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ABSTRACT OF THE DISSERTATION

Fish-inspired adhesion with application to robotic manipulation and locomotion

by

Jessica A. Sandoval

Doctor of Philosophy in Materials Science and Engineering

University of California San Diego, 2021

Professor Michael T. Tolley, Chair

Advances in reversible adhesives have proven critical in accomplishing novel robotic
locomotion and manipulation tasks. However, reversible adhesives using previously reported
methods have limited performance dependent on the surface type (i.e., surface roughness) to
which they are being applied, and the surrounding environment (i.e., underwater). Bioinspiration,
in which concepts from nature inspire synthetic designs, has furthered the development of
provocative reversible adhesives. For this dissertation, I explored the topic of fish-inspired
reversible adhesives to advance robotic manipulation and locomotion capabilities in wet and
submerged environments. Specifically, I focused on the clingfish, an intertidal fish that attaches to

rocky surfaces using a suction disc while sustaining high pull-off forces. This impressive ability

Xvil



makes the clingfish an ideal model organism for the development of bioinspired adhesives. I
performed investigations into the micro- and macro-scale components of the biological suction
disc that are responsible for attachment. I analyzed the contribution of mesoscale surface
structures using a custom algorithm to automate their detection and characterization. I applied the
conclusions regarding the roles of each biological component to develop bioinspired suction discs
that were capable of attaching to widely variable substrates while sustaining high pull-off forces.
To minimize the need for active control of adhesion, I investigated the design parameters necessary
for the suction discs to directionally adhere. By tuning their material and geometric characteristics,
I developed discs that demonstrated morphological computation to achieve anisotropic adhesion
in a wet environment. The morphologically programmed discs were applied to underwater
locomoting robots, while minimizing the complexity of control. I lastly applied my conclusions
regarding the impact of mesoscale surface structures of the clingfish to develop biomimetic
textures to resist shear disturbances. I investigated the dependency of design parameters, such
as stiffness, of the textures on the surface properties of the objects to be manipulated. The
biomimetic textures were applied to the challenge of manipulating wet, delicate surfaces, with an
explicit application to surgical manipulation. I lastly coupled the benefits of surface texturing and
suction to develop a robotic manipulator to achieve a stable grasp of wet and lubricated objects
against axial and shear disturbances. Overall, the exploration of fish-inspired adhesives presented
in this dissertation yielded novel robotic capabilities when applied to the areas of manipulation

and locomotion.

xXviii



Chapter 1

Introduction

The development of reversible adhesives—i.e., adhesives that demonstrate the ability to
attach to and detach from a surface without structural alteration-—is critical to enabling robots
with novel capabilities [1]. Reversible adhesion encompasses the use of suction, magnetism, elec-
trostatic attraction, and van der Waals forces, for example, and has been applied to a wide range
of robotic applications, from surgical operations to manipulation of large objects in microgravity.
Adhesion, however, is limited by the environment in which it is to be applied; adhesives that
excel in dry environments, for example, are severely limited in performance in wet environments
[2]. The environment type will also considerably impact the design of the adhesive. In terrestrial
applications of adhesion, one of the predominant forces to counteract is gravity, which is of a
predictable magnitude and direction. However, in an underwater domain, the variety of forces
imparted by the environment, such as buoyancy and current, affects the dynamics of adhesion and
thus the type of attachment strategy that would be successful. The type of substrate also greatly
influences the mechanism of adhesion that is successful at attaching to the surface. For instance,
attachment using magnetism only functions on ferrous surfaces, which limits the scope of use
of this mechanism. Other forms of adhesion, such as suction, are generally limited to smooth

surfaces as rough asperities can compromise attachment. The specificity of adhesion based on the



substrate and environment is therefore an important challenge to address when developing and
applying adhesives.

Engineers have turned to nature to inspire the next generation of innovative reversible
adhesives [3]. Through a process of bioinspiration, the development of adhesives takes design
concepts and inspiration from all facets of life, from geckos to beetles to fish, to engineer novel
attachment abilities [4]. This large repository of biological attachment processes encompasses
both dry and wet adhesion, in air and underwater. One of the most well-studied forms of
bioinspired reversible adhesives comes from studies of the toe pads of geckos. Geckos utilize
dense arrays of setae, which are high aspect ratio microstructures terminating in highly branched
spatulae, to achieve adhesion using van der Waals forces and contact splitting [5, 6]. It is
important to note that a wide range of other organisms, including spiders [7], also use setae to
achieve dry adhesion. The past two decades of research on biological dry adhesives has yielded
considerable insights into the fabrication of high aspect ratio microstructures to take advantage of
adhesion based on van der Waals forces [8]. Gecko-inspired adhesives have enabled gripping of
irregular, challenging, or delicate objects, such as silicon wafers, with low contact stress and a
high degree of repeatability. The impact of bioinspired dry adhesives on robotics has amounted
to the accomplishment of novel tasks, from manipulating large space debris [9] to scaling glass
walls [10].

Bioinspired reversible adhesives for use in a wet domain are comparatively less well
studied. Wet adhesion, which encompasses attachment strategies that are mediated by viscous
fluid, have been studied in tree frogs, newts, and insects [11, 12]. These organisms secrete a
viscous fluid to form capillary bridges between the foot and/or toe pads and the surface, resulting
in high normal adhesion [13]. Suction is also a useful tool, especially in aquatic settings, to
attach onto surfaces [14]. The suckers of the octopus and the suction discs of fish have all drawn
considerable interest in recent years from materials scientists and engineers. The octopus, for

instance, has inspired the development of artificial suckers [15] which have been applied to soft



robotic arms for advanced underwater gripping applications [16].

Fish display an impressive variety of attachment devices to reversibly attach to underwater
surfaces, which has begun to inspire novel adhesives. Fish have evolved innovative ways to thrive
in environments with high-velocity, directional flow, such as in rivers, or in chaotic environments,
such as in the intertidal, by use of suction discs. Suction discs are formed by modified fins,
either pelvic and pectoral or dorsal, to ultimately attach onto surfaces using suction. Studies of
the energetic cost and oxygen consumption of fish in high flow environments demonstrate that
attachment using suction discs is energetically favorable and thus preferential for living in such
challenging conditions [17]. The adaptations of the suction discs vary in design. For instance, the
remora, a fish renowned for its hitchhiking abilities to whales, sharks, and dolphins, utilizes a
dorsal suction disc to remain attached during the high-speed swimming of its host. The suction
disc of the remora features arrays of hard protrusions called spinules to mechanically interlock
with surface asperities to anchor its grip in high velocity, directional flows [18]. The remora has
inspired the development of robotic suction discs, which use mechanically interlocking structures
reminiscent of spinules and a fleshy sealing layer around the suction disc, to help underwater
robots hitchhike by attaching to surfaces [19]. Other fish with innovative suction discs include
the river loach [20] and gobies [21], which use a combination of suction, microstructures, and
mechanical interlocking to secure themselves while accomplishing impressive feats, such as
swimming upstream in rivers or climbing waterfalls.

For my dissertation, I sought to clarify as to how to reversibly adhere to challenging (i.e.,
rough, concave, or soft) surfaces while subjected to loads from highly variable directions. I
focused my work on the clingfish, which demonstrates the impressive ability to grip onto rough
surfaces in the intertidal while being subjected to highly variable fluid forces. The clingfish
became instrumental in the development of reversible adhesives that extended into the fields of
soft robotic manipulation and locomotion. The main questions that I addressed were 1) how

to adhere to rough and irregular surfaces underwater? 2) How to stabilize adhesion to shear



dislodgement forces? And, 3) how to leverage these advances in reversible adhesion in soft

robotics?

B|0|nsp|rat|on

Application

Figure 1.1: Overview of fish-inspired adheison, extending from biological models to bioin-
spired designs and applications.

1.1 Overview

The components of this dissertation can be classified by their contributions to achieving
stable attachment against either axial or shear loads. Thematically, I investigated the design
and implementation of biomimetic suction discs (Chapters 2-4) and biomimetic surface textures
(Chapters 5-6) for axial and shear loads. Suction discs provide strong adhesion given a disturbance
perpendicular to a surface, yet do not demonstrate resistance to shear disturbances. On the other
hand, the use of textures allows for resistance to shear loads, which act in parallel to a surface,

but necessitate active engagement with an object to achieve a stable grasp. I review these two



topics in the following chapters and culminate the dissertation in the synthesis of the two modes
of attachment to generate a stable, adhesive robotic gripper (Chapter 7).

In Chapter 2, we explore the biological structures responsible for successful attachment of
the clingfish to rocky surfaces. We survey the structures using microscopy and force measurements
taken at the microscale. Finally, we generalize these results in preparation for the following
chapters regarding the design of biomimetic discs and textures.

In Chapter 3, we utilize the conclusions from the biological investigations to create a
biomimetic suction disc that can be used to resist axial loads. The goal of this work was to design
a device to reversibly adhere to rough objects of variable surface topologies in an underwater
environment. In this chapter, we explore the use of soft elastomers and microstructures to seal the
suction disc to surface asperities. We evaluate the impact of the geometric configuration of the
disc in attaching to irregular topologies. We then demonstrate the use of the biomimetic disc in
underwater gripping applications.

In Chapter 4, we explore the concept of morphologically programming the suction discs
to display anisotropic adhesion in a wet environment. We tuned the structural parameters of the
suction disc (i.e. material stiffness, geometry, symmetry) to successfully produce a directionally
adhesive suction disc. The work was applied as a proof-of-concept to an array of linear actuators
to demonstrate the utility for walking robots. We anticipate that the morphologically programmed
suction discs will act to reduce the complexity of control for underwater walking robots.

In Chapter 5, we performed a biological investigation into the influence on adhesion of a
predominant surface structure, referred to as papilla, which is found along the perimeter of the
suction disc of the clingfish. The papillae influence the ability of the clingfish to resist shear and
axial loads via viscosity-mediated adhesion. We created a custom image-processing software
to quantify the geometric characteristics of the papillae across five sizes of clingfish. Using the
results, we generated an “averaged” papilla, based on a survey of over 5,000 papillae, which

served as the design for a biomimetic surface texture to be applied in engineering applications.



The geometric characteristics of the papillae of the clingfish demonstrated striking similarities
to the toe pads of tree frogs, which also use a similar form of fluid-mediated, wet adhesion to
attach to surfaces. These similarities potentially suggest a convergent evolution of wet adhesive
structures.

In Chapter 6, we apply the “averaged” papilla to generate a biomimetic texture capable of
withstanding shear loads in a wet environment. The overall goal of this work was to use shear
textures to minimize loss of grip and damage of wet surfaces by robotic grippers, with specific
application to surgical manipulation. When attempting to grip a soft surface that is lubricated in
a fluid (i.e. secretions), the loss of friction between a grasper and the object leads to increased
risk of over-compression of the surface and thus damage. We therefore evaluated the influence of
design parameters (i.e. stiffness, channel spacing) of the textures on the successful attachment of
the grasper to soft surfaces with a range of stiffnesses of three orders of magnitude. We modeled
the effect of compression of these surface textures on the potential to cause tissue trauma. The
frictional textures were applied to commercially available surgical graspers to achieve a stable
grip while preventing tissue trauma and were demonstrated on ex vivo tissue. The textures were
also applied to a soft robotic gripper to manipulate hydrogels.

In Chapter 7, we couple the benefits of the frictional textures and biomimetic discs to
achieve a stable grasp of wetted, soft surfaces. The disc provided high axial adhesion while
the frictional textures stabilized the manipulator to shear disturbances. We then applied the
dual-adhesive gripper to a robotic arm for manipulation of wetted soft surfaces.

Overall, this dissertation embodies the essence of biomimetics, in which I worked between
the fields of biology and engineering to address key challenges and limitations in currently existing
adhesives. I began by studying central concepts and design components from an intertidal adhesive
fish. I then approximated their contributions in synthetic analogs that I then applied to overarching
engineering challenges, such as the lack of a gentle grip by robotic manipulators. In this process

of developing biomimetic adhesives, I also addressed underlying biological hypotheses. This



cyclical nature of bioinspired design helped to uncover a plethora of innovative adhesive designs

that impacted a range of fields spanning from underwater archaeology to surgical manipulation.
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2.1 Abstract

The suction disc of the northern clingfish provides strong reversible adhesion to underwater
surfaces while subject to turbulent wave action. The suction disc utilizes a dense array of fibrillar

microstructures referred to as microfibrils that have been hypothesized to play a role in adhesion,



yet the extent of their role has yet to be quantified. Here, we analyzed the possible functions
of microfibrils found across the suction disc, investigating whether their mechanical properties
could ultimately contribute to the successful grip of underwater surfaces. Using a variety of
imaging techniques, we surveyed the morphological characteristics of the microfibrils. We found
that the microfibrils were expressed through a dense array of interconnected microchannels
occurring throughout the cross-section of each papilla and were terminated at the surface by
bifurcated heads and surrounded by secretions. Using Atomic Force Microscopy, we found
that the microfibrils were about 3.4 times more adhesive than the associated secretions. From
microindentation tests performed on AFM, we calculated the effective elastic modulus of the
microfibrils to be between 1 and 2 MPa, which was used to ascertain their contribution to the
adhesion of the overall suction disc. We then used image processing techniques to understand
the extent of these microfibrils across the entirety of the disc margin, and therefore quantify
their contribution to adhesion. Overall, this study brings together the adhesive and structural
characteristics of microfibrils employed by the suction disc of the clingfish to yield conclusions

regarding their respective utility in underwater adhesion.

2.2 Introduction

An underwater environment poses a unique set of challenges to adhesion in comparison
to terrestrial environments. These challenges are ubiquitous between biological organisms and
engineered adhesives. Underwater, forces from fluid flow, including turbulence and currents of
varying direction and magnitude, influence adhesion, while in air, gravity poses the predominant
constraint to adhesion [2]. Nature has evolved many impressive adhesive capabilities to temporar-
ily attach to variable surfaces while subjected to disruptive forces. Explorations into the breadth
of attachment adaptations used by organisms have yielded bioinspired principles to be utilized in

the design of engineered adhesives to provide unprecedented attachment capabilities [4, 22, 1].



The different adhesion processes can be classified as either non-reversible or reversible
[23, 24]. Non-reversible adhesion can be generally classified by the formation a permanent bond
to a surface, such as the cementations used in barnacle adhesion or byssal threads for mussel
attachment [25]. Reversible adhesion involves the ability to temporarily attach and detach in
a switchable manner, without alteration of the surface to which adhesion occurs [23, 24, 26].
Reversibility is desirable in engineered adhesives with specific emphasis on robotic manipulation
[27] and locomotion [10, 28]. Reversible attachment mechanisms employed by organisms
are hierarchical in complexity and involve attachment strategies spanning across macro- and
microscopic scales [29]. In addition to varying across the scales of size, the method of attachment
also varies between wet and dry adhesion, and are often non-transferrable across environment
type [2]. For instance, in air, adhesion via van der Waals forces are commonly used by terrestrial
organisms ranging from arthropods — such as spiders [30], to reptiles — such as geckos [31, 5], to
adhere onto dry surfaces.

Fibrillar or “hairy” microstructures [32], often referred to as setae, have been extensively
described for terrestrial organisms, which use either dry or wet adhesion (via secretion to the
substrate) to attach onto surfaces. Setae in terrestrial organisms are generally of a high aspect
ratio (~10) and are terminated in a variety of morphologies [33] that can include a single terminal
element, as seen with insects [34], highly branched, as demonstrated in geckos [6], and flattened
triangular shapes, as shown in spiders [30]. The terminations of the setae correspond to the type
of adhesion for which they are used. Terrestrial organisms that exploit dry adhesion, such as
geckos [5] and spiders [30], exhibit setae that are terminated in highly branched or flattened
spatulae. For geckos, the use of highly branched spatulae results in a more intimate contact of
the adhesive structure with a surface [35, 36]. Conversely, other terrestrial organisms combine
microstructures and wet adhesion to attach onto surfaces. Flies [34] and beetles [37, 38, 39]
are just two examples of organisms that use a combination of setae and secretions to attach

onto surfaces using capillarity. Wet adhesion generally does not necessitate the use of fine
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branching terminations since the fluid secreted by the organism is used to fill in surface asperities
during attachment [34, 40]. Terminations have also been modified, for instance, to encompass
an amphibious domain. As an example, diving beetles exhibit setae with microscopic suckers,
allowing for adhesion in aquatic as well as terrestrial environments [41].

The microstructures of the aforementioned terrestrial organisms have become sources of
bioinspiration for materials scientists and engineers for the fabrication of reversible adhesives [22].
Perhaps one of the most notable examples of artificial microstructured adhesives is the gecko-
inspired adhesive, which exploits van der Waals adhesion and friction to attach onto objects. Such
microscopic adhesives have been modified per their termination morphologies (i.e. hierarchies),
body geometries (i.e. mushroom-shaped), and material composition (i.e., hydrogel-based) to
improve adhesive performance [36, 42, 43]. Gecko-inspired adhesives have demonstrated their
utility in the field of robotics [10, 28], and have been applied across a range of robotic tasks, from
scaling glass walls [44] to grabbing objects in space [9]. The mushroom-shaped dry adhesives
have been modified to terminate in a microscopic suction cup, similar to adaptations seen in
nature, yielding adhesion in both wet and dry environments [45]. Advances in the understanding
of microstructures of terrestrial organisms have resulted in the successful development of a diverse
suite of microstructured adhesives which have started to transform engineering, with a specific
emphasis in robotics.

However, the role of microstructures to adhesion is poorly understood for aquatic organ-
isms. Fibrillar microstructures have been observed in the adhesive structures of the abalone,
octopus, and clingfish, and yet little is understood of their mechanical properties and role in
adhesion. In the abalone, the pedal foot is lined with branched microfibrils that are roughly 2 um
in diameter [46, 47]. The microfibrils of the abalone have been studied for their role in adhesion
via van der Waals forces, in conjunction with suction and capillarity [46]. The octopus exhibits
apically branched microfibrils within the acetabular protuberance of its sucker [48, 49]. The

microfibrils have been proposed to increase the frictional footprint of the sucker. The use of
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fibrillar microstructures in adhesion for these aquatic organisms is, in comparison to terrestrial
organisms, considerably less studied and understood. Robust investigations of these fibrillar
microstructures of aquatic organisms would therefore be pertinent to the development of novel
underwater bioinspired adhesives.

The clingfish is one candidate for such study. The clingfish lives in intertidal environments
and adheres to rough, irregular, and biofouled surfaces while being subjected to wave action and
tidal surges [50, 51]. The ability of the clingfish to reversibly grip rough surfaces while subjected
to powerful intertidal forces prompted our investigations into the components that are key to its
successful grip.

The clingfish adheres to surfaces using a highly optimized suction disc, which is formed
by the intersection of the modified pelvic and pectoral fins [50]. The suction disc functions by
establishing a chamber of low pressure that is capable of sealing to surface irregularities, thereby
sustaining pull-off loads that are up to 200 times the body weight of the clingfish [52, 53]. The
disc margin, or the perimeter of the suction disc, is critical to the success of the grip of the
clingfish. The disc margin is lined by rows of hexagonal pads, or marginal papillae, from which
extend high aspect ratio, “hairy” microstructures consisting of extracellular cuticle [50, 52, 53].
We refer to the extracellular cuticle expressed by the papillae as microfibrils. Little is yet known
of the mechanical properties of these microstructures.

To effectively develop bioinspired underwater adhesives, we must understand the adhesive
role of the microfibrils found in underwater organisms. The goal of this work is to quantify
the adhesive characteristics of the microfibrils found along the suction disc of the clingfish.
We evaluated the contact density of the microfibrils based on Scanning Electron Microscopy
and surveyed the transverse axis of a papilla using Transmission Electron Microscopy. We
interrogated the microstructures using Atomic Force Microscopy to quantify the adhesive force of
a single microfibril and determine its effective elastic modulus. By understanding the mechanical

properties of the microfibrils of the clingfish, we aim to increase opportunities to better develop
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Figure 2.1: Overview of the location and role of microfibrils in the adhesion of clingfish.
a) A clingfish resides in high energy, intertidal environments. The clingfish uses a suction disc,
composed of a suction chamber (SC) and disc margin (DM) to attach to surfaces. b) Overview
of the contribution of microfibrils to adhesion. Microfibrils extend from papillae (P) located
along the disc margin and are both soft and adhesive. The microfibrils prevent (1) the suction
disc from slipping parallel along a surface and (2) the disc margin from flipping away from the
surface. Both roles maintain the integrity of the seal of the suction chamber. ¢) Ventral view
of the suction disc. d) Transverse view of a single papilla. Subsurface microchannels extend
throughout the papilla. High aspect ratio microfibrils extend from the microchannels at the
surface of the papilla. Secretions surround the papilla. The base of the papilla is composed of
muscle tissue. e) Microfibrils conform to surface asperities. f) Deformation of the microfibrils
when subjected to external forces.

microstructured adhesives for use in underwater environments.

2.3 Results

2.3.1 Papillae act as a network of fibrils

We investigated the internal and external structure of the papillae for their role as scaffolds
for microfibrils. For such structural analysis, we performed Scanning Electron Microscopy (SEM)

and Transmission Electron Microscopy (TEM).
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Figure 2.2: Scanning Electron Microscopy (SEM) to image microscale features on the
surface of papillae. a) Papillae interdigitated across surface of the disc margin. Markers (b, d,
e) provide a spatial reference to where the micrographs in subfigures (b, d, e) were sampled.
b) Ventral view of the surface of a papilla, from a fresh tissue sample. Residual secretions
were still present. Clumping of microfibrils (dashed, circle) observed sporadically across the
papilla. ¢) Microfibrils observed with bifurcated heads (arrows) on the surface of papillae of
the fresh tissue sample. d) Ventral view of the surface of a papilla of an archived clingfish
specimen. Microchannels evidenced on surface. e) Fractured edge of a papilla from the archived
specimen. Microfibrils observed to route through tubular microchannels. f) View of microfibrils
on fractured edge.

