 1), or side contact (mode 4).

During side contact (mode 4), the assumption is made that the bending forces at the
tangential point of contact are exceptionally small compared to the adhesive and axial forces
during contact, and are therefore neglected. The fiber will follow the surface making tan-
gential contact until tip contact is regained (mode 1) or the surface pulls away and the fiber
returns to its rest configuration (mode 0).

At the end of each path step 7, the normal and shear forces from each fiber are summed
to find the total array shear, Fy ot = >, Fy, and normal forces, F ;o = Y Fy,, at step 1.

5.5 Comparison of JKR and Kendall peel contact mod-
els

The simulation was run for inclination angles, 6, = 35° — 85°, and indentation depths,

A = 2 — bum and with the fiber properties outlined in Table 5.1. Figure 5.5 shows two
example load-drag-pull traces for 6,y = 51° and A = 2um in force space (a-c) and time
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space (b-d). As can be seen in both traces, contact forces begin in compression as the fiber
array is loaded, and then switch into tensile loading as the drag begins. Forces remain
largely the same during the drag phase for both the spherical and spatula shaped tips. For
the spatula tips (Figure 5.5a-b), there is greater variation in the force signal due to the
uncorrelated detachment and re-attachment of the fibers as they peel and re-attach to the
surface, and during unloading, the forces gradually decrease to zero as the fibers are pulled
from the surface. The maximum tensile force occurs during the drag phase of the trace
(green star). For the hemispherical shaped tips (Figure 5.5¢-d), as the array is pulled from
the surface the tensile force increases to its maximum (green star).

For the hemispherical tips using the JKR contact model, we wish to compare the effect
of fiber angle inclination and indenter depth on adhesive forces of the system. Two measures
of interest are the mean force during the drag phase, which corresponds to the force one
would expect to see if dragging the array in shear on a surface (a common use scenario), and
the maximum tensile load of the traces, indicating the maximal performance of the array.
Figure 5.6 shows the maximum (a) and mean (b) forces on the array for the parameters
tested. Maximum tensile forces are plotted as absolute values, mean forces are plotted as
tensile being negative. Fiber inclination angle 6, can be seen to have a large effect on
both the maximum and mean tensile loads, with nearly vertical fibers showing the lowest
tensile loads, confirming some experimental results [56]. Indentation depth only impacts the
mean tensile forces, having little effect on the maximum tensile load. This confirms other
studies that have pointed to zero pre-load being a feature of the fibrillar adhesive system [86].
However, indentation depth does have an effect on the mean forces during the drag. Only an
indentation depth of A = 2um shows tensile loads during drag, an exhibition of the frictional
adhesion effect common in fibrillar adhesives [5]. Beyond this, forces become monotonically
more compressive with indentation depth, and as well friction forces increase.

For the spatula shaped tips using the Kendall peel model, plot the forces using the same
parameters as above. Figure 5.6 shows the maximum (a) and mean (b) forces on the array.
For both the mean and maximum normal forces, indentation depth is not a significant factor,
however, there is an increasing shear load with increasing indentation depth, likely because
at a higher indentation depth, fibers become more inclined and this reduces the peel angle.
Initial fiber angle has less of an effect on the maximal normal adhesion, however for mean
adhesion, forces become compressive at angles near vertical as with the JKR modeled fibers.
For fibers inclined above 60°, forces go from tensile during the drag to compressive.

We can directly compare the hemispherical tips to the spatula tips by selecting a subset of
the data above and plotting together for direct comparison. Figure 5.8 shows (a) maximal,
and (b) mean forces at an indentation depth of A = 3um. For the maximal forces, the
spatula tipped fibers show more than 2.5 times the adhesion across all fiber angles, and
about 5 times the shear, with the largest difference being for nearly vertical fibers. For mean
forces during drag, the spatula tips show tensile normal forces, whereas the hemispherical
tips remain compressive. Spatula tipped fibers also show much larger shear loads during the
drag for lower angled fibers. However for fibers near vertical, both contact models result in
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Figure 5.5: Example Load-Drag-Pull simulation results for 250 hemispherical tipped fibers
using spatula tips with Kendall peel theory plotted in (a) force and (b) time space, and
JKR contact theory in (a) force and (b) time space. The green star indicates the point of
maximum tensile load on the array and the corresponding shear load. Each simulation was

run on a spherical surface with a radius of 2 cm, an indentation depth of 2 pm and an initial
fiber inclination of 51 degrees.
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fibers that give compressive loads during the drag. Figure 5.8 (¢) shows the maximum point
of detachment in force space and the « angle for the JKR and Kendall cases, which represent
the maximal force angle at detachment. Hemispherical tipped fibers show a maximal « of 25°-
37°, whereas spatula tipped fibers have an a of 15°-25°. Both these values are approximately
the same as the 25° reported for natural isolated gecko arrays [5]. The plot also shows the
much larger magnitude of the maximal pulloff force of the spatula tipped Kendall peel model
fibers.