SEM of both fresh and preserved samples revealed a highly complex structure on the
surface of each papilla. Prior to imaging the fresh tissue sample, we eluted the secretions from
the surface of the papillae by a series of ethanol washes. From the micrographs, we observed
a dense array of microfibrils. These microfibrils were found to extend from the surface of the
papillae through a series of microchannels (Fig. 2.2).

The terminations of the microfibrils differed between the specimen types. Samples from

fresh specimen maintained the surface features terminating from the papillae. The microfibrils
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of the fresh papillae were terminated by bifurcated heads (Fig. 2.2 b, ¢), although their extent
was obscured by residual secretions. The microfibrils of the fresh specimen exhibited moderate,
sporadic clumping, providing for the formation of gaps observed amongst the microfibrils (dotted
line, Fig. 2.2 b).

The preserved specimen exhibited significantly less secretions covering the papillae, but
also a lower abundance of intact microfibrils. We attributed the lack of intact microfibrils to
the long-term preservation of the sample in isopropanol, which likely dehydrated the delicate
microstructures, resulting in their degradation over time. However, the lack of microfibrils and
secretions exposed an extensive network of microchannels that were expressed at the surface
of each papilla (Fig. 2.2 d-f). These microchannels extended across the entirety of the ventral
face of the papillae. We measured the microchannels to have an average diameter of 0.24 +
0.05 ym (n = 69) and to be spaced 0.02 4+ 0.009 um (n = 62) apart. We measured the density
of microchannels, which corresponded to the density of microfibrils. Via manual quantification
of the SEM micrographs, we calculated that the microchannels, and thus microfibrils, were
expressed at a density of 7.02 & 0.82 microfibrils per um?. We observed that the microfibrils
were orthogonally projected from the face of the papillae.

The microchannels acted as guides for softer fibrillar projections, as seen on a fractured
edge (Fig. 2.2 e, f). These microfibrils were observed to project through the tubular microchannels
(Fig. 2.2 e) to be expressed on the surface of the papilla. The microfibrils of the fractured edge
lacked highly branched terminations yet were observed to have a consistent orientation in the
SEM micrographs (Fig. 2.2 f). We considered the lack of terminations to be due to the fracture
that led to the exposure of the internal microfibrils within the papilla.

Transmission Electron Microscopy of the papilla of a fresh tissue sample further sup-
ported the observation that throughout a papilla extends a network of microchannels to express
the microfibrils at its surface (Fig. 2.3). Below the surface of a papilla, we observed a network of

microchannels (Fig. 2.3 b) that extended for approximately 1.6 mm. These subsurface microchan-

15



Transverse

Frontal

Figure 2.3: Transmission Electron Microscopy (TEM) to visualize internal structures of
papilla, from tissue of freshly euthanized specimen. a) Semithin of a single papilla used for
TEM, imaged under brightfield microscopy. Markers (b-e) provide reference of where spatially
the micrographs in subfigures (b-e) were sampled. b) Hexagonal intersections of microchannels
that extend for 1.6 mm from the surface of the papilla, observed from the transverse plane. ¢
Microchannels shown to terminate at the surface of a papilla, observed from the transverse
plane. d) Elongated cell bodies with nuclei, hypothesized to be the cell-bodies of nascent fibrils
observed from the frontal plane. e) Arrangement of bundles of muscle fibers at the base of the
papilla, observed from the transverse plane.

nels were measured to have a diameter of 1.4 + 0.2 um (n = 7). The subsurface microchannels
interconnected with neighboring channels, forming hexagonal intersections that were approxi-
mately 4.5 ym in height and 2.5 ym in width, and of the internal angles of approximately 119°
+ 9° (n = 14). These hexagonal intersections were ubiquitous across the network of subsurface
microchannels.

The subsurface microchannels narrowed to terminate at the surface in a diameter of 0.4 +
0.08 um (n = 8; Fig. 2.3 ¢). The diameters of the surface microchannels measured from TEM

were consistent with measurements of microchannels performed in SEM (Fig. 2.2 d).
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We hypothesized that the subsurface microchannels transported bulk, nascent microfibrils
to the surface (Fig. 2.3 d). From the TEM micrographs at the base of the papilla, we observed
that the muscle fibers were routed in many non-uniform orientations (Fig. 2.3 e). Based on
the less consistent orientations of muscle fibers, we suggest that the papillae may possess a
dynamic response to stimuli from random, non-uniform orientations, which would be imperative
in withstanding randomized environmental disturbances.

Overall, the observations made using TEM supported the hypothesis that the papillae act

as a scaffold for microfibrils that protrude at the surface of the papillae.

2.3.2 Adhesive force of the microfibrils

To determine the adhesive properties of the microfibrils and secretions, we interrogated
the surface of the papillae from a fresh clingfish specimen using Atomic Force Microscopy
(AFM) (Fig. 2.4 a, b). The tissue was unaltered prior to experimentation, thereby preserving
the integrity of the microstructures of the papillae. Secretions remained present on the tissue
to prevent damage to underlying microstructures. To determine the adhesive properties of the
secretions, we gently aspirated using a Pasteur pipette the secretion material from an untested
region of the anterior disc margin and plated it on a glass slide. All tissue samples and isolated
secretions remained hydrated in a droplet of filtered seawater for the entirety of the experimental
procedure. We used filtered sea water to replicate the concentration of ions in solution, mitigating
deleterious steric effects on the microstructures and their interaction with the environment. We
therefore simulated environmental parameters during the interrogation with AFM to yield a more
realistic understanding of the role in adhesion of microfibrils found in the marine environment.
We interrogated the microfibrils, which we previously measured to have an average diameter of
240 nm, with an AFM tip of a nominal radius of 20 nm (Fig. 2.4 a). We therefore concluded that
the AFM probe tip was sufficiently small enough to interrogate one fibril per test of adhesion.

We used AFM to test the adhesive force of the microfibrils and secretions of a freshly

17



-~

100
a_  AFM Probe ¢ AM
80
= \ == Extension
Sea Wate ] E607\ — Refraction
5I Fip G 40|
Secrj i 2
R O 20
Fibril | ™" ol
Papilla . . .
Rip < Rapri 200 05 1 15

Tip Separation (um)

€ 100,
- - -==In= E Isolated

Secretion

E Isolated|. |.|:|::|. -4 n=18 1 =
Secretion 0 . 1

Tip Separation (um)

05 115 2 25 3
Adhesive force (nN)

Figure 2.4: Atomic Force Microscopy (AFM) to measure adhesive properties of microfib-
rils and secretions from fresh tissue samples. a) Schematic of the experimental setup. AFM
pull tests were performed in a droplet of filtered seawater. Secretions remained present at the
site of the pull tests above the papilla to avoid damage to the microfibrils. Inset: Schematic of
the interaction of the probe tip with the microfibril for both extension (blue arrow) and retraction
(red arrow) of the AFM probe tip . Extension of the AFM probe tip resulted in a displacement
(8) and compression of the microfibril. The radius of the AFM probe (R;;,) was notably smaller
than the radius of the microfibril (R ;). b) Image of the experimental setup. The AFM probe
was aligned over the papilla (P) prior to tests. ¢) Example force curve from the interrogation of
a papilla from the anterior margin. Unbinding events annotated with arrows. Extension allowing
for compression of the AFM probe to the surface, blue dashed line. Retraction allowing for
unbinding from the surface, red solid line. d) Average adhesive force of microfibrils from the
papillae along the anterior (AM) and lateral (LF) disc margin, and of isolated secretions. e)
Representative force curve from the interrogation of the isolated secretions on a glass slide.

euthanized clingfish specimen. The maximum adhesive force was calculated from the moment
of a sharp vertical transition, or unbinding event, in the retraction force curve (Fig. 2.3 ¢). We
observed that during interrogations of the papillae, the probe tip registered between one and two
unbinding events. We suggest that the dual unbinding events may be a result of the probe tip
interacting with the terminus of two neighboring fibrils. Such sharp vertical transitions indicative
of unbinding events were not observed during the interrogations of the isolated secretions (Fig.
2.3e).

From the force curves, we found that the fibrils were roughly three times more adhesive
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than the isolated secretions (Fig. 2.3 d). The anterior and lateral components of the disc margin
were measured with an average force of 1.75 nN 4 0.54 nN (n = 30) and 1.42 nN =+ 0.59 nN
(n = 26), respectively. In contrast, the secretions were measured with an average adhesive force
of 0.51 £ 0.30 nN (n = 18). The location of the pull tests along the disc margin impacted the
resulting adhesive force. The microfibrils from a papilla of the lateral component of the disc
margin registered pull-off forces that were 20 percent lower than those of a papilla located along
the anterior disc margin.

We used AFM to calculate the effective elastic modulus [54] of the microfibrils (Fig. 2.4
a, b). The measurement of effective elastic modulus is key for structured materials, as it accounts
for the material composition, geometry, and hierarchy of microstrutcures [55]. We measured the
effective elastic modulus of the microfibrils to understand their behavior under realistic loading
conditions which helped us to understand their function. To calculate the effective elastic modulus
(E), we used a Sneddon conical model to approximate the effective elastic modulus of the fibrils

during compression of the AFM cantilever to the surface, as detailed in Equation (2.1) [56].

_n F
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This model is dependent on the shape of the cantilever and conditions of the AFM
interrogations. We performed all AFM interrogations with a triangular silicon nitride cantilever
with a nominal tip half angle (o) of 18°. The modulus was calculated as a function of the force
(F) given an indentation depth (8). We approximated the Poisson ratio (V) of the samples to be
0.3 [57]. A baseline correction was performed prior to our calculation of the effective elastic
modulus. The effective elastic modulus was reported for Sneddon model approximations that
have a significance value (R?) greater than 0.8.

We found that the effective elastic modulus of the microfibrils differed based on the
location of the papillae along the disc margin. Compression tests between the microfibrils of

the anterior and lateral components of the disc margin exhibited an effective elastic modulus of
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Figure 2.5: AFM to measure the effective elastic modulus of the microfibrils. a) Effective
modulus (MPa) of the microfibrils of the anterior (AM) and lateral (LF) disc margin. Inset:
Representative schematic of position of papillae along disc margin. b) Effective modulus of
secretions that were plated on a glass slide, serving as a control. ¢) Brightfield micrograph of
secretions that had been dried on a glass slide, to demonstrate a mucosal print of the clingfish.
Suction chamber (sc) outlined in dashed line. Secretions were present within dotted line. Inset
rectangle indicates view of subfigure (d). Scale bar, 1 mm. d) Brightfield micrograph of mucosal
ferning, present along the anterior disc margin. Scale bar, 1 mm.

2.45 £ 0.31 MPa (n =20) and 1.11 £ 0.42 MPa (n = 15), respectively. The microfibrils of the
anterior disc margin were therefore 2.2 times stiffer than the microfibrils of the lateral disc margin.
Overall, the effective elastic modulus of the microfibrils demonstrated their relative softness,
which we hypothesize assist in conforming to surface asperities, thereby reinforcing the seal of
the disc margin.

The isolated secretions that were interrogated on the glass slide exhibited an average

effective elastic modulus of 205.50 + 40.64 MPa (n = 6) in compression. We concluded that the

effective elastic modulus of the secretions was dominated by the stiffness of the glass slide.
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In visualizing the print of the secretions made by the clingfish, we observed branching and
ferning patterns indicative of glycoproteinated mucous (Fig. 2.5 ¢, d) [58, 59]. We projected that
the primary contribution to the secretions produced by the clingfish was mucosal. We hypothesized
that the variability in the calculation of the effective elastic modulus of the secretions was in part
due to an uneven layer of mucous across the glass slide, which would impact the thickness and

thus stiffness of the layer.

2.3.3 Scaling impact of microfibrils across suction disc

To understand the prevalence of microfibrils across the disc margin, we investigated the
total surface area and distribution of the papillae. Using microscopy and custom image processing
protocols developed in previous work [60], we stitched together high magnification images of the
disc margin to create a map of its papillae (Fig. 2.6 a, b). An individual papilla was automatically
identified and its surface area was measured. The total surface area of the papillae accounted for
about 65 percent of the total surface area of the suction disc. The heatmap of the papillae (Fig.
2.6 ¢) demonstrated their distribution based on surface area. The highest concentrations of small
papillae were found along the outer edge of the disc margin, while the highest concentrations
of large papillae were found towards the inner perimeter of the disc margin, consistent with
previous studies [60]. The total surface area for the clingfish specimen we analyzed was counted
t0 3.55x 107 um?.

Using the average contact density of 7.02 microfibrils per yum? that we had calculated
from the SEM micrographs, we approximated the total count of microstructures across the disc
margin. For this approximation, we assumed that all papillae expressed the same density of
microfibrils. We calculated that across the entirety of the suction disc of our specimen, a total of
2.50x 108 microfibrils were expressed. This approximation demonstrated a large prevalence of
these microfibrils across the disc margin of the suction disc, which would substantially impact

their role in adhesion.
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Figure 2.6: Image processing to approximate the contribution of microfibrils to adhesion
across the suction disc. a) Original group of brightfield micrographs. b) Composite binary
image generated by stitching together micrographs. ¢) Map of the papillae based on size
across the suction disc. Largest papilla (22.6 x 10*um?); Smallest papilla (0.2 x 10*um?).
d) Approximated adhesive stress (kPa) of the microfibrils, totaled across the entirety of the
suction disc. Adhesive stress calculated from anterior and lateral disc margins were indicated by
AM and LF, respectively. Approximated adhesive stress across the entire disc margin was also
calculated for the isolated secretions (Sec).

Assuming that each microfibril resulted in an adhesive force of between 1.41 and 1.75
N, we scaled the total count of microfibrils by the adhesive force and normalized by the total
surface area of all papillae. This calculation yielded an anticipated contribution to adhesive stress

between 12.3 and 9.9 kPa, respectively (Fig. 2.6 d).
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2.4 Discussion

The adhesion capabilities of the clingfish are hierarchical and involve multiple forms of
adhesion on a range of size scales, from macro- to microscopic. The microfibrils emanating
from the papillae are one example of the hierarchy of adhesive structures that enable attachment
to surfaces. We found that the microstructures of the papillae were vastly abundant across the
entirety of the disc margin of the clingfish. By understanding their mechanical properties, such
as their adhesive characteristics and effective elastic modulus, we approximated their role in the
adhesion of the clingfish in wet environments.

To start, a hierarchical combination of adhesion mechanisms have been reported in many
other organisms, such as the limpet [46, 61], and provides a redundancy to prevent failure given
environmental stresses. Previous work has attributed much of the success of the adhesion of the
clingfish to the chamber of subambient pressure produced in its suction chamber [50, 53]. Recent
studies have investigated the geometry of the papillae that aids in adhesion due to viscosity as
a response to hydrodynamic forces [60]. Here, we have presented results suggesting that the
microfibrils emanating from the papillae are also soft and adhesive and function to attach the disc
margin to the surface, thereby preventing peeling, and reinforce the disc margin to shear forces.
The low stiffness of the microfibrils, coupled with their adhesive qualities, combine to reinforce

the seal of the suction disc, especially when confronted by highly chaotic wave surges.

2.4.1 Microscale morphology and comparison across taxa

The shape of the microfibrils of the clingfish that were observed in this study were of
a high aspect ratio, terminating in bifurcated heads, consistent with previous studies in which
the fibrils were terminated with filamented tips [53]. However, the terminations observed in
SEM of the clingfish did not exhibit the same degree of branching at the terminus as the setae of

lizards, for instance, which utilize the highly branched spatulae to greatly increase contact density.
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Such highly branched protrusions have been suggested to be indicative of adhesive type. A high
degree of branching has been posed to be indicative of dry adhesion for which a large density of
terminal elements would allow for conformation to surface roughnesses [32]. Previous studies
have concluded that the lack of fine terminal elements in animals that employ wet adhesion was
due to the ability of fluid to fill small cavities formed on a substrate.

However, in comparison to other hairy adhesives found in nature and that are employed
in wet adhesion, from flies (~0.1 setae per ,umz; [62]) and beetles (~8.5 x 1073 setae per ,umz;
[37]), the contact density of the clingfish is markedly high (~7 microfibrils per um?). The contact
density of the clingfish is of the same order of magnitude of larger organisms, such as lizards ( 10
setae per um?; [33]), that employ dry adhesion. Organisms that employ wet adhesion and that
feature predominantly unbranched setae exhibit contact densities that are orders of magnitude
less than that of the clingfish.

According to force scaling model, the density of hair-like microstructures increases with
body size and likely correlates to adhesion type [33]. However, we suggest that this model and
hypothesis only considers terrestrial organisms, and thus the scaling of body size may be different
for aquatic organisms, such as the clingfish. Indeed, we do not anticipate that the contact density
of aquatic organisms would scale with body mass, as described in terrestrial organisms. The
anticipated force that adhesion must counteract for a terrestrial organism is gravity, which is
a function of its weight, which is relatively stable or slow to change. For aquatic organisms,
buoyancy greatly reduces the impact of gravity on adhesion; rather other dominating factors,
such as fluid forces, would shape the adhesive microstructures. The high-density, bifurcated
microfibrils would allow for a high-degree of intimate contact to be made between the clingfish
and the surface on which it attaches. This high density would therefore conform to rough surfaces
and secure the disc margin.

We observed that the fibrils emanate perpendicular from the papillae, guided by mi-

crochannels. This observation contrasted observations of microstructures in other animals, such
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as the gecko, for which the setae exhibited a uniform angle indicative of preferential loading
and peeling conditions [35]. We suggest that the angle of the microstructures in the clingfish
are a function of the environmental conditions. Since the clingfish resides in a highly chaotic
intertidal environment, the body of the clingfish would be subjected to a variety of forces of
varying, non-uniform directions. Conversely, the main dislodgement force of terrestrial organisms
such as the gecko is gravity, which is of a predictable direction. Therefore, we concluded that the
perpendicular orientation of the microfibrils of the clingfish do not exhibit a preferential direction

of loading and may be attributed to its intertidal environment.

2.4.2 Adhesion of the microfibrils

The microfibrils were roughly three times more adhesive when compared to their corre-
sponding secretions. However, comparing the adhesive forces of the fibrils to that of a single
seta of the gecko, the microstructures of the gecko exhibit a significantly larger adhesive force
of approximately 40 uN [63]. Thus, the fibrils of the clingfish were found to be adhesive, but
not to the same extent as previously reported values of land-dwelling organisms that rely on
microstructures as the primary mode of attachment. The low values of adhesive force of the
isolated mucosal secretions verified the hypothesis that the secretions are used for sealing, and do
not serve to chemically bond the clingfish to a surface.

Although the adhesive force of each microfibril was found to be lower than terrestrial
organisms, such as the gecko, the high abundance of the microfibrils along the disc margin scales
their effect on adhesion. As reported in previous works [60], the total count of papillae and
the surface area of papillae of the clingfish positively correspond to body size. Therefore, we
expect that the number of microstructures to parallel this trend, resulting in a greater abundance of
microstructures for larger body sizes. This positive correlation corresponds to a larger contribution
of the microfibrils to adhesion.

We anticipate that the microfibrils adhere to local surface asperities, which helps to prevent
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the disc margin from disassociating from a surface. Such disassociation events would compromise
the subambient pressure of the suction chamber, which provides a large contribution to axial
adhesion for the clingfish. Thus, by locally adhering to surface asperities, the disc margin can
protect the seal of the suction disc on rough surfaces.

By measuring the adhesive force with secretions present, we believe we have provided
a realistic assessment of the adhesive characteristics of the microfibrils. Given that these mi-
crostructures function in the presence of secretions in the natural environment, it was imperative

to measure their adhesive force with secretions present.

2.4.3 Soft fibrils for sealing and regeneration

The microfibrils were observed to be of a high aspect ratio and were measured with a low
effective elastic modulus of 1-2 MPa. A low effective modulus would in part be attributed to
the high aspect ratio of the microfibril, in addition to its material composition. A low effective
elastic modulus would allow for greater surface conformation, which would imply greater sealing
capabilities of the suction chamber and a substantial increase in friction to prevent dislodgement of
the disc margin. This finding was consistent with previous work. Hairy or fibrillar microstructures
used in adhesion of terrestrial animals have been associated with the benefit of adapting to rough
surfaces, thereby achieving intimate contact with asperities [32]. In terrestrial organisms, arrays
of setae have been noted to have a low effective modulus, even though the setae were composed
of a stiff material [55]. The setae of the gecko, for instance, is composed of B-keratin, with a
measured elastic modulus of roughly 1.6 GPa [64]. However, tests of the effective modulus of an
array of setae measured to 83 kPa during vertical compression [35]. Similarly, the setae of the
beetle were measured with a cuticle modulus between 5 — 16 GPa, while the effective modulus
dropped to 34 — 92 kPa [37]. The low effective modulus achieved by of the microstructures would
therefore be in part due to their geometric arrangement, including a high aspect ratio. Due to

the geometric configuration of setae in terrestrial organisms, microstructures composed of stiff
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material behave in a soft manner.

Although we do not yet know the material composition of the extracellular cuticle of
the microfibrils, the effective elastic modulus allowed us to hypothesize its function in sealing
and increasing the frictional footprint of the clingfish to resist turbulent flow. Such softness of
the microfibrils may make them subject to damage or possibly failure in reaction to turbulent
forces [32], prompting the need for a mechanism of regeneration. The observation of wide
hexagonal microchannels that expanded across the subsurface of a papilla led us to conclude that
the subsurface microchannels play a role in microfibril regeneration at the surface. The wide

subsurface microchannels may lead to faster regeneration of the microfibrils.

2.4.4 Biomimetic applications of microstructures for adhesion

This study provided a key to improve the design of underwater adhesives. The microfibrils
of the clingfish were shown that not only were they adhesive, but that they function to secure
the disc margin to a surface. We suggest that for adhesion underwater, a hierarchy of surface
structures may be necessary to withstand unpredictable dislodgement forces of a large magnitude.

Our previous work has focused on mimicking key macroscopic elements of the clingfish
suction disc to improve underwater manipulation [65]. The fibrils were approximated for their
material stiffness as a soft layer of silicone, forming both micropillars and a thick layer of soft
silicone, to seal against surface irregularities. Similar design methodologies were employed to
provide adhesion to suction cups on rough surfaces [66]. Both studies demonstrated the need
for a soft sealing layer to improve adhesion to rough surfaces. However, the use of synthetic
microstructures analogous to the microfibrils requires further investigation. The synthetic mi-
crofibrils of previous works [65] were not optimized in geometry to densely pack the surface, nor
were they representative of the same size scale as the microfibrils of the clingfish. By mimicking
the microscale geometries, material properties, and termination geometries of the fibrils of the

clingfish presented in this study, we hypothesize that these modifications would improve adhesion
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to rough, submerged surfaces. The high density of soft microfibril contacts would yield advan-
tageous sealing capabilities, which may aid in securing the disc to withstand a greater range of
environmental disturbances.

The findings from the clingfish add to a growing repository of biological adhesive designs
that have proven useful in advancing engineered adhesives. For instance, investigations of the
microstructured adhesives of terrestrial organisms, such as the gecko, have been crucial in the
development of dry adhesives. The bioinspired dry adhesives have begun to transform various
aspects of robotic manipulation and locomotion to yield novel tasks that previously had not been
achieved. Although the differences between the wet and dry environments are numerous, we
suggest that a similar methodology of bioinspiration can be followed to yield novel, provocative
adhesive designs in an underwater environment. By understanding the underlying mechanisms
of adhesion of the clingfish, we can envision engineering biologically inspired adhesives for
the underwater environment that allow for reversible binding. Enhanced adhesive capabilities
that leverage microstructures could be transformative in the field of robotics in an underwater

environment.

2.5 Materials & Methods

2.5.1 Collection of biological specimen

A live clingfish (n=1) was collected along the San Diego coastline under a collection
permit to accredited organisms’ collector, P. Zerofski from Scripps Institution of Oceanography.
Animal care protocol IACUC #S11071 to D. Deheyn was used for fish euthanasia and fresh
tissue was analyzed the day of animal sacrifice. SEM imaging was performed on a preserved
clingfish specimen (n=1) from the Scripps Marine Vertebrate Collection, where specimen have

been preserved in 50% isopropanol.

28



2.5.2 Imaging the microstructures of the papillae

Fresh and preserved tissue samples were imaged under Brightfield microscopy (Carl
Zeiss AG, Germany) using a SMZ1500 Nikon camera. To image the secretions, we placed
a live clingfish on a glass slide, inverted the surface, and subsequently removed the clingfish.
Secretions from live specimen were dried prior to imaging under brightfield in transmittance
(Nikon 50i microscope, get details). The anterior disc margins of the suction disc of both a
freshly euthanized and preserved clingfish were imaged under the Scanning Electron Microscope
FEI Apreo SEM (Thermo Fisher Scientific, Inc.). All tissue samples were dehydrated with an
ascending series of ethanol (30, 50, 70, 90, 95, and 100 vol.%) prior to being coated with iridium
using a sputter coater (Emitech K575X, Quorum Technologies Ltd.). The density of microfibrils
was calculated by manually counting the number of microchannels expressed at the surface of
papillae in SEM micrographs across 10 observation regions (area region, 1 yum?). Transmission
Electron Microscopy was performed on a single papilla of the posterior disc margin. Semithins
were cut in the sagittal and frontal planes. All quantifiactions and measurements made on SEM

and TEM micrographs were performed using ImageJ [67].

2.5.3 Atomic Force Microscopy

We used Atomic Force Microscopy to test material properties of the microfibrils that
originated from the papillae. Fresh tissue samples were isolated from the anterior and lateral
disc margin of a clingfish specimen, and all AFM measurements were taken within 5 hours of
animal sacrifice. The papillae were interrogated with the Dimension Fast Scan Atomic Force
Microscope using a silicon nitride triangular cantilever (ScanAsyst-Fluid probe; Bruker Nano
Inc.) of spring constant 1.793 N-m~! and a manufactured tip radius of 20 nm. All AFM tests were
performed in a droplet of filtered seawater. Secretions were aspirated using a pipette from the

surface of uninterrogated papillae from the anterior disc margin, plated onto glass, and hydrated in
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a droplet of filtered saline prior to interrogation. Analysis of AFM interrogations were performed
on NanoScope Analysis (Bruker Nano Inc.). With this software, we baseline corrected the force
profiles and used the Sneddon conical model to approximate the effective elastic modulus of the

sample.

2.5.4 Automated characterization of suction disc

We used the image processing protocol developed in previous work [60] to count the total
surface area of the papillae across the suction disc. We first converted brightfield micrographs to
a binary image and stitched together the images. We then labeled and processed every region of
the suction disc, where a single papilla was considered one region. All image processing was

performed in MATLAB (2018a, The MathWorks, Inc.).
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3.1 Abstract

Adhesion is difficult to achieve on rough surfaces both in air and underwater. In nature,
the northern clingfish (Gobiesox maeandricus) has evolved the impressive ability to adhere onto

substrates of various shapes and roughnesses, while subject to strong intertidal surges. The
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suction disc of the clingfish relies on suction and friction to achieve and maintain adhesion.
Inspired by this mechanism of attachment, we designed an artificial suction disc and evaluated its
adhesive stress on rough surfaces and non-planar geometries. The artificial suction disc achieved
adhesion strengths of 10.140.3 kPa in air on surfaces of moderate roughness (grain size, 68
um), and 14.3+1.5 kPa underwater on coarse surfaces (grain size, 269 um). By comparison, a
commercially available suction cup failed to exhibit any significant adhesion in both scenarios.
The roughly 2 g heavy clingfish-inspired suction discs gripped concave surfaces with small radii
of curvature (12.5 mm) and supported payloads up to 0.7 kg. We correlated the effect of key
bioinspired features (i.e. slits, a soft outer layer, and body geometry) to adhesion performance
using contact visualization techniques and Finite Element Analysis. The suction discs were then
tested on a Remotely Operated Vehicle (ROV) to demonstrate their utility in the soft manipulation

of fragile objects.

3.2 Introduction

Non-destructive adhesion (i.e. reversible adhesion that does not damage or alter the
substrate) to rough surfaces represents a challenge for robotic systems in both wet and dry
environments. Many strategies for attachment in air (e.g. based on van der Waals forces [31, 68])
lose their effectiveness underwater and thus are specific to the type of environment [2]. Previous
work has turned to nature to provide inspiration for the design of adhesive systems [1, 36].
Attachment mechanisms employed by organisms have been classified into the categories of
mechanical interlocking [20], friction [6], chemical bonding [69, 70], dry adhesion (i.e. van der
Waals forces) [31, 46, 71, 7], wet adhesion (i.e. capillary adhesion) [11], and suction (driven by a
pressure differential) [72, 61]. Interlocking involves the use of structures, such as hooks and claws,
to catch onto surface asperities or penetrate a surface [73]. Chemical adhesion involves the use

chemical bonds to adhere to surfaces either permanently, such as in mussels [70], or temporarily,
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as demonstrated in echinoderms such as sea stars [69]. Dry adhesion relies on van der Waals
forces between microscopic structures along an adhesive pad and a surface. Adhesion relying on
van der Waals forces is commonly used by terrestrial organisms ranging from arthropods such as
spiders [7] to reptiles such as geckos [31, 5]. Wet adhesion leverages capillarity to form a liquid
bridge between an attachment pad and a substrate [74]. Tree frogs, for instance, leverage wet
adhesion by secreting mucus in between channels present on their toe pads to form a capillary
meniscus, allowing for attachment to a substrate [11]. Insects employ a similar strategy to adhere
to surfaces using an adhesive secretion that originates from the foot pads to take advantage of
wet adhesion, as demonstrated in ants and flies [12, 75]. Friction as an attachment mechanism
resists movement parallel to a surface [76] and can result from various mechanisms, one of which
includes microscopic interlocking with surface asperities [73]. Lastly, suction is induced by the
formation of a pressure differential between the surrounding environment and an adhesive disc
[72, 61, 77, 78]. Organisms employ multiple types of these attachment strategies in order to
adhere to surfaces.

Each environment type poses its own unique set of challenges to adhesion, resulting in
new adaptations of these attachment devices [2]. For instance, an organism in an underwater
environment may be subjected to disruption due to buoyancy or variable fluid flow, which
would thereby influence the strategy for attachment. As an example, adhesion strategies utilized
by organisms in wet environments less commonly employ van der Waals forces for adhesion.
However, recent work on tree frogs [11] and abalone [46] suggest their use of van der Waals, in
addition to capillarity, to adhere. Aquatic organisms commonly achieve reversible adhesion via
suction in coordination with mechanical interlocking or friction [20]. The remora, a symbiotic
fish that attaches to sharks, whales, and rays, uses a specialized dorsal suction disc with rigid
spines to withstand highly directional flow while secured to the body of its host [77].

Attachment devices observed in nature inspire new adhesive designs in artificial systems

as a form of biomimicry [3]. Bioinspired modes of attachment have been applied to the field
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of robotics [79] to enhance locomotion [10, 80] and manipulation [81, 27]. Robotic footpads
composed of gecko-inspired dry adhesives [79] and of spines and hooks [82] have provided robots
with the ability to climb dry glass walls and fabric walls, respectively. Similarly, bioinspired,
non-destructive adhesion methods are important for the growing field of soft robotics [83], such
as for crawling robots that rely on anchoring to aid in elongation and contraction of the body [80].

Bioinspired attachment devices have also been used to enhance robotic manipulation
[27]. In dry environments, gecko-inspired adhesives have been applied to soft robotic grippers
to enhance their grasp of complex shapes [84] and manipulate large objects in microgravity
[9]. Gecko-inspired adhesives have also been used in conjunction with a chamber of controlled
subatmospheric pressure to achieve adhesion onto deformable surfaces [85].

Efforts have been made to improve adhesion in wet and damp conditions to enhance loco-
motion and manipulation. Bioinspired, microstructured adhesives, which have been traditionally
used in dry environments, have been modified via chemical coating [86], material composition
[87], and geometry [88, 89] to provide adhesion in wet conditions. The octopus has served as
a source of inspiration for robotic grippers, including an actuated, soft-body continuum arm to
grip around surfaces [90]. The suckers of the octopus have inspired the development of artificial
suction cups with varying surface textures made of silicone, which have been tested on smooth
surfaces [91]. A remora-inspired suction disc was developed, combining a suction chamber with
actuated rigid spines to adhere onto surfaces of roughnesses up to 200 um [19]. The examples
listed above demonstrate the benefits of coupling bioinspired adhesion devices and the fields of
materials science and robotics to provide enhanced attachment capabilities both in and out of
water. However, further studies should be conducted to improve adhesion capabilities to rough
surfaces in water while remaining passive or unactuated.

We sought inspiration from the clingfish to engineer a device to reversibly adhere to
rough surfaces underwater. The clingfish (Gobiesox maeandricus) lives in intertidal habitats

and clings to rocks while subject to continuous wave action of various forces and intensities.
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Respiration tests have demonstrated that little sustained muscular exertion is required to maintain
adhesion [50]. The passive nature by which the clingfish remains adhered to a substrate suggests a
biomimetic analog may also need not be actuated to sustain adhesion. The ability of the biological
specimen to cling and resist powerful intertidal forces is thanks to a ventral suction disc supported
by the pelvic and pectoral girdles [S0]. The suction disc functions by establishing a chamber of
subatmospheric pressure that is capable of sealing to surface irregularities [53], thereby sustaining
pull-off forces that are 80 to 230 times the body weight of the clingfish [52].

The clingfish accomplishes attachment via hierarchical mechanisms of adhesion, or
multiple forms of adhesion on both micro- and macroscopic scales. Research has suggested that
clingfish adhere by suction and maintain their grip via friction [52]. Capillary adhesion is also
considered to play a role in attachment [53, 52]. Other mechanisms may also be at play, such
as van der Waals forces, although this mechanism would be diminished in liquids as compared
to air assuming a constant gap width. Involvement of van der Waals forces in adhesion may be
non-nominal when the fibrils of the papillae are in close proximity to the substrate, a similar
phenomenon being reported in tree frogs [11]. For this paper, we chose to investigate the impacts
of the clingfish morphology and structure on two primary methods for attachment, via suction
and friction.

On the macroscopic scale, the displacement of the surrounding fluid from the concavity
of the clingfish disc induces suction by creating a chamber of sub-ambient pressure formed at
the intersection of the pelvic and pectoral fins [50, 53, 52]. The disc margin, or the perimeter of
the suction disc, acts to seal the suction chamber and is critical to the success of the grip of the
clingfish. The disc margin is lined by rows of hexagonal pads, or marginal papillae [50], that
aid in the sealing of the suction chamber. Previous work describes an extracellular cuticle that is
secreted by the papillae [5S0]. We refer to this extracellular cuticle as “fibrils” in this work. These
structures are hypothesized to play a role in increasing the frictional footprint of the clingfish,

thereby conforming to surface asperities and preventing the slip of the disc margin.
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Inspired by the ability of the clingfish to resist axial loads, we developed a non-destructive
method of attachment that functions on rough and elaborate surfaces without necessitating
complex fabrication or controlled actuation. We first investigated the macro- and microscopic
structures involved in adhesion of the clingfish using Scanning Electron Microscopy (SEM). We
then applied our findings to create artificial clingfish-inspired suction discs. These discs were
composed of silicones of varying stiffnesses in specific molded geometries to tailor adhesion
performance. The artificial suction discs were then applied to a manipulator of a Remotely
Operated Vehicle (ROV) and tested for performance when handling delicate objects, as an

example application of the technology.

3.3 Materials and Methods

3.3.1 Morphology of biological suction disc

In an effort to better understand the underlying mechanisms of attachment of the clingfish,
we dissected and imaged the suction disc of both fresh and preserved clingfish specimen. Two live
clingfish (Gobiesox maeandricus) were collected along the San Diego coastline under a collection
permit to accredited organisms’ collector, P. Zerofski from Scripps Institution of Oceanography.
Animal care protocol IACUC #S11071 to D. Deheyn was used for fish euthanasia and fresh tissue
was analyzed the day of animal sacrifice. Observations were also performed on preserved clingfish
samples obtained from the Scripps Marine Vertebrate Collection. Clingfish were preserved in 70%
ethanol and were therefore observed to be devoid of secretions and exhibited tissue dehydration
from the preservation process.

Fresh and preserved tissue samples were imaged under brightfield microscopy (Carl
Zeiss AG, Germany) using a SMZ1500 Nikon camera. The disc margin of the suction disc of
the preserved clingfish was imaged under the Scanning Electron Microscope FEI Apreo SEM

(Thermo Fisher Scientific, Inc.).
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The brightfield micrographs were analyzed using ImageJ [67] to calculate the area of
the disc margin relative to the entire suction disc surface area. The difference in surface areas
between the disc margin and the entire suction disc was normalized to the surface area of the
entire suction disc. We calculated that the disc margin comprised approximately 65% of the total
suction disc footprint. These measurements were then used for the design of biomimetic suction

discs.

Underwater

Figure 3.1: Suction disc clings to highly variable surfaces in air and underwater. (a) Clingfish
(Gobiesox maeandricus) collected along the coast of Southern California. Scalebar, 10 mm. (b)
Ventral view of clingfish suction disc imaged under brightfield microscopy. Disc margin (dm);
Suction chamber (sc). Scale bar, 5 mm. (c) Bilaterally symmetric suction disc with two slits.
The soft layer of the disc margin (dm) is composed of Ecoflex 00-30. The suction chamber (sc)
is composed of Dragon Skin 20. Scale bar, 5 mm. (d) Radially symmetric suction disc with four
slits in the disc margin. Scale bar, 5 mm. (e-j) Suction disc (radially symmetric, with soft layer,
with four slits) adhering to food items in air. Scale bar, 50 mm. (k-0) Suction disc (radially
symmetric, with soft layer, with four slits) gripping ceramic vase handle, calcareous shell, crab
shell, textured vase, and golf ball in water. Scale bar, 50 mm.
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3.3.2 Biomimetic suction disc design

We applied two key concepts of suction and friction to avoid slip while sealing the disc
margin to create a bioinspired suction disc that successfully adhered onto textured surfaces and
irregular shapes (Fig. 3.1). The low-pressure chamber of the artificial disc was composed of a
silicone of shore hardness 20A, Young’s modulus 1.11 MPa [92] (Dragon Skin 20, Smooth-On,
Inc.) (Fig 3.2 (f),(g)). The soft fibrils originating from the papillae of the clingfish inspired the
use of micropillars to line the disc margin (Fig. 3.2 (g),(h)). The dimensions of the synthetic
micropillars were chosen to be the same order of magnitude as the biological fibrils. We compared
the performance of suction discs with micropillars to that of discs without. For the latter, the soft
fibrils of the clingfish were approximated as a thick layer of silicone of shore hardness 00-30,
Young’s modulus 125 kPa [93] (Ecoflex 00-30, Smooth-On, Inc.) (Fig. 3.2(f)). We will refer to
the silicone layer lining the disc margin as “soft” and that of the suction chamber as “stiff” due to
their relative stiffnesses (i.e. 125 kPa vs. 1.11 MPa, or about 9x difference in stiffness).

We fabricated and tested a total of six prototypes, two with micropillars and four without,
to evaluate the effect of three design parameters (disc geometry, a soft sealing layer, and slits)
on adhesion of the disc to various surfaces (Fig. 3.3). Disc geometries were either bilaterally
symmetric or radially symmetric. The bilaterally symmetric prototype was designed with two
slits in the disc margin, analogous to the intersection of the pelvic fin and the posterior margin of
the clingfish, described in previous work as a valve [50]. The bilaterally symmetric disc featured
a soft layer in its disc margin. All five other prototypes were radially symmetric.

We fabricated two radially symmetric suction discs with micropillars (2 um square cross-
section, height 10 um, spaced 1.5 um apart) (figure 2(g),(h)) [94]. The disc margin overall was
0.8 mm thick. We tested two stiffnesses for the micropillars, changing the material composition
of the micropillars to be either soft (125 kPa) or stiff (1.11 MPa) silicone.

We fabricated three radially symmetric suction discs without micropillars in the disc

margin (Fig. 3.3). One prototype was designed with a soft layer of thickness 2 mm and with four
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Figure 3.2: Hierarchical mechanisms of adhesion in clingfish (Gobiesox maeandricus) and
biomimetic suction discs. (a) Footprint of clingfish disc margin. Generated from brightfield
micrographs via image processing, outlining all papillae. Disc margin comprises about 65%
of suction disc footprint. Inset: Schematic of ventral suction disc. (b) Schematic of the
approximated biological methods of attachment. The pelvic girdle composes the suction
chamber. The papilla (p) is represented as cylindrical, with densely packed fibrils that are used
to conform to and seal surface asperities. (¢) SEM micrograph of single papilla of the disc
margin. (d) SEM of isometric view of papilla on fractured edge, fibril shown in lower left.
Scale bar, 1 um. (e) Bottom view of radially symmetric suction discs. (f) Schematic of the
suction disc without microstructures. Inset: The soft layer of the disc margin (dm) conforms to
surface irregularities. (g) Schematic of a suction disc with micropillars lining the disc margin.
Disc margin thickness is 0.8 mm. Inset: Micropillars conform to surface irregularities. Note:
microstructure dimensions have been exaggerated for illustrative purposes. (h) Schematic of
micropillars of 2 um square cross-section, height of 10 ym, and spacing of 1.5 ym.

equally spaced, radially symmetric slits, each angled 15 degrees from the radial direction (Fig.
3.1 (d)). We hypothesized that slits would improve sealing capabilities of the suction disc by
providing geometric (in addition to intrinsic material) compliance to an irregular surface. Another
prototype featured a 2 mm thick soft layer and did not have slits in the disc margin. We created a
control design, referred to as a stiff disc, which was manufactured without slits and without a soft
layer. Across all prototypes, the disc margin accounted for about 65% of the total suction disc

footprint, congruent with our measurements of the biological specimen. All six types of suction

discs created for this study were 25 mm in diameter and with a suction chamber depth of 4 mm.
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Figure 3.3: Schematics of different prototype designs. (row 1) The bilaterally symmetric
suction disc was fabricated with slits and a soft layer, without microstructures. (row 2) A
radially symmetric disc was designed with 4 slits and a soft disc margin, without microstructures.
(row 3) A radially symmetric disc was fabricated with a soft layer, without slits, and without
microstructures. (row 4) A radially symmetric disc was designed with a soft layer, without slits,
and with microstructures. (row 5) The stiff suction disc served as a control for the adhesion
experiments. This disc did not have a soft margin, slits, or microstructures.

We detached the discs by either subjecting it to a shear force parallel to the attachment surface,

or by lifting one side of the disc margin to relieve the subambient pressure within the suction

chamber.

Fabrication of biomimetic disc

Artificial suction discs were designed using computer-aided design (Solidworks, Dassault
Systems) and fabricated using molds that were manufactured from rigid material (VeroClear,
Stratasys Inc.) on a multimaterial 3D printer (Objet350 Connex3, Stratasys Inc.) (Fig. 3.4). After
printing, the rigid molds were aged in an oven at 40°C for 4 hours to ensure the part fully cured.
Body geometries were either circular, or in the bilateral geometry of the clingfish suction disc

in accordance to analysis as described in Section 3.3.1. The discs were molded with cylindrical
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Figure 3.4: Fabrication process of a suction disc. (a) Stiff backing of the circular, radially
slitted suction disc molded with DragonSkin 20 in custom, 3D-printed mold. (b) Soft layer of
Ecoflex 00-30 added to stiff, radially symmetric backing in 3D-printed mold. (¢) Fabrication
of the micropillar array. Spin coat the mold for the micropillar array with silicone elastomer
(either Ecoflex 00-30 or Dragon Skin 20). Place the suction disc to be coated in micropillars on
heat-treated elastomer. Resulting micropillars are 2 um squares with a height of 10 um spaced
1.5 pym apart.
handles 8 mm in diameter, 10 mm in height to provide a gripping surface for a clamp during pull
tests.