(Clearly the analysis above indicates that on smooth surfaces there is a distinct advantage
to spatula terminated fibers in an array. As well, the model shows for the first time that
the simple JKR and Kendall contact models, when applied to an array of angled fibers,
show very similar behavior to experimental results on isolated gecko arrays [5] and synthetic
fibrillar arrays [119]. The cumulative effect of individual fibers acting as Kendall peel exhibit
behavior similar to the phenomenological frictional adhesion model presented by Kellar et
al. [5].

5.6 Arrays on sinusoidal surfaces

The simulation was run on sinusoidal surfaces of varying amplitudes of 1 to 5 pm and
wavelengths 1-30 pm, where ygyr face = é sin (2%%1” face). Figure 5.9 shows simulation results
for mean forces during drag and maximal adhesion during the trial. As anticipated, at the
roughest of surfaces ( A = 1 pum, T=1 pm), force drop to near zero, and grow as the
wavelength is increased. Above wavelengths of &~ 20 pum, forces taper as the surface is nearly
smooth at this point. Mean forces during drag were compressive for all surfaces tested, and
show that the JKR model does not result in frictional adhesion on the sinusoidal surfaces
tested. Interestingly, maximum adhesion shows a peak on rougher surfaces. This could be
due to the local angle of contact, where fibers may actually show a greater resultant force at
the surface due to the favorable angling of the surface. As amplitudes increase, forces begin
to fall as the amplitude is large enough to push a significant number of fibers out of contact.
For larger wavelengths, the amplitudes begin to converge.

The same surfaces were used to test spatula-tipped Kendall peel model fibers, and a
comparison of the Kendall and JKR contact is made in Figure 5.10. Spatula tipped fibers
show much larger forces for both mean adhesion and maximal adhesion, being almost 10
times larger for maximum adhesion. As well, mean forces become tensile during the drag
phase, and for some amplitudes show larger tensile forces than for the same fiber array
on a smooth surface (marked with star for Kendall and circle for JKR). Interestingly each
amplitude shows a large spike in adhesion at smaller wavelengths. This could be again due to
local surface angle reducing the effective peel angle of the fiber, and this has been pointed to
experimentally that local orientation of the seta has a large impact on the adhesive forces [56].
As the surface amplitude increases, so does the wavelength at which this spike in adhesion
occurs. As the wavelength of the surface increases, forces converge to the adhesion found on
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a flat surface.

5.7 Discussion of the results

Although many studies have clearly shown the benefit of a spatula shaped for adhesion on
surfaces with roughness on the same size order as the spatula itself, this study is the first
to show the efficacy of spatula tips compared directly to hemispherical tips with the same
fiber geometry on an array of fibers on both smooth and sinusoidal surfaces. It appears that
spatula tips modeled using the Kendall peel equation, when acting in concert through an
array of fibers, show the frictional adhesion effect previously described in the literature [5],
and have much larger adhesive forces than hemispherical tipped fibers. Furthermore, spatula
tips show a large benefit in adhesion on sinusoidal surfaces with roughness on the size order
of the fiber itself, and in some cases, sinusoidal surfaces allow for higher adhesion than on a
smooth surface, likely due to local peel angles being smaller due to the slope of the surface.

Important to note is that the spatula tipped fibers are able to generate tensile loads
during the drag phase of the cycle. This is in contrast to the compressive loads seen in
the hemispherical tipped fibers, and could explain a self-engaging property by which fibers
are able to pull more of the array in contact - an effect seen with spatula shaped natural
gecko arrays, but not seen for arrays of synthetic fibers with hemispherical shaped tips. The
analysis shows that even a single hierarchical level array of fibers could also show this effect
on rough surfaces if spatula tips were a feature.

5.8 Concluding remarks

We sought to understand the impact of surface roughness on the adhesion of two types
of GSA arrays: those with hemispherical-shaped tips and those with spatula-shaped tips.
Our simulations showed that the nanoscale geometry of the tip shape alters the macroscale
adhesion of the array of fibers by nearly an order of magnitude, and that on sinusoidal
surfaces with roughness much larger than the nanoscale features, there is still a clear benefit
to having spatula shaped features. Interestingly, the action of the fibers acting in concert
shows behavior much more complex that what could be predicted with the pull-off model
of a single fiber, and that both the JKR and Kendall peel models can explain the frictional
adhesion effect previously described in the literature [5]. Similar to experimental results
found with the macroscale features of the gecko adhesive system, when roughness approaches
the size and spacing of the fiber features, adhesion drops dramatically.