The suction chamber of each disc was 4 mm in depth, the walls of which were composed
of Dragon Skin 20 (Dragon Skin 20, Smooth-On, Inc.) (Fig. 3.4). Molds of Dragon Skin were
placed in a vacuum chamber for approximately 5 minutes to degas the silicone and then fully
cured for 1 hour 30 minutes at 40°C. Samples with a soft layer were coated with a 2 mm layer

of Ecoflex 00-30 (Ecoflex 00-30, Smooth-On, Inc.). To apply the soft layer, a mold containing

Ecoflex was partially cured at 40°C for 3 minutes. The suction chamber composed of Dragon
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Skin was then added to the partially cured mold of Ecoflex and set to cure for 1 hour at 30°C.
Micropillars were fabricated using a mold provided by NASA Jet Propulsion Laboratory
[94] by casting silicone elastomer (Ecoflex 00-30 or Dragon Skin 20) onto a wax mold with the
microfeature geometry. The wax mold and silicone were spun at 800 rpm for 30 seconds and
partially cured (40°C for 3 minutes). The remaining layers of the suction disc were then added on

to the micropillar layer, and the entire assembly was cured at 40°C for 15 minutes.

3.3.3 Force measurements of biomimetic disc

We evaluated the performance of the suction discs on various surfaces using a mechanical
testing system (3342, Instron Inc.; capacity 500 N; and 5965, Instron Inc.; capacity 5000 N) (Fig.
3.5 (a)-(c)). We then evaluated the performance of a commercially available suction cup (701477,
Hillman Inc.; capacity 2.22 N, diameter 25 mm), to provide a comparison to the artificial suction
discs. We chose a commercial suction cup with a diameter (and hence contact area) similar to
our designs. We secured the suction discs to the mechanical testing setup by means of a clamp
and pulled normally from a secured surface. All underwater trials occurred in a bath of tap water,
bath depth 20 mm. All pull tests done in air were performed on dry surfaces. Suction discs were
preloaded with 2 N, a force sufficient to collapse the chambers and generate subatmospheric
pressure within the chambers when released. The load was held for <20 seconds prior to the start
of the pull test. Pull tests were performed with a speed of retraction of 10 mm/s in triplicate for
each substrate type.

To determine the effects of surface roughness on disc performance, experimental surfaces
were fabricated with three textures: smooth (R; = 0.2-1.2 um [95]), moderate (grain size, 68
um), and coarse (grain size, 269 um) (Fig. 3.5 (d)-(f)). The smooth experimental surface was
composed of a plate of acrylic. The rough experimental surfaces were fabricated by bonding
sandpapers of grain size 269 um (P60, 3M, Inc.) or grain size 68 um (P220, 3M, Inc.) to an acrylic

plate using an acrylic adhesive (VHB 4905, 3M, Inc.). Experimental textures were replaced
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Figure 3.5: Schematic depiction of adhesive force measurements using a mechanical test-
ing system. (a) Suction discs were secured in a clamp of a mechanical testing machine and
engaged with a surface under a preload of 2 N. (b) Illustration of the loading and unloading
of the suction disc. The force and displacement were recorded and used to calculate adhesive
stress. Experimental surfaces were submerged in a bath of water for all underwater trials. (¢) An
example plot of force (N) and extension (mm) for the radially symmetric disc with a soft layer in
disc margin. Arrow indicates maximum pull-off force achieved by the disc. (d) SEM micrograph
of smooth experimental surface, scale bar 500 um. (e¢) SEM micrograph of moderately rough
(grain size, 68 um) experimental surface, scale bar 500 um. (f) SEM micrograph of coarse (grain
size, 269 um) experimental surface, scale bar 500 ym.

between disc trials.

The effect of surface concavity and convexity on disc performance was evaluated on
smooth, semi-cylindrical surfaces (halved PVC pipes) of inner diameters: 60 mm, 48 mm, 41
mm, 25 mm, and 15 mm. Outer diameters of the PVC pipes were measured to be 70 mm, 58 mm,
50 mm, 33 mm, and 20 mm, respectively. To test adhesion of the disc to a rough, concave surface,

an experimental surface was constructed by bonding sandpaper of grainsize 269 um to the inner

wall of a halved PVC pipe (41 mm diameter) using acrylic adhesive. All experiments involving
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concave and convex surfaces were performed in triplicate and in a bath of water.

The effect of applying a preload was measured for both smooth and moderate (grain size,
68 um) surface roughnesses using a mechanical testing system (5965, Instron Inc.; capacity 5000
N). Preloads of 0.5 N, 1.5 N, 2.0 N, 2.5 N, and 3 N were applied to the back of the suction disc
prior to being pulled normal to the experimental surface. All trials occurred in a bath of fresh

water and in triplicate per preload.

Figure 3.6: Scanning Electron Microscopy (SEM) of stone surface used in longevity test.
(a) Micrograph of stone surface used in longevity experiments. Scale bar, 500 um. (b) Enhanced
zoom on micrograph of stone surface. Scale bar, 10 um. (¢) Micrograph of smooth experimental
surface composed of acrylic, serves as comparison to stone surface. Scale bar, 500 ym. (d)
Micrograph of experimental surface composed of sandpaper of moderate roughness (grain size,
68 um). Scale bar, 500 um. (e) Micrograph of experimental surface composed of sandpaper of
coarse roughness (grain size, 269 um). Scale bar, 500 ym.

3.3.4 Longevity of biomimetic disc

We evaluated the longevity of three suction disc types under various loads in air (Fig. 3.7
(a),(b)). Longevity tests were performed on (1) a radially symmetric disc with a soft layer and
four slits, (2) a radially symmetric disc without slits and without a soft layer, and (3) a commercial

suction cup. We pressed the discs to a smooth stone surface, to which we fixed a hook using epoxy.
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The stone surface was water-worn, of low porosity, and rounded from weathering. Imaging with
SEM provided a visual comparison of the stone surface to the experimental surfaces composed of

sandpaper used during pull tests (Fig. 3.6 (a),(b)).

((a) Longevity Ehm
Disc /?

~

kg

g S
b <
() 0.05 kg Y(d)

FTIR

Suction disc

\Acrylic plate
. i 0.2kg
N A y,

Figure 3.7: Schematics of experimental setups for longevity and Frustrated Total Internal
Reflection (FTIR). (a) Schematic of the experimental setup for the longevity study. A suction
disc (radial geometry, with soft layer and slits, without microstructures) adhered to a stone, and
brass weights were added per trial to a hook attachment to increase the payload. Trials were
timed and the payloads ranged between 0.82 kg to 0.482 kg. (b) Image of a suction disc adhered
to the experimental payload (total weight in image: 0.282 kg). (¢) Schematic of experimental
setup for FTIR; the suction disc adhered to the imaging surface when a brass weight (0.05 kg)
was applied to the back of the disc, resulting in a pushing force of 0.49 N. Imaged from below.
(d) Schematic of second FTIR experimental setup in which a brass weight of 0.2 kg was used to
pull the suction disc from the imaging surface, resulting in a pulling force of -1.96 N. Imaged
from above.

We measured the diameters of protruding features on the stone surface to be between 1
and 5 um. We measured the diameters of local depressions on the stone surface to range between
4 and 10 um. The weight of the stone and hook totaled 82.5 g. We then increased the total
payload every trial by adding brass weights to the hook of the stone. The trials were timed from
the moment the loads were applied until the moment of failure, which occurred when the disc

dropped the load. Discs remained undisturbed for the length of the trial. Experiments were run in
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triplicate and monitored via webcam (640360 pixels, frame captured every 20 s; Logitech, Inc.).

3.3.5 Contact area measurement

Reference +0.49N

Soft, Soft,
No Slits Slits

Stiff,
No Slits

Comm

Figure 3.8: Original images from Frustrated Total Internal Reflection (FTIR). Original
images from FTIR, prior to image processing. Disc at rest (“Reference”). A load of 0.05 kg was
applied to push the disc to the imaging surface (“+0.49 N*). A load of 0.2 kg was applied to pull
the disc from the imaging surface (“-1.96 N”). The point of failure (“POF”) was the moment
prior to failure of the disc. FTIR used to evaluate footprints of three radially symmetric discs
and commercial suction cup (“Comm”).

We measured the contact area of the disc to a surface using Frustrated Total Internal
Reflection (FTIR). The setup for FTIR experiments was custom-built [96] (Fig. 3.7 (¢),(d)).
The station was constructed with a 3D printed mount, 9.7 mm thick acrylic, and natural white
LEDs (3528-24VDC, Super Bright LEDs, Inc.). The light emitted from the diodes was internally
reflected within the acrylic. The acrylic was wetted with water during wet trials. To visualize
the contact area, the suction discs were dyed black using silicone pigment (Silc Pig, Smooth-On,
Inc.) during the molding process. Contact with the acrylic plate allowed light to escape from the

surface of the acrylic, which was then imaged with a camera (1280 x 780 pixels, 140 pixels-cm™!,
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40 frames per second; EXILIM EX-FH25, Casio Computer Co., Ltd.).

The discs were either pushed or pulled from the imaging surface. Loads were applied by
brass weights to the backing of the suction disc. A load of 0.05 kg applied to the back of a disc
generated a force of 0.49 N to push the disc to the imaging surface. A load of 0.2 kg applied to
the back of the disc generated a force of 1.96 N to pull the disc from the imaging surface. Discs
were then pulled manually to the point of failure (POF). We considered the last frame of the
suction disc in contact with the imaging surface to be the POF.

The images from FTIR were post-processed by increasing the contrast by 100% and
sharpness by 10% and reducing the brightness by 20%. The color temperature of the image was

also set to 1500 K. The original images are provided in the supplemental materials (figure S2).

3.3.6 Finite Element Analysis of disc

To understand the effect of incorporating slits in the disc margin on the total strain energy
and stress distribution, we performed Finite Element Analysis (FEA) on two disc types, one with
and one without radial slits (both without a soft layer). We measured the equivalent stress and
total strain energy of the system subject to a constant vertical compression of 2 mm (Fig. 3.9
(a)). We selected the vertical displacement to be 2 mm, or half the height of the suction chamber,
suggesting that the deformation simulated in FEA would be analogous to evacuating half of the
suction chamber to engage with a surface.

Finite Element Analysis was conducted and analyzed using ANSYS 19.2. We experi-
mentally determined the material properties of DragonSkin 20 by performing a tensile test using
a mechanical testing setup (3342, Instron Inc.). The data was best fit to the Yeoh 3rd order
hyperelastic model. Parameters for the model (C10, C20, C30, D1, D2, D3) were 99161 Pa,
-1604 Pa, 1065.2 Pa, 0 Pa’!, 0 Pa’!, and 0 Pa’!, respectively.

We used 20-node Brick elements to mesh the suction disc model (Fig. 3.9 (b)). The FE

model had 2698 and 2634 elements for the case with slits and without slits, respectively. Element
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Figure 3.9: Setup of Finite Element Analysis (FEA) of a suction disc. (a) Representation of
a2 mm displacement (“Disp”) on the back of the suction disc. (b) Representation of the 20-node
Brick elements used to mesh the model of the suction disc. (¢) Representation of the regions of
symmetry specified in the FE model geometry. Two regions of symmetry are shown, labeled “A”
and “B”. Due to symmetry, the suction disc was modeled as a quarter of a suction disc to reduce
time for computation.

shapes with an aspect ratio close to one are highly desirable in FE analysis for better accuracy and
convergence. In our FE model for all cases, more than 60% of the total elements had an aspect
ratio between one to two. The average aspect ratio of the elements was 2.87 + 1.08, while the
average skewness was 0.194 + 0.14.

Due to radial symmetry of the design, we chose to model a quarter of the suction disc
in FEA to reduce time required for computation (Fig. 3.9 (c)). The total strain energy of the
quadrant was multiplied by 4 to represent the entire disc. We did not account for surface energy,

friction, or vacuum and neglected the contribution of a soft layer in the simulation. We varied one

boundary condition of constraining deformation of the disc margin in the axial direction. The
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surface was assumed to be frictionless. A constant, 2 mm displacement in the axial direction
was imparted on the back of the suction chamber. We compared the results for deformation,

Von-Mises stress, and elastic energy from each case.

3.4 Results

3.4.1 Adhesion mechanisms of the clingfish suction disc

The clingfish has an impressive grip when subject to normal loads, yet the same is not true
for tangential forces. Manipulations of a euthanized clingfish demonstrated that the suction disc
does not resist shear motion when moved across a glass slide using dissection forceps (Movie S1).
However, when pulled perpendicular to the surface of the glass slide, the euthanized clingfish
resisted the axial load, thereby causing the glass slide to lift from the benchtop. Using image
processing of brightfield micrographs of the suction disc of a clingfish, we calculated that the disc
margin accounts for about 65% of the total suction disc footprint of the clingfish (Fig. 3.2 (a)).

When a fractured edge of a papilla was imaged under SEM, one can observe that densely-
packed, presumably soft fibrils emanate from channels (0.25 ym diameter, at a spacing of 0.02
um) (Fig. 3.2 (d)). Fibrils shown in SEM micrographs lack a consistent orientation, contrary to
other adhesive structures seen in nature for other organisms, such as the directional setae of the
gecko [31, 5].

The soft fibrils increase the frictional footprint of the clingfish by conforming to surface
asperities. By doing so, the fibrils resist an inward slip of the disc margin and seal the suc-
tion chamber. Suction and friction are two methods of attachment that act in combination to

successfully adhere the clingfish to rough substrates (Fig. 3.2 (b)).
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Figure 3.10: Maximum adhesive stress for discs with micropillars on rough surfaces. (a)
Discs with micropillars, average (n=3; £+ Std Dev) maximum adhesive stress across flat surfaces
of roughnesses: 0 yum, 68 um, and 269 um, in water. (b) Discs with micropillars, average
maximum adhesive stress across flat, rough surfaces in air. (¢) Legend containing schematic
of prototype body geometry (radially symmetric, with a soft layer, without slits). Prototypes
vary by presence and material stiffness of micropillars. Disc with micropillars composed of
stiff silicone, dark square. Disc with micropillars composed of soft silicone, grey triangle. Disc
without micropillars, pink circle. (d) Image of a suction disc with a layer of micropillars; arrows
indicate the disc margin thickness, which was measured to be 0.8 mm. Scale bar, 5 mm. (e)
Brightfield micrograph of top view of micropillars composed of stiff silicone, subject to a glass
slide sheared parallel to the surface. Arrows indicate individual micropillars, shown with a
square cross-section. (f) Illustration of stiff micropillars allowing fluid to pass between columns.
Vertical arrows illustrate a force exerted on the micropillars. Curved arrows illustrate the passage
of fluid in between micropillars. (g) Brightfield micrograph of top view of micropillars composed
of soft silicone, subject to shear force. Arrows indicate individual micropillars, which bend
when subject to external force. (h) Illustration of soft micropillars deforming and intermeshing
when subject to a load. Load indicated by vertical arrows.

3.4.2 Performance of the micropillars

We compared the effect of micropillars and their stiffness on the adhesive capabilities
of the suction disc to flat, rough surfaces both in air and underwater. To quantify the effect on
adhesion, we measured the maximum adhesive stress (G; 6 = F,q/A, where F,q represents the
maximum pull-off force, and A represents the surface area of the biomimetic disc) to evaluate
adhesion of the suction disc on three types of surface roughnesses — smooth (R; = 0.2-1.2 um
[95]), moderate (grain size, 68 um), and coarse (grain size, 269 um).

In air and underwater, the best performing suction disc with microstructures was covered
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with soft micropillars (12.4+1.1 kPa smooth, 11.4+0.7 kPa moderate, 5.5+0.1 kPa coarse, wet;
10.440.1 kPa smooth, 9.9+0.1 kPa moderate, dry) (Fig. 3.10 (a), (b)). Suction discs with
micropillars composed of the stiffer silicone failed to adhere to the dry surfaces, regardless of
surface roughness. Additionally, on submerged surfaces of a coarse roughness, the suction discs
with soft micropillars were capable of adhering to the testing surface whereas those with stiff
micropillars were not.

We imaged the micropillars and observed how they behaved when subject to load. We
pressed a glass slide atop the micropillars to observe their deformation. The micropillars composed
of stiffer silicone deformed less when subject to a compressive and shear load (Fig. 3.10 (e),(f)).
The micropillars composed of softer silicone were visibly able to bend and fold to the glass slide
(Fig. 3.10 (g),(h)). When a shear load was not applied, the micropillars of soft silicone would
clump and bundle. We concluded that the pillars of soft silicone intermeshed together to better
seal the perimeter, in comparison to the pillars of stiff silicone.

However, for moderate and coarse surfaces in water, the best performing suction discs
with soft micropillars performed 1.3 and 2.4 times worse, respectively, in comparison to the
suction disc without micropillars (Fig. 3.10 (a),(b)). Thus, we found that for both of these
designs, the microstructures reduced the performance of the suction disc when compared to its

analog without microstructures.

3.4.3 Adhesion without micropillars to rough substrates

Using suction discs without micropillars, we evaluated the effect of body geometry and
slits on how they impact adhesion to rough surfaces. All three clingfish-inspired suction discs
with a soft silicone disc margin outperformed commercial suction cups on rough surfaces both in
and out of the water. In air, the biomimetic disc supported dynamic loads up to roughly 305 times
its weight (2.3 g disc; 0.7 kg load, brass weights) (Fig. 3.11 , Movie S2).

On flat, rough underwater surfaces, the circular suction disc with radial slits and a soft
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Figure 3.11: Demonstration of a suction disc supporting a payload. (a) A suction disc with
soft layer, with slits shown attached to river stone suspended in air. Brass weights were added to
the stone. The maximum payload weight supported (stone and brass weights) was 702 g. The
suction disc weight was 2.3 g. (b) A suction disc with a soft layer and slits adhered to granite
payload, 625 g, suspended in water. Scale bars, 20 mm.

layer outperformed all other prototypes and a commercially available suction cup (Movie S3). In
our underwater trials, this top-performing suction disc achieved adhesive stresses of 13.7+0.4 kPa
(smooth), 18.3+0.4 kPa (moderate), and 14.3+1.4 kPa (coarse) (Fig. 3.12 (a)). By comparison,
while the commercially available suction cup achieved a high adhesive stress on smooth surfaces
(63.6+2.3 kPa), it performed poorly on rough surfaces, reaching 2.8+0.3 kPa on a moderate
roughness. The commercial suction cup failed to adhere to the coarse surface.

Conversely, in air, a circular disc with a soft layer and without slits outperformed (10.1+0.2
kPa) all other prototypes and a commercially available suction cup on dry surfaces of a moderate
roughness (Fig. 3.12 (b)). Despite being the top performing design in the underwater trials,
the disc with slits showed weaker adhesion in the dry trials, with a roughly 1.6 times decreased
(6.2+0.2 kPa) suction ability as compared to the discs with a continuous soft layer. The commercial
suction cup failed to adhere to both moderate and coarse surfaces in air. All the suction discs
tested failed to adhere to coarse surfaces in air.

The disc geometry affected adhesion capabilities in both wet and dry trials; the radially
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Figure 3.12: Adhesion to rough surfaces of discs without micropillars. (a) Disc without
micropillars, average (n=3; + Std Dev) maximum adhesive stress across flat, rough surfaces in
water. (b) Disc without micropillars, average maximum adhesive stress across flat, rough surfaces
in air. (¢) Legend containing schematics of prototypes (bottom view) and their corresponding
symbol within the adhesive stress curves. Soft layer of Ecoflex (light colored), stiff silicone
backing of suction chamber (dark colored). Suction disc variants (no micropillars): Radially
symmetric with four slits and soft layer (blue triangle); Radially symmetric with soft layer
and without slits (pink circle); Radially symmetric with stiff disc margin (orange triangle);
Bilaterally symmetric with soft layer (light blue star); Commercially available suction cup (red
square). Clingfish adhesive stress, median values shown, data from Wainwright et al. 2013 [52]
(solid green diamond), data from Ditsche ef al. 2014 [53] (white diamond). (d) Schematic of
the effects of the soft layer in the disc margin on sealing to surface irregularities. Stiff backing
(dark colored), soft silicone (light colored).
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symmetric disc geometry achieved adhesive stresses about 1.9 times stronger underwater and
about 5.2 times stronger in air than the bilaterally symmetric disc on rough surfaces.

The presence of a soft layer in the disc margin improved adhesion capabilities in both wet
and dry trials. To understand this effect, we compared the performance of the circular suction
discs, both without slits and with and without a soft layer. The stiff disc achieved higher adhesive
stresses on smooth surfaces (18.9+ 0.8 kPa, wet; 16.6+ 0.4 kPa, dry), in comparison to the disc
with a soft layer (12.0+£1.4kPa, wet; 11.5+ 0.2 kPa, dry). However, while a stiff disc margin
enhanced performance on smooth surfaces, it compromised performance on textured surfaces.
For instance, the prototype with a soft layer in the disc margin achieved an adhesive stress of
13.0+1.2 kPa on a coarse surface underwater, while the prototype with a stiff disc margin failed to
adhere. The stiff disc performed 6.4 times better than the commercial suction cup at a moderate
surface roughness under water, as the material of the stiff suction disc was still more compliant
than the commercial suction cup. Thus, the stiffer the material in contact with a surface, the less

effectively it can conform to irregularities and maintain the suction chamber sealed (Fig. 3.12

(d)).