This has clear implications for the design of future GSAs that may be used in environ-
ments with varying rough surfaces. It is clear that an integrated approach must be taken that
considers the relationship between the surface roughness, the size of the adhesive structures,
and their ability to conform at a variety of length scales. Understanding the abilities and



a
(@) 15 T
. Normal
= Shear
= I — JKR
(@) or 1A [N N, - Kendall
©
o 5um
o 5} 3um
£ Tum
3 e Q
@ O'T-*Tf*( ._-}-—I—‘—I—I--I-'i':“:I”"m +
8 OERa2 ek S
c b \]; NI 1
-5} ) : - v
8 I v ‘/‘\I\ \/I
= . N~
10 t[’I, \T
0 10 20 30 40 Flat
(b) Surface Wavelength (um)
20 T T
I — Normal
. 18 Shear
zZ - — JKR
= 16 A A Kendall
c 141
o 12p -t ,
Q L R
S 10f fv S
< i 1 N \
< 8T ; _,‘—\" \ 5um
© : / - IS 3um
L ¢ (3 \ N
2 6 VI / '\/\ ~ < ‘]um
ar. I"\ ) l\'\,~ IR gum
AN = TS~ — % i
2 e == im | 3
0 10 20 30 40 Flat

Surface Wavelength (um)

92

Figure 5.10: A comparison of the hemispherical tip JKR model fibers and the spatula tip
Kendall peel model fibers for sinusoidal surfaces of amplitudes 1 to 5 um and wavelengths
1-30 pm showing (a) mean normal and shear force during drag and (b) absolute maximal
adhesion (tensile) during the trial. Fibers have an initial angle of 60°. Adhesive properties
of the arrays on a flat surface are marked with star for Kendall and circle for JKR on the

far right of the plot.
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limitations of these structures on varying length scales of roughness is necessary to create
an adhesive that is able to adhere to naturally rough surfaces.
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Chapter 6

Conclusion

There still remains a gap between the capabilities of current GSAs, and the properties
required for GSAs to perform as the gecko does: on natural undulating surfaces with several
scales of roughness, in dirty environments where particle contamination is the norm, and
for thousands or even tens of thousands of cycles. For continued progress to be made in
GSAs, focus must shift from trying to attain high adhesive values under ideal conditions,
to exploring the weaknesses in current GSAs and contrasting those with the principles that
underpin the success of the natural gecko systems in real world challenging conditions. The
body of this work focused on these issues, specifically on adhesion with rough surfaces,
contaminating particles and wear mechanisms.

Lessons still continue to be learned from the gecko adhesive system, and work in Chapter
2 presented results on the geckos amazing ability to maintain adhesion on even very rough
surfaces, and that the toes are capable of adhering to surfaces with amplitudes much larger
than their dimensions even without engaging claws, maintaining 60% of shear adhesion on
surfaces with amplitudes of 3 mm. However, there is a limit to the roughness that even
the gecko can adhere to, and experimental data as well as a model developed in Chapter
2 showed that the ratio of adhesive feature size to surface feature size must be carefully
considered in the design of the adhesive.

Similarly, dry-self cleaning capabilities must also be taken into consideration when making
material and geometry choices for the GSA. Chapter 3 outlines results showing that a GSA
made from a hard thermoplastic with nanoscopic fibers was able to recover 96-115% of its
shear adhesion after fouling with small and large but not medium particles, while a GSA made
from a soft polymer and microscopic fibers recovered 40-55% on medium and large particles.
Further examination by SEM revealed that the PDMS structures were not shedding the
smaller particles during recovery steps, but were instead being absorbed into the surface, and
that, regardless of their size, particles did not release from the PDMS surface. We therefore
concluded that dry self-cleaning will be more effective for GSAs fabricated with smaller fiber
diameters and for GSAs fabricated from materials with smaller loss functions, such as hard
thermoplastics. Although current soft polymer GSA systems show larger adhesive forces
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than hard polymer GSAs, the expected use environment must be carefully considered for
risk of contaminating the GSA irreversibly. To overcome this, it may be possible to add
active control to the fibers for the purposes of shedding particles. We presented a prototype
GSA capable of controlling adhesion to glass spheres 500 pym to 1 mm, which represents
an important step in realizing an adhesive with dry self-cleaning capabilities across a wide
range of particle sizes.

Furthermore, we have outlined a failure mechanism rooted in the continued cycling of hard
polymer GSAs and presented the results in Chapter 4. It appears a fundamental material
limit has been reached for these fiber arrays, and that future gecko synthetic adhesive designs
must take into account the high adhesive forces generated to avoid damage. Although the
synthetic material and natural gecko arrays have a similar elastic modulus, the synthetic
material does not show the same wear-free dynamic friction as the gecko.

Moving forward, the field of synthetic gecko adhesives still has challenges to overcome in
order to achieve the same versatility and performance of its natural counterpart. Specifically,
efforts should focus on the continuing development of nanoscopic spatula tips made from
cross-linked stiff polymers to allow for greater nanoscale adhesion and dry-self cleaning,
as well as integration with larger-scale soft hierarchical features that will allow for surface
conformation across a wider range of surface feature roughness.
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