3.4.4 Adhesion to irregular shapes

Much like the intersection of the pelvic and pectoral fins of the clingfish, slits in the
disc margin of the biomimetic discs provided a geometric compliance to the body. Slits thereby
impacted the adhesive performance of the disc to irregular shapes. We measured adhesive stress
of the disc to concave and convex surfaces, normalizing the radius of curvature of the surface
by the radius of the suction disc (p; p = Rgurface/Raisc, Where Rgyrface represents the radius of
curvature of the surface, and Ry represents the radius of the suction disc). To understand the
effect of slits on adhesion to irregular surfaces, we performed experiments on only the radially
symmetric suction discs, which removed the effect of body geometry on adhesive performance.

The artificial suction disc with four slits and a soft layer outperformed all other prototypes
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Figure 3.13: Adhesion to irregular shapes of discs without micropillars. (a) Disc without
micropillars, average (n=3; + Std Dev) maximum adhesive stress across concave surfaces,
underwater. Concavity represented as the dimensionless ratio (p) of radius of curvature of the
surface to the radius of suction disc. Suction disc variants (no micropillars): Radially symmetric
with four slits and soft layer (blue triangle); Radially symmetric with soft layer and without
slits (pink circle); Radially symmetric with stiff disc margin (orange triangle); Commercially
available suction cup (red square). (b) Disc without micropillars, average maximum adhesive
stress across convex surfaces, underwater. (¢) Adhesive stress of suction discs to a rough (grain
size, 269 um), concave (p = 1.6) surface, underwater. Three trials were performed per disc type.

and the commercial suction cup on concave surfaces with small radii of curvature (p <1.9) (Fig.
3.13 (a)). The disc with slits performed consistently across all tested concavities, with an average
adhesive stress of 13.2+1.9 kPa across all four surfaces. Slits improved performance about 1.24
times on moderate (p=1.6) surface concavities. Slits coupled with a soft layer in the disc margin
adhered to the smallest surface concavity (p=1.0) (Movie S4), with an adhesive stress of 10.9+1.5
kPa, while all other disc prototypes and the commercial suction cup failed to adhere. All suction
discs were unable to adhere to a surface concavity of p=0.6, as the suction discs were too large for
the radius of curvature and were physically unable to fit within the pipe to create a sealed chamber

of subambient pressure. Overall, we observed that slits provided a geometric compliance that

resulted in the capability to better conform and seal to concave surfaces.
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We also observed that the soft layer in the disc margin aided in adhesion to concave
surfaces. The soft silicone layer yielded adhesion strengths of 11.6+0.6 kPa (p=1.9) and 11.7+1.2
kPa (p=1.6), greatly outperforming the disc with a stiff disc margin, which failed to adhere to the
moderate surface concavities. The stiff suction disc and commercial cup both lost all adhesive
capabilities, at moderate concavities (p=1.6). We therefore concluded that the soft silicone filled
gaps between the suction chamber and concave surface, improving adhesion performance.

We observed that the soft layer in the disc margin reduced adhesive capabilities of the
suction disc to convex surfaces for all but the smallest radii of curvature (|p| <1.3) (Fig. 3.13
(b)). Slits also reduced adhesion to convex surfaces with a small radius of curvature, observed
when comparing the performance of discs with and without slits (0.2+0.2 kPa, 9.4+1.4 kPa,
respectively; p = -1.3).The stiffness of the disc margin was observed to be most influential to
adhesive strength for discs on convex surfaces. The commercial suction cup and stiff suction
disc were able to withstand greater pull off forces on larger surface convexities (|p| >2.0) in
comparison to the discs with a soft disc margin. A threshold convexity, or a convexity at which the
discs failed to adhere, was observed as an abrupt decrease in performance, occurring at moderate
convexities (p = -2.0) for the radial disc with slits and for the disc without a soft layer, and at
higher convexities for the commercial suction cup (p = -0.8).

Coupling concavity and surface roughness, we tested adhesion of the disc to a rough
(grain size, 269 um), concave (p = 1.6) surface (Fig. 3.13 (c)). The radial suction disc with a soft
layer and slits (no microstructures) achieved consistently higher adhesive stresses (averaged to
11.740.2 kPa) in comparison to the commercial suction cup and the suction discs without slits
(one with and one without a soft layer). The stiff discs were unable to adhere across the trials. The
disc with a soft layer and without slits was less consistent in its performance, achieving adhesive
stresses ranging from 0.3 kPa to 10.7 kPa. We attribute part of the inconsistent performance
to the absence of slits from the disc with a soft layer, suggesting that the disc was less able to

radially expand when pressed to the surface due to the rough texture. The disc without slits would
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therefore be less able to fill the gaps caused by the concave surface due to the rough texture. The
consistency and high adhesive stresses resulting from the disc with a soft margin and slits led us
to conclude that this design performed best for rough, concave surfaces in comparison to all other

prototype designs.
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Figure 3.14: Adhesive force based on preload and surface roughness. Average (n=3; + Std
Dev) force of adhesion of a disc (radially symmetric, soft layer, no slits, no microstructures) for
a range of preloads. Trials performed on a smooth surface represented as dark squares. Trials
performed on a rough surface (grain size, 68 um) represented as light triangles.

3.4.5 Effect of preload on adhesive performance

A minimum preload was required to initiate attachment of the suction disc to experimental
surfaces. To smooth surfaces, preloads of 0.5 N were capable of initiating attachment and resisting
3.620.1 N of pull of force until separation from the surface (Fig. 3.14 (a)). However, the adhesive

performance of the suction disc seemed to stabilize around 5.8+0.3 N given a preload of 2 N.
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Conversely, for moderately rough surfaces (grain size, 68 um), a minimum preload of 1.5 N was
required to attach the disc to the experimental surface, generating an adhesive force of 3.6+0.8
N (Fig. 3.14 (b)). Applying a preload of 1.5 N yielded an inconsistent adhesive performance,
resulting in an inability to adhere to the moderately rough experimental surface in some instances.
Increasing the preload to 2 N increased the adhesive force of the suction disc to 5.6+0.6 N, and
allowed for reliable and consistent adhesion to the experimental surfaces. Overall, the minimum

preload required for attachment of the suction disc was higher for rougher surfaces.

Legend A
400 _ A
A =

- @ 4
§, 300
> [ |
.; A
“g’azoo !
3 A 4

100 A

0 - - - - *
0 100 200 300 400 500
Preload (g)

Figure 3.15: Longevity of a disc bearing a payload. Timed trials of longevity (minutes) of
suction discs supporting a payload (g). The results shown in the plot were for the radially
symmetric disc with four slits and soft layer (blue triangle) and the commercially available
suction cup (red square). The radially symmetric disc without a soft layer was also tested but
unable to adhere

3.4.6 Longevity of biomimetic disc

We performed longevity tests on 1) a suction disc with a soft layer and four slits, 2) on a

suction disc without a soft layer, and 3) on a commercial suction cup. The suction disc with a soft
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layer and four slits greatly outperformed the suction disc without a soft layer and the commercial
suction cup (Fig. 3.15). The suction disc without a soft layer was unable to support any of the
tested payloads. The commercial suction cup was consistently able to attach to the payloads
for only about 1 second across all trials and payloads. The successful suction disc (radially
symmetric with a soft layer, without microstructures, without slits) was successful at attaching to
all payloads tested. Payloads of 182 g, 282 g, 382 g, and 482 g were supported for an average
time of 383+38 min, 165+62 min, 134+24 min, and 35+18 min, respectively, by the suction disc
with a soft layer and four radial slits. Therefore, the suction disc with a soft layer and slits was
capable of maintaining adhesion for a significantly longer duration of time, in comparison to the

stiff suction disc and the commercial suction cup.

3.4.7 Visualizing surface contact of discs

We used a contact imaging technique based on Frustrated Total Internal Reflection (FTIR)
to visualize how the different suction disc designs interacted with a wet surface when subject to
external loads during adhesion. All suction discs used in FTIR did not have micropillars lining
the margin. For each load, we measured the area of the disc margin in contact with the imaging
surface and normalized it to the total surface area of the suction disc of the reference image.

A stiff disc margin resulted in a low effective area of contact to the wetted imaging surface
(Fig. 3.16, third row from the top). When applying a load of 0.05 kg to adhere the stiff disc to
the imaging surface, the outer margin of the disc raised off the surface, resulting in an inverted
configuration (Fig. 3.18 (c)), and significantly reducing the area in contact with the imaging
surface (down to 12% of the total area under the disc, from 59% in the unloaded state). When
pulling on the adhesive disc without a soft layer with a load of 0.2 kg normal to the imaging
surface, the disc reverted from the inverted configuration, but maintained a small footprint (Fig.
3.16, third row from the top). The area in contact remained at 8% but then shifted radially to the

outer perimeter when the disc was pulled to failure. As a result, the stiff adhesive disc without
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Figure 3.16: Representative FTIR images of disc footprint. Disc at rest (“Reference”) when
placed upon the wetted imaging surface. A load (0.05 kg) was applied to push the disc to the
imaging surface (“+0.49 N”). A load (0.2 kg) was applied to pull the disc from the imaging
surface (“-1.96 N”). The point of failure (POF) was the moment prior to failure of the disc.
The dashed circular lines in POF represent the initial size of the disc in the reference state. The
percentages are calculated from the area of contact of the disc per load normalized to the total
disc area measured in the reference frame. FTIR used to evaluate footprints of three radially
symmetric discs and commercial suction cup (“Comm”).
a soft layer had about 4.5 times smaller effective contact area at the moment prior to failure, in
comparison to those with a soft layer. Furthermore, the commercial suction cup also maintained a
small area of contact, ranging from 15% at rest to 10% at the moment prior to failure (Fig. 3.16,
bottom row). Thus, in general a stiffer material resulted in a smaller effective area of contact with
the imaging surface.
Conversely, the disc with a soft layer had a larger contact footprint both when pushed to

and pulled from the wetted surface. The disc margin of the prototype without slits and with a

soft layer remained in full contact with the imaging surface when pushed and only experienced
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a 5% reduction in contact when pulled (-1.96 N; Fig. 3.16, second row from the top). At the
moment prior to failure, we observed that about 36% of the disc margin remained in contact with
the surface. The soft layer provided a relatively larger effective area of contact with the imaging
surface, thereby increasing the frictional footprint of the biomimetic disc.

The presence of slits also affected the disc footprint during adhesion. The outer perimeter
of the disc with slits lifted when the disc was pushed onto the wet imaging surface (Fig. 3.16,
top row). When pulled from the surface, the disc margin changed from this flared state with a
discontinuous perimeter to a closed, continuous perimeter. We hypothesize that the transition
between discontinuous to continuous disc margin provides the opportunity to “regrip” surfaces
when pulled. Additionally, when a 0.2 kg load was applied, the percentage of the total area under
the disc in contact with the surface reduced by roughly 33% in comparison to its reference. By

contrast, the disc without slits only experienced a <5% reduction in contact area.

Reference -1.96 N Original

®)

Figure 3.17: Surface contact of a disc on wet and dry surfaces. Disc (with soft layer, without
slits) at rest (“Reference”) when placed upon the imaging surface. A load was applied to pull
the disc from the imaging surface (“-1.96 N). Surface contact visualized with FTIR. Original,
preprocessed image shown for the disc loaded with -1.96 N (“Original). (row 1) Surface contact
of the suction disc on a wet surface. (row 2) Surface contact of the disc on a dry surface. Arrows
distinguish (1) a cavity formed inside of the suction disc, and (2) residue from the silicone
denoting the original footprint of the disc margin prior to loading.

We compared the surface contact of one disc (with a soft layer, without slits) on dry

and wetted imaging surfaces (Fig. 3.17). The disc was pulled with a force of -1.96 N in both
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cases. On a wet imaging surface, the perimeter of the suction disc remained circular. On a dry
imaging surface, the disc elongated to an ellipse. We concluded that this elongation was caused
by the anchoring of the disc margin to the dry acrylic plate. In the process of elongation, a cavity
was formed along the major axis of the ellipse. The elongation of the disc would result in the
propagation of the cavity which could inevitably compromise the seal of the disc. We concluded
that the suction disc on a wet surface was better able to prevent elongation due to the presence of

a thin fluid film between the disc and the imaging surface.

3.4.8 Modeling geometric compliance

Finite Element Analysis (FEA) on two disc types, one with and one without radial
slits (both without a soft layer), provided insight on how incorporating slits in the disc margin
affected stress and strain energy of the total system. We measured the equivalent stress and total
strain energy of the system subject to a constant vertical compression of 2 mm representing the
displacement applied to engage the adhesive disc (Fig. 3.18 (a),(b)). The total strain energy is the
mechanical energy that is stored reversibly within the elastic material [97]. A greater total strain
energy stored within the body corresponds to higher internal stresses that attempt to restore the
original shape. We assume that the primary effect of these stresses during compression onto a flat
surface is to resist the compression, which negatively impacts adhesion. Thus, these predictive
models allow us to better understand the impact of design parameters on the total strain energy of
a system, which affects the adhesive performance of a disc when subject to deformation.

For the simulation, we only considered the effects of deformation to the stiff backing, as
the structural integrity of the stiff suction chamber significantly influenced the ability to maintain
subambient pressure within the disc. We axially constrained deformation of the disc margin in
two of the four simulations. By constraining the disc, we modeled the elastic energy that was
stored within the system due to deformation. As modeled under the condition of constrained axial

deformation at the disc margin, the total strain energy of the disc with slits (632 uJ) was lower
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Figure 3.18: Finite Element Analysis to understand disc behavior when subject to vertical
compression. (a)(i-ii) Simulation of equivalent stress (Pa). Axial displacement of disc margin
was constrained in simulation for no slit and slit conditions, respectively. (iii-iv) Representation
of equivalent stress (Pa). Axial displacement of disc margin was unconstrained for no slit and
slit conditions, respectively. Scale bar consistent. (b) Total strain energy (uJ) calculated per trial.
(c) Demonstration of the outer perimeter of the suction disc lifting from a surface, resulting in
an inverted configuration.

than that of the disc without (800 wJ), when subject to vertical compression (Fig. 3.18 (b)).

In the simulation that allowed for axial displacement in the perimeter of the disc, it lifted,
congruent with what was observed in experimental trials (Fig. 3.18 (¢)). The disc without
slits experienced about a 28% reduction in total strain energy and 42% reduction in maximum
equivalent stress between constrained and unconstrained boundary conditions. The disc with
slits, by contrast, experienced about a 17% reduction in total strain energy and a 17% increase
in maximum stress between constrained and unconstrained conditions. The lifted configuration

expanded the slits, thereby increasing local stress at the separation node within the disc margin.
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3.4.9 Application to amphibious manipulation

We demonstrated that the suction discs can be successfully applied to robotic manipulation.
We focused our efforts to adhering to delicate specimen, such as fresh produce (Fig. 3.1 (e)-
(d), (k)-(0)), and to enhancing the capabilities of currently existing manipulators, such as those
employed by Remotely Operated Vehicles (ROVs) (Fig. 3.19). These applications suggest that

the capabilities of the bioinspired disc could extend across a wide range of manipulation tasks.

Figure 3.19: Providing soft touch to an ROV manipulator. (a) Overview of the subsea
manipulator used by ROV Hercules. (b) Unsuccessful attempt to grip a raw egg without use of
suction disc. (¢) Manipulator using a suction disc to successfully grip, rotate (x3) and replace
raw egg without damage.

We demonstrated successful adhesion of the biomimetic disc to household items (Fig.
3.1 (e)-(j), (k)-(0)), where surface geometries, textures, and weights varied. While suspended in

air, the suction disc supported bottles of preserved goods (450 g, mass in air) and fresh produce,
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including oranges (250 g), bell peppers (240 g), tomatoes (210 g), strawberries (38 g), and cherries
(9 g). While suspended in water, the suction disc gripped ceramic pitchers (320 g, mass in water),
calcareous shells (210 g), a Dungenous crab (2 g), a textured ceramic vase (320 g), and a golf ball
(6 g). Deformation of the biomimetic disc was the only method of initiating suction in both air
and water trials. No additional actuation was required to sustain grip. The ability to deform to the
variable surfaces and maintain a vacuum in the suction chamber yielded success at picking up
and holding the objects of interest.

To further the application of manipulation, we sought to provide a soft touch to the
manipulators of ROVs, which are designed for industrial applications but are also used for subsea
recovery of specimen and archaeological artifacts. Manipulators used by the ROVs, such as the
Kraft Predator (80 kg, 1334 N maximum grip force) [98] (Fig. 3.19 (a)), do not have a soft
touch; this fact increases the risk of damaging delicate artifacts. We addressed this challenge
by designing a passive adaptor equipped with a suction disc for use by the manipulators of
underwater vehicles. As a proof of concept, two experienced pilots attempted to manipulate a
raw egg both with and without the suction disc using the robotic manipulator (Movie S5). By
fixing the disc to a hard handle, we were able to successfully adhere to, pick up, perform three
full rotations, and place a raw egg (0.06 kg) back on a surface without damage (Fig. 3.19(c)).
We disengaged the biomimetic disc by moving the manipulator tangential to the egg surface.
By comparison, trials without the use of a suction disc were unsuccessful at manipulating the
egg without significant damage to the fragile object (Fig. 3.19(b)). Although the trials were
performed using a subsea manipulator in air, we were able to demonstrate the capability of the

manipulator to successfully manipulate a delicate raw egg using our suction disc.
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3.5 Discussion

By combining insights from engineering and biology, we developed an artificial mimic
of the suction disc of the northern clingfish. Upon initial experimentation with the biological
specimen, we observed that a euthanized clingfish can withstand normal loads yet was unable to
resist shear forces against a wet glass surface. We therefore engineered a mimic of the clingfish
with the ability to withstand normal loads on rough and irregular surfaces while being passive in
mechanism.

The biological mechanisms of adhesion of the clingfish are highly complex. However, we
hypothesize that similar adhesion can be achieved with a simplified design consisting of a suction
chamber with a soft layer covering the disc margin to allow for sealing to irregular surfaces. Our
observations support the previous conclusion that the soft fibrils that originate from an extensive
network of papillae provide one of the primary mechanisms by which the low-pressure chamber
1s sealed [50].

We mimicked the microfeatures of the suction disc of the clingfish and also approximated
their function. In order to mimic the fibrils of the clingfish originating from the papillae, we fabri-
cated artificial discs lined with microscopic silicone pillars. Overall, the discs with micropillars
that were composed of a soft silicone were better capable at adhering to surfaces in comparison
to the prototypes with pillars of stiff silicone. The soft micropillars were capable of intermeshing
together, the overlap thereby sealing in gaps of the disc margin that could otherwise compromise
the chamber of subatmospheric pressure. A similar mechanism of sealing may occur in the
clingfish where the fibrils of the papillae intermesh to generate a thicker, seemingly continuous
soft layer of the disc margin.

Our preliminary work demonstrated that the suction discs with micropillars performed
worse in comparison to suction discs without micropillars, most notably on rough surfaces

underwater. However, the suction disc with soft micropillars were more successful at adhering to
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all surfaces in air and underwater, in comparison to the disc with stiff micropillars. This finding
coupled with micrographs of the artificial micropillars suggests that the soft micropillars acted to
intermesh together, generating a seemingly thicker soft disc margin. The intermeshing behavior
would thereby more effectively seal the suction chamber. We acknowledge that in this study, the
micropillars were approximated but not optimized in geometry or spacing, and could therefore be
improved to better mimic the microscale geometry of the fibrils of clingfish, which may lead to
greater sealing performance.

Our bioinspired suction discs outperformed commercial suction cups on rough textures
and concave surfaces. In air, the discs with a soft layer, without micropillars, and without slits
performed best on dry, rough surfaces. The biomimetic discs also supported large payloads
both in and out of the water. In water, the discs with a soft layer and slits (without micropillars)
outperformed all other prototypes and a commercially available suction cup on moderate and
coarse surfaces. The biomimetic discs sustained higher adhesive stresses in water than in air. We
coupled these results with the comparison of wet and dry surface contact, as visualized by FTIR.
The suction disc was able to retain a circular shape of its perimeter when subject to load on a wet
surface. Conversely, when the disc was subjected to the same load on a dry surface, the perimeter
elongated to an ellipse. Elongation was hypothesized to be the result of the disc margin anchoring
to the dry surface. We concluded that the suction disc on the wetted surface would be lubricated
by a thin fluid film, resulting in the retention of the circular shape of the perimeter and thus a
more even distribution of stress within the body when subjected to a load. The observations made
by comparing FTIR results corresponded with the force measurements performed on surfaces in
air and underwater. Thus, the higher adhesive stresses achieved by the suction disc in water may
be in part due to boundary lubrication by a thin fluid film and a more even distribution of stress
within the body cavity.

The performance of our suction discs on coarse surfaces underwater (grain size, 269 um;

14.3+1.4 kPa) was comparable to the performance of a biomimetic suction disc inspired by the
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remora (R, =200 um, 15.8 + 0.1 kPa, [19]). However, contrary to the remora-inspired disc, our
design was unactuated, simplistic in fabrication, and passive in its ability to maintain adhesion.

Three components were identified as critical to improving adhesion: body geometry,
a soft layer in the disc margin, and the presence of slits. Body symmetry affected adhesive
capabilities of the suction disc. The bilaterally symmetric body performed worse in all occasions
in comparison to the radially symmetric body. We concluded that the radial body geometry was
capable of better distributing stress across the circumference of the body, allowing for improved
adhesion, in comparison to the bilaterally symmetric body.

A soft layer in the disc margin improved performance on concave and rough surfaces.
While the stiff silicone backing functioned to maintain the integrity of the internal suction chamber,
a soft compliant layer of silicone in the disc margin greatly enhanced sealing capabilities to rough
surfaces, similar to the hypothesized role of the soft fibrils originating from the papillae of the
clingfish. As visualized using FTIR, the soft layer increased the effective area of contact between
the disc and a surface. The relatively large area in contact with the imaging surface increased
the frictional footprint of the biomimetic disc, thereby enhancing its capabilities for sealing and
sustaining a chamber of low pressure.

The results from the longevity study also demonstrated the ability of the biomimetic disc
with a soft layer to maintain a seal for a long period of time while bearing a payload. The suction
disc with a soft layer and slits was more successful at bearing a load over an extended amount of
time in comparison to the disc without a soft layer or to the commercial suction cup. The soft
layer aided in the sealing of the suction chamber. The friction of the soft disc margin helped to
prevent the inward slip of the perimeter of the suction disc, which would otherwise lead to failure
of attachment. These two factors allowed for a larger payload to be supported by the disc and
for a longer period of time, in comparison to the discs without a soft layer. The ability ofa2 g
suction disc to bear a payload that is 191 times its mass for well over 100 minutes suggest that the

disc may prove useful in load-bearing applications, such as in manipulation or semi-permanent
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fixtures.

Geometric and material compliance impacted adhesive capabilities to irregular surfaces.
Adhesive discs with slits were considered more geometrically compliant in comparison to their
counterparts without slits. Geometric compliance yielded better conformation of the disc to
concave shapes to prevent the loss of vacuum from the low-pressure chamber. However, slits were
less successful in comparison to material stiffness at maintaining adhesion to convex surfaces.
Overall, adhesion to convex surfaces was positively influenced by stiffness of the disc margin
and negatively influenced by slits. This trend was opposite that observed for concave surfaces, in
which adhesion was positively influenced by slits and negatively influenced by stiffness of the disc
margin. Coupling shape with roughness, discs with a soft margin and slits were most successful
at adhering to rough, concave surfaces. The results from the rough, concave experimental surface
demonstrated the combined effect of slits and a soft layer, which are individually most successful
at maintaining adhesion to concave and rough surfaces, respectively.

We investigated the minimal preload required to achieve attachment to two substrates
with different values of surface roughness. The minimal preload to attach a disc to the smooth
surface was 0.5 N and 1.5 N to the moderately rough surface (grain size, 68 ym). A greater
preload suggested a more substantial deformation of the suction disc, thereby expelling a greater
amount of fluid from the chamber, resulting in the storage of strain energy within the structure.
The combination of a greater amount of expelled fluid and higher stored strain energy, subject to
limitations, allowed for a larger pressure differential between internal and external environments.
We hypothesize that a greater preload required for rough surfaces may also act to more forcibly
conform the soft layer of the suction disc to surface asperities, thereby sealing the suction chamber.
Greater conformation to the rough surface would result in an increased resistance to slip in the
disc margin which would help to seal the low-pressure chamber.

The results from studying the minimal preload required for attachment suggested possible

applications of the suction disc. Given that the preloads to achieve attachment were relatively low
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in comparison to other work on robotic grippers intended for delicate gripping tasks [99, 100]
this could lead to applications that include manipulation of fragile objects. However, we only
explored the preloads required for substrates with two values of surface roughness on exclusively
hard surfaces. Future work could therefore explore the effect of preloads on non-rigid surfaces or
under a variable environmental conditions.

The results from FEA suggested that the inverted state of the suction discs was energeti-
cally favored in all simulated cases when we applied a load of vertical compression. This finding
corresponded with the behavior that we observed in FTIR when the suction disc without a soft
layer inverted from the surface. We also observed that the presence of a soft layer impacted the
tendency of a disc to invert. As demonstrated in FTIR, the disc with a soft layer did not invert,
whereas a disc without a soft layer did invert.

We also used FEA to evaluate the impact of slits on the total strain energy of the system.
The results from FEA showed that the discs with slits had a lower total strain energy in comparison
to the discs without slits. The work done by the initial compression is either stored in the body as
elastic potential energy or performs work on the fluid within the suction chamber, evacuating the
chamber, and forming a vacuum. Therefore, for a given amount of work to engage the suction
disc, we concluded that designs with lower energy storage will experience greater work done on
the fluid, suggesting a higher adhesive force. When a force of detachment is applied to the disc,
the total energy of the system consists of not only the stored elastic energy in the deformed body,
but also the potential energy from the load applied to the disc and the interfacial surface energy
used to separate a unit area of the disc from a surface [101]. Our models were used to understand
deformation of the suction discs and do not account for other factors such as surface energies,
friction, or vacuum, which are also important to adhesion.

Coupling observations from FEA and the experiments of preload, a higher preload resulted
in a higher total stored elastic energy of the system. Given that we were only comparing the

effect of preload on adhesive capabilities of one disc design (radially symmetric, with soft layer,
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without slits), the work done to the body of the suction disc was stored reversibly within the disc.
We expect there to exist a trade-off of the magnitude of preload to adhesion. That is, a larger
preload would result in a greater stored elastic potential energy and thus a greater restoring force.
The preload would therefore have a threshold value that, when surpassed in magnitude, would be
counterproductive to adhesion, resulting in a high restoring force that would lead to detachment
of the disc from a surface via an elastic restoration to its original shape.

While the biomimetic discs worked well on adhering to concave shapes, coarse surfaces
underwater, and moderately rough surfaces in air, they had limited performance on coarse surfaces
in air and convex shapes with small radii of curvature. The performance of the suction discs
was half of that reported for the biological specimen in previous studies on rough surfaces [52].
Additionally, the artificial suction discs were less successful at adhering to convex surfaces with
comparison to concave. However, the clingfish is found to live on intertidal rocks, which we
would suggest have both locally convex and concave features. We hypothesize that the ability
of the clingfish to actively adjust its suction disc may influence its ability to adhere to irregular
surfaces. Our artificial suction discs did not have an active mechanism by which to adjust its seal,
which may contribute to its decreased adhesive capabilities to convex surfaces in comparison
to the biological specimen. We suggest that while we were mimicking key components of the
suction disc, such as geometry, we have left other components of adhesion, such as secretions, to
future work. The clingfish is hypothesized to use secretions [52], much like gastropods [102], to
increase the viscosity of the fluid beneath the organism, thereby increasing the contribution of
Stefan adhesion to surface attachment.

The clingfish and the commercial suction cup achieved higher adhesive pressures on flat,
smooth surfaces in comparison to the biomimetic discs. The pelvic girdle of the clingfish and the
commercial suction cup are both stiffer than the bioinspired discs, thereby preventing deformation
of the suction chamber when subjected to external pulling forces. Therefore, the stiffness in

the backing also plays a role in achieving higher adhesive pressures. 3D reconstructions of the
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clingfish could therefore be used to inform designs of the suction disc to achieve higher adhesive
stresses in future work.

In evaluating the adhesive performance of the prototypes, we only performed pull tests
that were normal to the experimental surface, analogous to the pull tests performed on clingfish
specimen. Our suction discs, much like the euthanized clingfish, are much less capable of resisting
shear forces while on wet glass surfaces. We did not test the combination of shear and normal
forces on neither the clingfish nor the artificial suction discs, which we leave for future work.
Applications in which high normal adhesion and low resistance to shear forces could be favorable
include pick-and-place manipulations or adhesive footpads for robotic locomotion.

Future work could explore the modification of the suction disc geometry, size, compo-
sition, and surface structure of the disc margin to tailor its use to specific surfaces and external
disturbances, such as fluid flow, for use in applications not explored here. Tailoring micropil-
lar materials in the disc margin may also aid in adhesion in an underwater environment, as
demonstrated by microstructured hydrogels to yield amphibious adhesion [87].

In sum, we created a suction disc that functions in and out of water to grip rough and
irregular surfaces without necessitating sustained actuation. Our system is effective at gripping
textured surfaces while being relatively simple and inexpensive to fabricate. The bioinspired
design has many potential applications, including robotic manipulation. We demonstrated its
capabilities on handling delicate objects, such as fresh produce, of varying weights and textures.
With the suction disc, we can also provide a delicate touch to the seemingly ungentle, such
as subsea manipulators. As demonstrated in this study, the suction disc gave a manipulator
commonly used in subsea operations the ability to delicately maneuver a raw egg. Given these
demonstrated capabilities, future iterations of the clingfish-inspired suction disc could markedly

improve manipulation while being cost-effective for fabrication.
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4.1 Abstract

Reversible adhesion provides robotic systems with unique capabilities, including wall
climbing and walking underwater, and yet the control of adhesion continues to pose a challenge.
Directional adhesives have begun to address this limitation, by providing adhesion when loaded in

one direction, and releasing easily when loaded in the opposite direction. However, previous work
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has focused on directional adhesives for dry environments. In this work, we sought to address this
need for directional adhesives for use in a wet environment by tuning the morphology of suction
discs to achieve anisotropic adhesion. We developed a suction disc that exhibited significant
directional preference in attachment and detachment without requiring active control. The suction
discs exhibited morphological computation—i.e. they were programmed based on their geometry
and material properties to detach under specific angles of loading. We investigated two design
parameters - disc symmetry and slits within the disc margin - as mechanisms to yield anisotropic
adhesion and through experimental characterizations, we determined that an asymmetric suction
disc most consistently provided directional adhesion. We performed a parametric sweep of
material stiffness to optimize for directional adhesion and found that the material composition of
the suction disc demonstrated the ability to override the effect of body asymmetry on achieving
anisotropic adhesion. We modeled the stress distributions within the different suction disc
symmetries using Finite Element Analysis, yielding insights into the differences in contact
pressures between the variants. We experimentally demonstrated the utility of the suction discs
in a simulated walking gait using linear actuators as one potential application of the directional

suction disc.

4.2 Introduction

Reversible adhesion, the ability to attach to and detach from a surface in a controlled
manner, has gained specific interest in the field of robotics, ranging from manipulation to
locomotion [1]. In the area of robotic locomotion, adhesion can be advantageous for generating
traction (i.e. for maintaining contact between a robot and a surface throughout a walking gait
cycle). Reversible adhesion can therefore enable unprecedented locomotion capabilities, such as
scaling glass walls [44].

The adhesive strategies of animals have inspired a new generation of bioinspired adhesives
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to be paired with locomotion [10]. Many organisms employ adhesion to effectively locomote
across a surface or to counter environmental disturbances. Animals ranging from lizards [5]
to insects [40] use adhesive foot pads to walk on a wide variety of surfaces, including inverted
surfaces. By coupling adhesion and locomotion, animals can attain novel locomotion strategies
while countering high disruptive forces. For instance, sea stars locomote using hundreds of tube
feet to contact and chemically adhere to a substrate [69]. This distribution of adhesion across
a large quantity of attachment points allows echinoderms to locomote and remain attached to
a substrate all the while countering wave surges, currents, and other marine disturbances. The
coordination of a highly distributed network of actuators and adhesion allows sea stars to achieve
a steady crawling locomotive gait [103]. Our goal is to develop a directional adhesive that could
in the future enable sea star inspired locomotion while minimizing the complexity of control.
Reversible adhesives developed for use in engineered systems include microstructured
dry adhesives, interlocking devices, electroadhesives, magnetism, phase-change based adhesives,
vibration-based adhesives, and negative static pressure devices (e.g. suction cups). Microstruc-
tured dry adhesives (i.e. gecko-inspired adhesives) take advantage of van der Waals forces to
attach to a surface [26]. Previous work has used these adhesives to endow robots with wall-
climbing capabilities [44, 104]. Roboticists have also explored the use of attachment devices
composed of interlocking structures, ranging from rigid hooks [82] to ex vivo shark skin [105],
on the foot pads of locomoting robots to provide greater frictional resistance to slippage while
walking. Such interlocking devices may however limit the surface type to which locomotion
would be successful. Electroadhesion based on electrostatic attraction between two surfaces
has been used to achieve robotic locomotion [106], including on inverted and vertical surfaces
[107]. However, the presence of water generally leads to weak electrostatic adhesion due to
Debye shielding [108]. Adhesion using magnetism provides strong attachment during locomotion,
yet is limited to ferromagnetic surfaces [109, 110]. Adhesion mediated by a material such as

gallium that changes phase from solid to liquid at a temperature just above the robot’s normal
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operating temperature allows for switchable attachment dependent on temperature [111]. Such
adhesion occurs when a phase-change material partially covers and solidifies to an object once its
temperature is decreased. Use of phase-change material to adhere requires control of its local
temperature and may result in the deposition of residue. Additionally, adhesion generated by the
vibration of a thin flexible membrane near a surface has recently been demonstrated for adhesion
by mobile robots to curved, vertical, and inverted surfaces [112]. This vibration-based adhesion
functions by forming a low-pressure region in a lubricating air film beneath the vibrating disk.
However, this form of adhesion requires constant energy expenditure to attach and remain adhered
to a surface and has not been shown to work in incompressible fluids (e.g. underwater). The
use of suction has been explored in wall-climbing tasks in legged [113], tracked [114], and soft,
inchworm-inspired [115] robots for use in air and underwater. However, suction discs currently
used in locomoting robots are generally limited to use on smooth, flat surfaces and require active
control for attachment and detachment [116].

In addition to reversibility, controllability of an engineered adhesive is critical for robotic
applications [117, 118]. Control can be achieved by including an actuator to engage with and
detach from a surface or by morphologically programming the structure of the adhesive. Active
actuation requires an energetic input to achieve attachment and detachment, thereby adding
complexity to a design that could potentially reduce the scalability of a design to smaller sizes or
larger number of adhesion points. An alternative form of adhesive control includes the use of
morphological computation [119] to encode the conditions for attachment and detachment into
the physical body of the adhesive. Morphological computation leverages the shape, design, and
material composition to offload computational complexity into a physical structure of an object
while producing a predictable behavior [120, 121, 122]. The use of morphological computation
for adhesive control is not unique to engineered solutions but is also found in naturally occurring
adhesive systems [119, 123]. For instance, geckos utilize a dense array of branched, anisotropic

microstructures [124] to adhere via van der Waals forces [63]. Moreover, the setae of the gecko
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demonstrate sensitivity to angle such that once a threshold in angle is reached, the setae detach
with minimal pull-off force [5, 63, 125]. Similarly, gecko-inspired adhesives developed with
anisotropic profiles, such as angled stalks or wedges, result in directional adhesion in artificial
systems [126, 94]. Pads expressing gecko-inspired adhesives can therefore be removed from a
surface by peeling when adhesion is only required in one direction (e.g. in the case of climbing
against gravity) [126]. The morphological computation exhibited by these microstructures
therefore creates controllable adhesion without necessitating additional methods of actuation to
attach to and detach from a surface [117].

Directional, microstructured adhesives which enable novel robotic locomotion are limited
by the environment in which they are applied. Dry adhesives are most effective for adhering in
dry environments and are significantly less effective in a wet environment. A thin, lubricating
layer has been reported to form between a substrate and the tip of a dry adhesive microstructure
when submerged in a water, leading to 50% lower pull off forces [127]. Modifications of the dry
microstructured adhesives, such as the use of polymer coatings [128], changes to the material
composition [87], and incorporation of cupped terminations [45], have been used to adapt the
microstuctures for wet environments. These advances in microstructured adhesives have yielded
strong normal and shear adhesion in a wet environment, yet lack anisotropy for directional
adhesion or a controllable mechanism for detachment.

Many underwater creatures employ some form of reversible adhesion [129], including
the use of chemical secretions in echinoderms [69], mechanical interlocking in the remora
[130], and suction in the octopus [131] and intertidal fish [53]. Inspiration from these biological
systems yield promising steps towards the development of successful engineered adhesives for
use underwater [132]. Mechanical interlocking has been coupled with suction in the development
of a biomimetic suction disc that is capable of withstanding high shear detachment forces [19].
Inspired by the clingfish, we have previously demonstrated the ability to modify the material

composition of a suction disc to adhere to rough substrates [65, 66]. Soft artificial suckers
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inspired by the octopus [15] and an array of vacuum-driven suckers have demonstrated the utility
of suction for underwater manipulation and locomotion [133].

However, these previous approaches to suction-based adhesion necessitated a separate,
actively controlled mechanism to reversibly attach to and/or detach from a surface. In these
studies, detachment required a separately controlled set of actuators to disengage the suction disc
from a surface [134, 135]. For instance, detachment of the suction cups via peeling requires the
outer perimeter of the disc to be lifted using tendons, thereby releasing the seal of the suction
cup [113]. Other works have explored actively controlling the shape of the suction cup [115] or
controlling pressure in a suction cup with a separate vacuum line for attachment and detachment,
adding to the complexity of the pneumatic circuitry [136].

Here, we introduce a reversible suction disc that leverages morphological computation
to detach at predetermined angles without necessitating a separate mechanism for detachment.
Such a design would advance the field of directional adhesives, achieving anisotropic adhesion
in a wet domain. We demonstrate that the detachment angle can be encoded into the body of
the disc through a combination of factors - geometric asymmetry, disc margin morphology, and
material stiffness. We generalized the types of design factors that yield directional adhesion
in suction discs and by applying the directional adhesives to linear actuators, we demonstrated
their utility in sea-star inspired walking. To the extent of our knowledge, this work presents the
first directionally adhesive suction disc to be reported and demonstrated for use in multi-legged

robotic locomotion.

4.3 Results and Discussion

4.3.1 Testing two mechanisms for directional adhesion

We designed suction discs to achieve passive, reversible adhesion with adhesive strength

based on the angle of applied tensile loading. We considered a sea star inspired walking scenario
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in which we attached the disc to the end of a linear actuator which was mounted to a body
constrained to move parallel to the surface (Fig. 4.1b). To achieve translation of the body, we
desired high adhesion at what we defined as a negative angle of the tube foot-inspired actuator
relative to the body (angle, < 0°), corresponding to a tube foot that had reached out and engaged
its suction disc with a horizontal surface. After pulling on the surface to move the body forward,
causing the actuator to pass through the neutral axis (angle, 0°), we desired low adhesion allowing

the suction disc to release at a positive angle of the tube foot relative to the body (angle, > 0°).
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Figure 4.1: Tuning morphology for directional adhesion. Design parameters of a suction
disc cause an adhesive force that is highly dependant on the direction of loading. a) Sea
star inspired locomotion. Sea stars use an array of tube feet coupled with adhesive secretions
to adhere and pull/push themselves along a surface. b) Schematic demonstrating idealized,
angle-dependent attachment and detachment conditions for sea star inspired locomotion. c)
Computer-generated rendering of suction disc, with key features labeled. d) Model of the
idealized performance of a suction disc with adhesion mechanically “programmed” as a function
of the angle of an applied tensile load (relative to vertical).

A suction disc was composed of a suction chamber that was lined by a disc margin

(Fig. 4.1c), a design that we found previously to adhere well to surfaces with a variety of
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roughnesses in air and in water [65]. The disc margin was composed of silicone that was softer
than that of the body cavity and served to seal the suction chamber against the substrate. A load
was applied to the suction disc through a stem located at the top of the suction chamber. For all
disc designs, the width of the disc (w) was twice the radius of the suction chamber (r) and the
length of the disc (/) was four times the radius (Fig. 4.2a).

To compare various approaches to achieve directional adhesion, we investigated the role
of two parameters — symmetry and slits within the disc margin — to achieve anisotropic adhesion
(Fig. 4.2a-d). We then performed a parametric sweep of the material stiffness of the disc to

optimize anisotropic performance.

Parameter I: Symmetry for anisotropic adhesion

In the first set of prototypes, we varied the symmetry of the body of the disc. Symmetry
was dependent on the location of the applied load, which we indirectly controlled with the position
of the stem along the body of the disc. We then applied either a tensile or compressive load to the
stem. We hypothesized that an uneven distribution of load across the body of the suction disc
would adversely affect the seal around the disc margin for some (i.e. positive) angles of applied
load relative to the surface, thereby reducing the adhesive stress. Accordingly, we hypothesized
that a greater offset of the load would result in a more pronounced asymmetric performance of
adhesion.

The load placement ranged from the center of the disc (Body Type C) to offset from the
center (Body Types A and B). For body types A and B, a load was applied to the stem which was
offset by a distance of half the radius, (r/2, Body Type B) or by one radius (r, Body Type A)
from the center of the disc (Fig. 4.2a). We refer to the positions of the load as either symmetric,
for the centered condition, or asymmetric, for the offset conditions, about the transverse axis. To
evaluate how the adhesive force generated by the discs varied with the direction of the applied

load, we performed pull tests with a universal mechanical testing machine across the sets of
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Figure 4.2: Experimental investigation into the morphological parameters for anisotropic
adhesion. a) Investigations into the first parameter, disc symmetry, on anisotropic adhesion. We
tested three possible load placements for suction discs: discs A and B were asymmetric, with
loads offset from the center and discs C were symmetric, with a load applied to the center of
the disc. b) Effect of disc symmetry on adhesion, where adhesive stress (kPa) is plotted with
respect to the angle of the surface. c) Investigations into the second parameter, slits within the
disc margin, on anisotropic adhesion. A schematic demonstrates the function of the slits. Top:
Slits flare when the disc is pulled towards the heel, breaking the seal of the suction chamber.
Bottom: Slits come together, forming a continuous seal, when the disc is pulled towards the toe.
Representation of slit placement in the disc margin, angles with respect to the longitudinal axis.
d) Effect of slit angle on adhesion (body type, B), where adhesive stress (kPa) is plotted with
respect to the angle of inclination of the surface. The discs with slits were compared to a disc
without slits (NV.S.). e) Effect of material stiffness on adhesion for an asymmetric body type (A).
Materials tested with platinum cured silicone with a moduli of elasticity at 100% strain of 68.9
kPa (S1, light red), 338 kPa (S2), 593 kPa (S3), and 662 kPa (S4, dark red). f) Effect of the
magnitude of preload (N) on adhesion (kPa). Experiment performed on A and C body types (no
slits). The angle of the surface relative to the discs was zero degrees for preload tests. All pull
tests were performed in triplicate, error bars indicate standard deviation.
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suction disc variants. We changed the angle of the substrate with respect to the direction of travel
of the mechanical testing machine.

We found that the symmetry of the body significantly affected adhesive stress as a function
of angle (Fig. 4.2b). At negative angles of inclination in which attachment was desired, all three
discs body types (A-C) exhibited significant adhesion (> 5 kPa), with only small differences in
adhesive stress. All of the discs maintained adhesion across the neutral axis, perpendicular to the
surface. However, the discs varied greatly on their performance at positive angles of inclination
where detachment was desired.

The most asymmetric body type (A) with the largest offset had the largest difference in
adhesive stress from attachment to detachment angles. Body Type A demonstrated nearly zero
adhesive force in the angles associated with detachment. Conversely, the suction discs with a
centered (Body Type C) and mildly offset load (Body Type B) maintained their adhesive strength
(> 4 kPa) in positive angles of inclination, corresponding to the desired detachment orientations.
Overall, a high degree of asymmetry resulted in a dependence on the angle of the loading (i.e. in

directional adhesion).

Parameter II: Slits in the disc margin for anisotropic adhesion

In the second set of disc variants, we evaluated the effect of slits in the disc margin to
yield anisotropic adhesion. The incorporation of slits in the disc margin was inspired by the
clingfish, an intertidal fish that uses a ventral suction disc to attach to rocky surfaces [53]. The
adhesive disc of the clingfish is formed by the union of the pelvic and pectoral fins, resulting in
the formation of two bilateral slits in the disc margin. The clingfish can moderate the amount of
suction by modifying the position of its fins [50], effectively changing the angle of the slits in
its disc margin. Inspired by the clingfish, we included two slits in the disc margin to passively
achieve directional adhesion. The slits were intended to flare (Fig. 4.2c) thereby disrupting the

seal of the disc margin when pulled or loaded from specific angles. We varied the angles of the
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slits with respect to the longitudinal axis of the disc from 15° to 90° for a moderately offset body
type (B).

Similar to our tests of adhesion based on disc symmetry, we tested the discs with slits with
a universal mechanical testing machine at a variety of angles of loading relative to the surface
to determine whether the slits contributed to anisotropic adhesion. We hypothesized that the
addition of slits would act as a valve to facilitate direction-dependent adhesion. To answer this
hypothesis, we compared designs with slits (angles; 15°, 30°, 90°) to the design without slits (0°)
for body type B (Fig. 4.2d).

Overall, we found that the addition of slits did not yield the intended directional adhesion.
The disc variant with a 15° slit in the disc margin adhered in an angle-dependent manner, but
opposite of the anticipated adhesive curves. We observed that while the slits (15°) flared as
anticipated while experiencing a compressive load, they did not fully close when pulled to form a
completely continuous disc margin in the attachment orientation. The variant with slits of 15°
exhibited directional adhesion, where the adhesive stress increased from 2.09 £ 0.12 kPa at -45°
inclination to 3.98 £ 0.09 kPa at 0° and 45° inclinations. The magnitude of the dependency on
the angle of the surface, however, was small. Thus while we were able to produce an anisotropic
adhesive response in a disc with slits, the difference in adhesive stress between a negative and
positive angle of the surface was lower than alternative disc variants (i.e., changing the symmetry
of the disc).

The variant with a slit of 30° achieved lower adhesive stresses in comparison to the disc
with slits of smaller angles (15°). The slits of 15° exhibited more overlap in the disc margin, in
comparison to the 30° variant. Our interpretation of these results is that the greater amount of
overlap corresponded to a better seal and thus higher adhesive stress. This trend continued for the
suction disc with a slit of 90°, for which no adhesion was achieved across all angles of inclination.
We attributed the ineffective adhesion of the 90° slits to the inability of the disc margin to seal the

suction chamber.
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Figure 4.3: Effect of misalignment of the suction disc with slits on adhesive stress. a) We
evaluated the performance of a suction disc (Body Type B, slit angle 15°) that was misaligned
by either 45° (dark gray) or 90° (black) to the slope of the surface. For comparison, the disc was
also inline with the slope (0° misalignment, light gray). We evaluated the effects of misalignment
for the attachment (angle of surface, -30°), midstance (angle of surface, 0°) and detachment
(30°) orientations. b) Schematic demonstrating the effect of alignment of the suction discs that
were either inline (0°) or 45° misaligned with the slope of the surface. The clamp from the load
cell is represented in dark gray.

The incorporation of slits was a less reliable design parameter than asymmetry and was
therefore less practical for applications in locomotion. During detachment, the slits were intended
to flare open, dependent on the angle and direction of the pulling force (Fig. 4.2¢), thereby
reducing adhesion. However, the slits were more sensitive to the initial loading conditions, such
as the alignment of the disc with respect to the surface and with respect to the clamp from the load
cell. Suction discs that were misaligned to the slope of the experimental substrate would result in
an uneven flaring of the slits (Fig. 4.3). This inconsistent behavior left slits either partially or
fully closed, thereby keeping the suction chamber sealed during detachment.

We performed a quantification of the effect of misalignment on the overall adhesive stress
of a disc (Body Type B) with slits (15 ©). This disc was either inline (0°) or misaligned by 45° or
90° to the slope of the surface (Fig. 4.3 b). Given that the surface and the load cell were fixed in

position, we created a misalignment by rotating the disc within the clamp of the load cell. The

degree of misalignment directly affected the adhesive stress, where a 45° misalignment resulted
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in up to a 31% drop in adhesive stress (2.77 & 0.05 kPa), in comparison to the disc when inline
with the slope of the surface (4.04 4= 0.12 kPa). A 90° misalignment resulted in up to a 45% drop
in adhesive stress (2.73 £ 0.07 kPa), when compared to the disc inline with the slope (4.99 +
0.07 kPa). Thus, the adhesive performance of the discs with slits was highly dependent on its
alignment with the slope of the surface.

We clarified how the performance of the disc was affected by its misalignment with respect
to the clamp by testing against a flat surface without a slope (0°; Fig. 4.3 a). A misalignment (45°
and 90°) of the suction disc relative to the clamp resulted in a ~24% reduction in adhesive stress
for the disc against a flat surface. We attributed this to an uneven distribution of compressive stress
across the body of the disc caused by its misalignment with the clamp (Fig. 4.3 b). Misalignment
would non-uniformly deform the suction chamber of the disc. We observed that this uneven
distribution of stress caused by misalignment with the clamp resulted in an uneven flaring of the
slits and therefore a reduced adhesive stress.

The considerable sensitivity of the slits to alignment made them less reliable for practical
implementation in a locomoting robot. Future work could explore the use of different materials or
geometries of the slits to yield more predictable flaring that is less sensitive to misalignment. We
anticipate that we could modify the location of the slits and orientation (i.e., 180° to their current
orientation) to help tune their anisotropic adhesive performance.

In conclusion, of the design parameters investigated (symmetry and slits), the modification
of the symmetry of the suction disc yielded the most predictable, repeatable anisotropic adhesion.
We therefore chose to use a suction disc with a large geometric asymmetry (Body Type A) without

slits for further experiments.

Impact of stiffness on anisotropic adhesion

We investigated the impact of material stiffness of the suction chamber on adhesion of a

highly asymmetric suction disc (Body Type A), in which the offset load has already demonstrated

87



the ability to yield anisotropic adhesion (Fig. 4.2e). We hypothesized that increasing the stiffness
of the body of the suction disc would help to maintain the integrity of the suction chamber when
deformed, allowing for greater adhesive stresses to be achieved. We changed the stiffness of the
suction chamber while maintaining a constant stiffness of the disc margin. The types of silicone
used spanned across one order of magnitude of stiffness (moduli of elasticity at 100% of strain of
68.9 kPa for S1, 388 kPa for S2, 593 kPa for S3, and 662 kPa for S4).

We tested the discs of different stiffnesses on the universal mechanical testing machine by
applying loads at different angles relative to the surface to determine how stiffness of the disc
affects anisoitropic adhesion. The relatively stiff elastomers, such as S4, adhered more strongly
to a substrate in comparison to the softest elastomer tested (S1). However, stiff elastomers (S3
and S4) adhered with adhesive stresses greater than 5 kPa and 2.5 kPa for negative and positive
angles of the surface, respectively. We considered this behavior to be insufficient anisotropy as
we desired minimal adhesion at positive angles with respect to the surface.

We found that by decreasing the stiffness of the suction chamber, the disc was able to
preferentially, directionally adhere. We found that an intermediate stiffness (S2) of 338 kPa
(100% modulus) demonstrated adhesion that corresponded to the angle of the surface (Fig. 4.2e).
S2 adhered with a high adhesive stress (> 5 kPa) at negative angles and did not adhere (0 kPa) at
positive angles, corresponding to the desired attachment and detachment orientations, respectively.
However, we observed a limit to this trend as the disc composed of the softest of the silicones
tested (S1) adhered with the lowest adhesive stress (< 1 kPa) across all angles of the surface.
Thus, intermediate stiffnesses (0.38 MPa, S2) created directional adhesion, while the stiffest (>
0.5 MPa, S3 and S4) and softest (< 0.06 MPa, S1) elastomers did not produce both high adhesion
at negative angles and low adhesion at positive angles. These results show that optimization
of directional adhesion in suction discs requires a balance of material properties and geometric
asymmetry.

We concluded that the differences in adhesive performances of the prototype variants
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resulted from the deformation experienced by the suction chamber. Decreasing the stiffness
of the disc resulted in a reduced resistance to deformation, and a low structural integrity that
compromised the suction chamber, resulting in low adhesive stress at all load angles. In contrast,
increasing the material stiffness of the disc reduced the deformation under the same compressive
load, avoiding the collapse of the suction chamber.

This is consistent with previous work [137], which found that increased stiffness of the
suction chamber increased the adhesive force of the disc. However, to create directional adhesion,
the disc must create minimal adhesive forces under certain loading conditions, dependent on
the angle of the surface. A disc composed of high stiffness material would thereby create high
adhesion forces at all angles of detachment. For predictable, directional adhesion, the suction
chamber must be of an intermediate stiffness to be compliant enough to collapse the front of
the suction chamber during detachment while being stiff enough to maintain its integrity during
attachment. We envision that additional optimizations of the structure of the discs could be used

to combine the effects of shape and material stiffness on the directionality of the adhesion.

Impact of preload on symmetric and asymmetric discs

Lastly, we tested the effects of preload on the adhesion of symmetric and asymmetric discs
using a universal mechanical testing machine to first load the disc against a surface perpendicular
to the axis of travel of the machine and then pull the disc away from the surface.

The geometric asymmetry affected the amount of force that should be applied as a preload
to achieve the maximum adhesive force (Fig. 4.2f). The preload caused the disc to deform, which
forced fluid out from the enclosed chamber and created a pressure differential responsible for
adhesion. As the force of the preload increased, the adhesive stress increased until the disc was
fully deformed and the maximum pressure differential was reached. After this point, a further
increase to the preload resulted in a minimal increase of the adhesive stress, as demonstrated in

the symmetric suction disc. Conversely, the increasing preload for the asymmetric disc led to a
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gradually decreasing slope, resulting in a point of inflection in the curve around 3 N.

We observed that the symmetric disc achieved an inflection point in the maximum adhesive
stress at about half the preload required by the the asymmetric disc (1.5 N for Body Type C, 3 N
for Body Type A; Fig. 4.2f). We concluded that the reduced preload required by the symmetric
disc was due to a more uniform deformation of the disc. Conversely, the asymmetric disc required
a greater amount of force to fully evacuate the suction chamber as the shorter heel of the disc was

more resistant to deformation.

4.3.2 Contact mechanics at discrete angles during loading

To understand why different discs demonstrated orientation-dependent adhesion, we
imaged the contact made between the suction disc and a surface during preload and pull-off con-
ditions using frustrated total internal reflection (FTIR; Fig. 4.4a). FTIR is a contact-visualization
technique in which light is internally reflected within a sheet of acrylic [96]. Contact with the
acrylic sheet allows light to escape, which can then be imaged by a camera and serves as an
indicator of contact with a surface. However, FTIR does not provide the magnitude of the contact
pressure, only whether or not there is contact with the surface.

During FTIR, both asymmetric (A) and symmetric (C) discs were imaged under a 2 N
compressive load when the imaging surface was rotated to -30°, 0°, and 30° with respect to the
suction disc. We then imaged the contact at the point of failure (PoF) of the suction disc when
pulled from the imaging surface at a displacement rate of 150 mm/min.

As visualized during compressive trials using FTIR, the symmetric disc always maintained
a seal between the disc margin and the substrate, irrespective of the angle of the surface (Fig. 4.4a).
At both -30° and 30° rotations, a full preload of 2 N caused the outer perimeter of the disc margin
to flare upwards, thereby reducing the area in contact with the imaging surface but still retaining
the seal around the perimeter of the disc. This flaring behavior was not observed in the zero

degree condition, suggesting a more uniform distribution of stress along the perimeter of the disc
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Figure 4.4: Visualizing the contact between a suction disc and a surface. a) Visualization
of the contact area of the asymmetric disc (Body Type A, top row) and symmetric disc (Body
Type C, bottom row) for four angles of contact using frustrated total internal reflection (FTIR).
Column 1: a compressive load of 2 N was applied to the suction disc on a surface at an angle
of -30°. Column 2: a compressive load of 2 N was applied to a disc perpendicular to a surface.
Column 3: a compressive load of 2N was applied to a disc at an angle of 30°. Column 4: the
suction disc was then pulled away from the surface (angle, 30°), FTIR images correspond to the
point of failure (PoF), or the moment before the disc detached from the surface. For all FTIR
images, the white regions indicate contact with the imaging surface.
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margin. Additionally, a compressive preload of 2 N caused the suction chamber to deform such
that the inner surface of the top of the suction chamber (beneath the stem) contacted the imaging
surface, shown as a circle in the frames from FTIR (arrow; Fig. 4.4a). We interpreted the contact
of the top of the suction chamber with the imaging surface to be indicative of the strain in the
disc; that is, a larger area of contact with the upper cavity implied a larger deformation of the disc.

The behavior of the asymmetric disc when in contact with the surface differed from the
symmetric disc. At a negative angle of inclination, the asymmetric disc completely sealed its
suction chamber. However, when loaded in compression from a positive angle (the low adhesion
orientation), the asymmetric disc did not maintain a full seal. When loaded by a compressive
force in this orientation, the front of the disc lifted from the surface, while the heel was still in
contact with the surface. As the suction disc was gradually pulled away from the surface in this
orientation (first decreasing the magnitude of the compressive force to zero, then increasing the
tensile load), the contact of the asymmetric disc would roll from heel to toe. Thus, at positive
angles of inclination, the asymmetric disc did not adhere because the suction chamber was not
sealed and hence did not maintain a pressure differential.

The FTIR results showed that a compressive preload concentrated about the heel of the
asymmetric suction disc resulted in adhesion to a surface. However, as the compressive load
changed to being centered about the toe, the front of the disc would lift and thereby break the
seal of the suction chamber. We concluded that asymmetry resulted in an uneven distribution of
stress across the disc, corresponding to reduced adhesion at angles associated with detachment in
a locomotive gait cycle. On the other hand, symmetry yielded high adhesion, irrespective of if the

load was centered over the heel or the toe.

4.3.3 Modeling mechanics and contact throughout a gait cycle

The FTIR results provided an understanding of the behavior of the discs when loaded at

discrete angles against an imaging surface. However, when in use during a walking gait, the disc
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would be subjected to loading under a continuous change of angles relative to the surface (see
Fig. 4.1). To examine the behavior of the disc during a gait cycle, we used finite element analysis
(FEA) to model the effects of body symmetry (Types A and C) on the mechanics due to loading
while cycling from an angle of -30° to an angle of 30°. (Fig. 4.5). To simulate the angle change,
we loaded the suction discs to a virtual surface that rotated about an axis orthogonal to the stem
and the long axis of the suction disc. The simulations neglected environmental conditions and
effects of the fluid in the suction cavity and focused on how contact with the surface affected the

mechanics of the disc.

Distribution of stress within the body of the discs

The distribution of stress within the body of the suction disc differed between the body
types (Fig. 4.5a). The symmetric disc (C) exhibited a symmetric distribution of stress with respect
to the angle of the applied preload. Furthermore, the symmetric disc experienced a symmetric
change in internal volume across angles tested in the simulation (Fig. 4.5b). Conversely, the
asymmetric disc (A) experienced a greater concentration of stress within the body (> 175 kPa)
during the angles associated with attachment (<0°) than in comparison to the angles associated
with detachment (>0°). The stress was concentrated at the heel when loaded at -30°, which
was distributed throughout the body of the suction disc when rotated. The asymmetric disc
experienced the greatest reduction in internal volume at angles associated with detachment (>0°;
Fig. 4.5b). A low internal volume corresponded to the collapse of the front of the asymmetric

suction disc (>0°; Fig. 4.5a).

Distribution of contact pressure along the disc margin

We simulated the spatial distribution of contact pressure around the disc margin for the
asymmetric (Body Type A) and symmetric (Body Type C) discs (Fig. 4.5c-¢). The minimum

contact pressure around the inner perimeter of the suction chamber provided a measure of the
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Figure 4.5: Finite Element Analysis to model the mechanics of adhesion of a suction disc
while attached at various angles of attachment and detachment. a) Top panel: Visualization
of the distribution of Von Mises stress (kPa) across a vertical cross-section through the center of

suction discs A. Stress plotted when a load (2 N) was applied at an angle of -30°, 0°, and 30°.

Bottom panel: Stress plotted for a symmetric suction disc C when a load (2N) was applied at an
angle of -30°, 0°, and 30°. b) Plot of percent reduction in the internal volume within the suction
chamber with respect to the internal volume for the case of no preload, as a function of the angle

of the surface. Measurement of internal volume performed at seven angles during the simulation.

c) Plot of the contact pressure (kPa) of node II, located along the innermost perimeter of the
disc margin, with respect to the angle of the surface. Measurement performed at seven angles
during the simulation for both asymmetric (red) and symmetric (blue) discs. d) Results from

FEA visualizing contact pressure (kPa) of the suction disc with respect to angle of the surface.

e) Inset images of Node II for the asymmetric (top) and symmetric (bottom) discs. Node II was
determined to be the location of lowest contact pressure for the asymmetric disc.
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integrity of the seal of the suction chamber [137] (i.e. localized points of low contact pressure
indicate a low adhesive strength). The asymmetric disc experienced a contact pressure that
was nonuniform across the inner perimeter of the disc margin. A compressive preload on the
asymmetric disc generated a high contact pressure on the heel of the disc and lower contact
pressure at the toe, which was a consistent trend across all angles tested (Fig. 4.5d). In contrast,
the symmetric suction disc demonstrated a more uniform distribution of contact pressure across
the inner perimeter of the disc margin for all angles of inclination of the surface.

To quantify the integrity of adhesion throughout the motion simulated, we probed five
nodes along the inner perimeter of the disc margin, ranging in position from the toe to the heel.
We found that the node along the arc transitioning from the toe to the middle of the suction disc
(Node II) experienced the lowest contact pressure (0.9 kPa) for the asymmetric suction disc at
27° inclination of the surface (Fig. 4.5c). Visually, this region of localized low contact pressure
can be compared between the symmetric and asymmetric disc cases (Fig. 4.5¢). The minimum
contact pressure of the asymmetric disc dropped from 3.6 kPa at a 20° inclination to 0.9 kPa
at 30° of inclination. In comparison, all nodes for the symmetric disc experienced a contact
pressure that was greater than 5 kPa across all angles of inclination of the surface. The symmetric
disc had a comparatively higher minimum contact pressure (5.6 kPA) across all angles of the
simulation in comparison to the asymmetric disc, and most notably during positive angles of
inclination. Overall, we concluded that angles of inclination of the surface >20° were shown
through simulation to be predictive of low adhesion for the asymmetric disc due to localized

points of low contact pressure.

Modeling to inform anisotropic adhesion

To successfully predict directional adhesion of a suction disc using a computational model,
we found it important to characterize both the internal stresses and contact pressures of a disc

rather than the change in internal volume. From our FEA model, we found that a change in
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volume, which is generally a predictor for adhesion using suction cups, was not a good indicator
of directional adhesion. Adhesion of a suction cup is caused by a pressure differential between
the internal suction chamber and the ambient fluid. The maximum limit of adhesion would
correspond to when all the fluid is expelled from the internal chamber during preload. By this
logic, a suction disc would adhere better given a larger decrease in internal volume during preload.

However, we found this that this heuristic did not accurately predict adhesion due to
directional loading. In our FEA model, the asymmetric suction disc had its greatest change of
internal volume at angles that were experimentally determined to result in no adhesion to the
surface. Predicting suction disc performance by the change in internal volume would oversimplify
the mechanics involved in directional adhesion. As previously found, adhesion is also dependent
on the contact pressure between an adhesive and a surface [137]. For a suction disc, contact
pressure is a function of various parameters, including geometry, deformation due to preload,
material stiffness, and size. Thus, investigating the differences in spatial distribution of contact
pressure between the discs in simulation allowed us to better predict their behaviors.

From the combination of the results from FTIR, FEA, and pull test experiments, we
concluded that a disc would detach when the minimum contact pressure along the innermost
perimeter of the disc margin in contact with a surface dropped to near zero. As demonstrated by
the asymmetric disc, although it underwent large internal changes in volume, the disc did not
adhere due to a low contact pressure around the rim of the disc. Given that the quality of the seal
is only as strong its weakest point, when the contact pressure around the innermost perimeter
of the disc margin dropped to near zero, this corresponded to a compromised seal, allowing the
pressure of the fluid inside the suction chamber to equilibrate with the surrounding fluid. An
understanding of the changes in internal volume (determines theoretical maximum adhesion)
coupled with changes in contact pressure distribution (determines ingress of fluid into the disc)
were required to provide a more complete understanding of the anisotropy of adhesion. Using

this information, we can design a disc to have a nonuniform contact pressure to design for greater
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directionality in suction discs.

4.4 Conclusion

Directional adhesives that exhibit morphological computation can reduce the complexity
of control in robotic systems. In this paper, we presented a way to design directional adhesives to
adhere based on angle in a wet environment. We demonstrated that we can tune the performance of
the suction disc by modifying the symmetry of the body, material composition, and incorporation
of slits in the disc margin. Careful selection of body asymmetry, in coordination with material
stiffness of the suction discs, produced the most successful and repeatable form of directional,
anisotropic adhesion.

By tuning the morphology of the adhesives, we incorporated behaviors (i.e. attach-
ment/detachment at appropriate points in a gait cycle) into the body of the suction disc that would
otherwise necessitate controlled actuation. Based on the approach and analyses presented here,
future work could use these anisotropic suction discs to enable sea star inspired robots capable of
robust locomotion in wetted and submerged environments to achieve traction and novel gaits with

minimum system complexity.

4.5 Materials and Methods

4.5.1 Fabrication of the discs

We designed the suction discs using computer-aided design (Solidworks, Dassault Sys-
tems). We modified the disc symmetry, material stiffness, and presence of slits in the disc margin
to determine which were successful in yielding directional adhesion. Across all prototype variants,
the constraining dimensions of the body remained constant. The footprint of the suction chamber

was an oval of 16 mm diameter, 28 mm length. The suction chamber was terminated by a disc
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margin that was 1 mm thick, 1.5 mm offset from the footprint of the suction chamber. The height
of the suction chamber was 5.5 mm across all variants. We designed the discs to have cylindrical
handles of 5 mm height, 6 mm diameter to provide a gripping surface during adhesive pull tests.
For experiments varying the symmetry of the discs, we fabricated two asymmetric discs (Body
Type A and B) and a symmetric disc (Body Type C). The asymmetric discs varied by degree
of asymmetry. Body type A had the largest degree of asymmetry, where the upper cavity was
centered at one full radius from the center of the suction disc (Fig. 4.6¢) . The upper cavity of
Body Type B was centered at one half the radius from the center of the suction disc. The upper
cavity of Body Type C was located directly above the center of the suction disc.

We manufactured the suction chamber using a platinum cured silicone with an elastic
modulus at 100% strain of 338 kPa (Dragon Skin 20, Smooth-On, Inc.), which we dyed with
silicone pigment (Silc-Pig, Smooth-On, Inc.). The main body of the suction discs across all
prototypes were composed of this silicone, except for those manufactured to test the impact of
material stiffness on adhesion, in which case we fabricated a suction disc of Body Type A with
a suction chamber composed of silicone of 100% modulus of 662 kPa (MoldStar 30, Smooth-
On, Inc.), 593 kPa (Dragon Skin 30, Smooth-On, Inc.), 338 kPa (Dragon Skin 20, Smooth-On,
Inc.), or 68.9 kPa (Ecoflex 00-20, Smooth-On, Inc.). Each silicone was dyed with a pigment
corresponding to its stiffness. Lastly, we varied the presence and angle of slits in the disc margin.
The slits were angled at either 15°, 30°, or 90° with respect to the longitudinal axis. For each disc
variant, we fabricated the molds using a rigid, photocurable resin (VeroClear, Stratasys Inc.) in
a multimaterial 3D printer (Objet350 Connex3, Stratasys Inc.). To ensure the parts were fully
cured, we aged the molds in an oven at 40°C for 4 hours. The molds containing uncured silicone
were degassed in a vacuum chamber for 10 min and then fully cured in an over for 1 h 30 min at
40°C (Fig. 4.6a). We then added a soft layer of silicone to the disc margin to provide a sealing
layer, following the approach described in previous work [65]. To apply a soft layer, we first

partially cured a mold of the elastomer (Ecoflex 00-30, Smooth-On Inc.) at 40°C for 3 min, then

98



a)

Disc Margin
Mold
. Mold Bottom
Flip
over
Mold Top

Figure 4.6: Fabrication of the suction discs. a) Molding process of the suction chamber using
Dragon Skin 20. b) Molding process of the disc margin, using EcoFlex 20. c) Variations of the
suction disc based on body type and angle of slits in the disc margin.
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applied the suction disc backing to the mold (Fig. 4.6b). We then fully cured the assembly for 1
hr at 40°C.

4.5.2 Experimental evaluation of adhesion

We experimentally tested the adhesives at a fixed velocity. We conducted the pull tests
using a universal tensile testing machine (force gauge, 100 N limit, 0.02 N resolution; M7-20,
Mark-10 Co.). We mounted the handles of the discs into a clamp that was then held in the upper
grips of the tensile testing machine. All pull tests were performed against an angled acrylic plate
(angles; 0°, 15°, 30°, 45°) in a tank of water (Fig. 4.7). We engaged the suction disc to the acrylic
surface with a preload of 2 N. We performed the pull tests in triplicate, using a rate of retraction of
150 mm- min~! for all prototypes and trials. The adhesive stress was calculated by normalizing
the adhesive force by the surface area of the footprint of the suction disc. We evaluated the effect
of preload on the different body symmetries. We varied the preload between 0.25 N and 3 N for

body types A and C at angles of inclination of -30° and 0°.

4.5.3 Imaging contact

We imaged the contact of the suction disc with a surface using FTIR [96]. The setup of
the FTIR station was custom-built, where a 9.7 mm thick acrylic plate internally reflected the
light emitted from diodes (natural white light-emitting diodes, 3528-24VDC, Super Bright LEDs,
Inc.) that were mounted along the perimeter of the plate. The FTIR plate was statically angled at
either -30°, 0°, or 30° to visualize contact throughout three distinctive phases of the gait cycle.

To remove background noise, we dyed the suction discs black using silicone pigment (Silc
Pig, Smooth-On, Inc.). We imaged the acrylic surface using a camera (1280 X 780 pixels, 140
pixels cm~ !, 40 frames per second, EXILIM EX-FH25, Casio Computer Co., Ltd.). The suction

discs were engaged with the surface to a preload of 2 N, and the surface was wetted during the

100



Acrylic

10

In Water

Figure 4.7: Experimental setup for characterization of adhesion. a) Schematic demonstrat-
ing that each adhesion test was performed in a water bath against an acrylic surface. H denotes
heel, T denotes toe of the suction disc. b) Image of experimental setup.
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FTIR trials. When the surface was angled to 30° of inclination, we retracted the upper grip of
the mechanical testing setup at a rate of 150 mm-min~!, thereby pulling the suction disc from
the imaging surface. The point of failure (PoF) was determined to be the last frame of the image

sequence during which the suction disc was adhered to the imaging surface.

4.5.4 Modeling the mechanics of directional adhesion

Finite Element Analysis (FEA) was performed using ANSY'S Mechanical Version 2019R1.
We experimentally determined the material properties of Dragon Skin 20 by performing a tensile
test (3342, Instron Inc.) and fitting the Yeoh 3rd order hyperelastic model to the experimental data.
Parameters for the Yeoh 3rd order model (C10, C20, C30, D1, D2, D3) were 99 161 Pa, -1604
Pa, 1065.2 Pa, 0 Pa—!, 0 Pa—!, and O Pa!, respectively. Due to the bilateral symmetry of the
suction discs, we modeled half of the suction disc using symmetry boundary conditions in FEA
to reduce the computation time. The suction discs were predominantly meshed using 20-node
brick elements with an average element size of 0.5 mm. The suction discs were preloaded on
an inclined steel plate to obtain a vertical reaction force of ~ 0.28 N. Frictionless contact was
assigned between the suction discs and the steel plate. We neglected the effects of the change
in fluid pressure inside the cavity of the suction disc as the plate was rotated. We performed a
quasi-static simulation and neglected the effects of surface energy and friction at the interface of
the suction discs and the steel plate.

Simulating the attachment of the suction disc at a -45° angle of the plate, corresponding
to the angle of the surface in the of the experimental setup, is complex due to the large-scale
deformation, in addition to the contact and material non-linearities required to model the physics
of the suction disc. The simulation for the attachment of the suction disc at an angle of the plate
of -45° was unable to converge in our case. Hence, we simulated the suction disc to attach to a
plate that rotated from -30° (attachment) to 30° (detachment). . The angle of inclination for the

steel plate was then varied from -30° to 30° with the horizontal (with +10° increments) and the
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response of the suction discs was recorded. The vertical reaction force, strain energy, Von-Mises
stress, deformed shape, contact pressure, and contact status was recorded for variation in the
angle of the steel plate between -30° to 30° with 10° increments. The volume of the internal
cavity of the suction disc as the plate was rotated was calculated numerically. The internal surface
of the suction disc cavity was extracted using Meshmixer 3.3. This extracted surface was then
imported to Unity 5.6.7f1 and the volume enclosed by the cavity was numerically calculated.
We quantified the contact pressure of five nodes along the inner perimeter of the suction
disc. We probed the contact pressure at the nodes along the plane of symmetry intersecting the
inner perimeter, the node along the axis of rotation of the plate intersecting the inner perimeter,
and the nodes where the geometry of the inner perimeter transitions from a straight line to a

circular arc.
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5.1 Abstract

The clingfish attaches to rough surfaces with considerable strength using an intricate
suction disc, which displays complex surface geometries from structures called papillae. However,
the exact role of these structures in adhesion is poorly understood. To investigate the relationship
between papillae geometry and adhesive performance, we developed an image processing tool
that analyzed the surface and structural complexity of papillae, which we then used to model
hydrodynamic adhesion. Our tool allowed for the automated analysis of thousands of papillae
in specimens across a range of body sizes. The results led us to identify spatial trends in
papillae across the complex geometry of the suction disc and to establish fundamental structure-
function relationships used in hydrodynamic adhesion. We found that the surface area of papillae
changed within a suction disc and with fish size, but that the aspect ratios and channel width
between papillae did not. Using a mathematical model, we found that the surface structures
can adhere considerably when subjected to disturbances of moderate to high velocities. We
concluded that a predominant role of the papillae is to leverage hydrodynamic adhesion and wet
friction to reinforce the seal of the suction disc. Overall, the trends in papillae characteristics
provided insights on bioinspired designs of surface microstructures for future applications in
which adhesion is necessary to attach to diverse surfaces, in terrestrial or aquatic environments,

even when subjected to disturbance forces of randomized directionality.

5.2 Introduction

Adhesion involves highly complex and hierarchical structures in nature, and by under-
standing the biological intricacies of such adhesive structures, one can improve engineered
adhesives [1]. The role of reversible adhesion in both the natural world and in engineering is
to temporarily bind to a surface, providing the opportunity to detach and re-attach as needed

[1, 24]. In nature, animals use attachment to enhance their fitness, thereby taking advantage of
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beneficial opportunities, such as decreased instances of competition and predation or an increased
abundance of resources, that would otherwise not be attained [3]. In robotics, reversible adhesion
enables improved manipulation [27] and locomotion [10, 28] by managing contact at the interface
between the robot and its environment.

Adhesion can be broadly categorized into either dry (i.e., via van der Waals interactions
[43]) or wet [138]. Narrowing our focus to wet adhesion, this form of attachment takes advantage
of viscous fluids, such as mucosal secretions (whether from terrestrial or aquatic organisms),
found between an adhesive pad and a surface [139]. Wet adhesion encompasses both capillarity
[140], which is dependent on the surface tension of the fluid, and hydrodynamic forces [138].
Hydrodynamic adhesion, also called Stefan adhesion, is due to viscous forces and is dependent
on the rate at which an adhesive structure is pulled from a surface [141]. Both capillarity and
hydrodynamic adhesion are responsible for attachment in a variety of organisms, ranging from
tree frogs [139, 11] to insects [34] such as ants [12]. The range of wet adhesive performances is
related to the properties of the viscous fluids themselves, which have been found to be tunable
in certain organisms. As demonstrated in the adhesives of spiders [142] and bee pollen [143],
humidity significantly influences its viscosity and subsequently its adhesive strength.

The performance of adhesives is dependent on surface properties (i.e., roughness and
lubrication) and environmental conditions (i.e., wetness and disruptive forces) [2]. An increase
in surface roughness has been demonstrated to greatly reduce attachment performance in syn-
thetic adhesives [2, 144]. For instance, devices such as suction cups [52] or microstructured
adhesives [144] function optimally on flat, smooth surfaces. Modifications to the geometries of
the microstructured adhesives, such as the addition of hierarchical structures, have been shown to
improve adhesive performance to rough surfaces via enhanced surface conformation [145].

Attachment performance varies based on environmental conditions [2]. Wetness and
humidity have been shown to compromise adhesive performance due to the presence of water

between the contacting surfaces, excluding dry adhesives from functioning in a wet domain [2].
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However, recent developments to synthetic dry adhesives, including modifications to the material
composition [128, 87] and structure, such as the addition of cupped microstructures [45], have
conferred the ability to adhere to wet surfaces. In addition to wetness, the dislodgement forces
per environment type also shape the adhesive devices that can be applied [2]. In a terrestrial
environment, gravity—of a predictable direction and magnitude—plays a substantial role in
dislodgement. However, in a wet environment, fluid flow—often of unpredictable direction and
magnitude—becomes a predominant mode of dislodgement. Adhesive strategies to be employed
underwater must be resilient to these more randomized and dynamic disturbances.

The adhesive structures of biological organisms have inspired engineers to develop
new designs to improve adhesion [1, 14]. In considering the methodology, previous work
in characterizing adhesive surface structures in biological specimens has primarily involved
observations and manual quantification of often a small sample size [146]. Manual quantification
is a time-intensive process that quantifies a relatively small percentage of adhesive structures
across the entire surface used in attachment by an organism. By automating the analyses of
surface patterns, we can more efficiently quantify structures involved in adhesion to gain insights
that enable us to mimic their designs.

With inspiration from nature, engineers have developed a range of bioinspired adhesives
with impressive capabilities [3]. For instance, the use of gecko-inspired, microstructured adhesives
has expanded robotic capabilities for applications ranging from manipulating objects with irregular
surface topologies [84] and large objects in microgravity [9], to climbing vertical walls [44]. Tree-
frog-inspired surface structures have been developed to enable the delicate manipulation of soft
tissue during surgery [147]. Remora-inspired adhesion has yielded hitchhiking and manipulation
capabilities for underwater robots [19, 148]. In previous work, we have also developed a synthetic
suction disc inspired by the clingfish with improved adhesion to various shapes and surface
roughnesses [65]. However, the hierarchical mechanisms of adhesion for application to clingfish

bioinspired suction discs remained relatively unexplored.
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Echinoderms [69], octopuses [15, 49], and abalone [46] are just a few examples of
organisms that have been investigated for their approaches to reversibly adhere to submerged
surfaces. Furthermore, fish, such as the remora [18], cisorid catfish [149, 150], river loach [20],
and clingfish [52, 50, 53], have been studied for their adhesive suction discs. The northern
clingfish (Gobiesox maeandricus) has become an impressive candidate for bioinspired adhesion
due to its ability to adhere to rough surfaces while supporting large loads, up to 230 times its
body weight [52]. Euthanized specimens have been reported to adhere with an adhesive stress of
approximately 40 kPa against coarse (grain size, 269 um) surface textures [53]. These impressive
abilities make the clingfish an ideal candidate for identifying designs to produce high-performance
bioinspired adhesives.

The ability of the clingfish to attach to rough surfaces stems from its highly evolved
suction disc formed by its modified pelvic and pectoral fins [50]. The suction disc forms a
cavity, considered the suction chamber (SC), and is lined by a disc margin (DM) (Fig. 1 b). The
suction chamber maintains subambient pressure, while the disc margin acts to secure and seal its
perimeter. A prominent feature of the disc margin is an extensive layer of papillae (P), which are
geometric, flattened epithelial protrusions (Fig. 1 c). In this study, we focus on clarifying the role
of papillae in adhesion.

Papillae have been the subject of only limited studies on their potential role in sealing
the suction chamber [53]. Previous work has proposed that the papillae leverage viscous forces
that can be used to oppose axial disturbances, thereby securing the perimeter of the disc to
the surface [52]. The papillae act to reinforce the disc margin on irregular surfaces, in part by
resisting shear and axial dislodgement forces. The papillae come in a diversity of sizes, shapes,
and distributions across the suction disc, which had yet to be thoroughly characterized and
quantified. By understanding the surface patterns of papillae across the disc, we aim to gain
a clearer understanding of their added role in adhesion and to approximate their structure in a

biomimetic analog.
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To complete this objective, we developed an approach based on image processing software
to assess structural complexity in the suction discs of clingfish. This technique employed image
processing algorithms used in computer science applications, ranging from fingerprint matching to
vehicle traffic monitoring [151], to understand the attributes and extent of the geometric biological
structures involved in adhesion. We automated the characterization and quantification of papillae,
which provided us with a more complete picture of their geometric characteristics within a
given suction disc and across different sizes of suction discs. We used these results to model
the impact of the papillae on adhesion due to viscous forces. With the results of the geometric
characterizations, we also computed the average shape and size of the papillae, which we then
used to design and fabricate biomimetic surface textures. Ultimately, a profound understanding
of the inherent complexity—i.e., shapes, sizes, distribution—of papillae would serve to inspire

future biomimetic designs of high-performance wet adhesive devices.

5.3 Results

Our analyses combined experimental measurements with image processing techniques
and modeling to address the role of papillae in biological adhesion. Our analysis across size
in the clingfish highlighted key geometries of the adhesive structures, which we found to be
shared by other organisms in the animal kingdom. The geometry of the papillae helps to leverage
hydrodynamic forces for rate-dependent adhesion, which would be crucial in the turbulent
intertidal habitat of the clingfish. Accordingly, we have replicated these structures in an artificial

surface texture and experimentally validated their importance to resisting shear forces.

5.3.1 Visualizing complex surface structures of live specimen

We imaged a live clingfish specimen on an inverted surface using Frustrated Total Internal

Reflection (FTIR) [96] contact measurement to visualize the components of the fish involved
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Figure 5.1: Visualization of the suction disc of the clingfish. a) Image of the profile of a
euthanized clingfish adhered to a glass surface. Scale bar, 1 cm. b) Schematic of the ventral view
of the clingfish. The suction disc is indicated in dark red. Inset: Schematic of the midline view
of a suction disc, illustrating the position and role of various components. The suction chamber
(SC) forms a cavity of subambient pressure that is lined along its perimeter by a disc margin
(DM), from which extend papillae (P). The papillae act to reinforce the disc margin on irregular
surfaces and during large disruptive forces. Secretions (Sec) are released by the clingfish to coat
the attachment surface. We propose that the secretions act to bridge the papillae to the surface.
Schematics not drawn to scale. ¢) Binary image of the suction disc of the clingfish, for which
only the papillae are shown. Inset: Channels (C) form between papillae and are hypothesized
to channel fluid from the contact area of a papilla and thus aid in hydrodynamic adhesion. d)
Frustrated Total Internal Reflection (FTIR) images for visualization of contact between a live
clingfish and a flat surface. The imaging surface was transparent and wetted with salt water
during the experiment. The clingfish was inverted during imaging, and the FTIR surface was
imaged from above. Markers 1-3 denote the isolated chambers that we hypothesize are used
to maintain subambient pressure. Chamber 1 is the suction disc (outlined by a dashed line). e)
Isolation of Chamber 1 by using a blunt spatula to physically detach Chambers 2 and 3 from
the wetted surface. f) Isolation of Chamber 2 on the wetted surface. g) Time series visualizing
contact of the clingfish when the suction chamber was disrupted. Disruption occurred by a
gentle prodding with a blunt spatula at the intersection of the pelvic and pectoral fins. Spatula,
outlined with a solid red line, moved to the final position, denoted by the dashed red line.
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with adhering to a surface (Fig. 5.1 b). We observed the formation of three distinctive chambers
in which a pressure differential was formed (Fig. 5.1 d-f). The chamber of the suction disc (1)
was formed by the union of the modified pelvic and pectoral fins. Two additional cavities formed
anterior (2) and posterior (3) to the suction disc. We successfully isolated two of the three cavities
involved with providing some contribution of suction (Fig. 5.1 e, f). Although the suction disc
(1) is considered the main attachment organ of the clingfish, we hypothesize that the two auxiliary
cavities formed anterior and posterior of the suction disc may provide a supplemental contribution
to adhesion via suction.

We disrupted the seal of the suction disc by gently prodding the intersection of the pelvic
and pectoral fins (Fig. 5.1 g), referred to in previous work as a “vent” [5S0]. When we disrupted
the suction chamber (t = 0 s), the disc remained adhered using other modes of adhesion that
therefore excluded suction. As the disc margin detached from the surface (t > 0.3 s), the papillae
were the last in contact with the imaging plane. The fish specimen detached itself by peeling
its body laterally from the surface. Overall, the ability of the papillae to remain attached to the
imaging surface after suction was removed suggested additional adhesive capabilities associated

with the papillae, supplementary to sealing the suction chamber.

5.3.2 Suction disc diameter correlates to body size

We conducted our study of suction disc morphologies across five preserved specimens
(Gobiesox maeandricus) of different sizes, denoted as Size I — V, ordered by increasing body size.
The specimens ranged from a body length of 37 mm (Size I; 0.54 g, weight) to 69 mm (Size V;
4.29 g, weight) (Table 5.1). The diameter of the suction disc linearly corresponded to both body
size and weight of the clingfish (Fig. 5.2 a).

The total count of papillae per specimen exhibited a positive correlation with body length
(Fig. 5.2 b). The fewest number of papillae, which totaled 800, was counted for the smallest

specimen (Size I). The greatest number of papillae, 1179, was counted for the largest specimen
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Figure 5.2: Suction disc diameter corresponded to body size and was dependent on state
of preservation. a) Body length (mm) and weight (g) linearly correlated to the diameter of the
suction disc (mm). b) Total papillae count across the suction discs positively correlated to body
size. Linear fit of the data, solid line. ¢) Binary image of the suction disc of Size III, which was
considered to have the greatest degree of deterioration across all suction discs. d) Brightfield
micrograph of the anterior disc margin. Region outlined by red, dashed line demarcates a region
of significant deterioration, which as a result was not represented on the binary image of the
suction disc. Scale bar, 500 um. Quality of preservation was indicated by the visual state of
deterioration of the epithelial cells. Preservation primarily affected the papillae along the outer
radius and lateral regions of the suction disc. From our observations of the micrographs of the
papillae, Size III exhibited the greatest state of visible deterioration of its papillae, primarily
along the outer perimeter of the suction disc. Despite its deterioration, we were able to identify
and count 974 papillae for Size III.
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Table 5.1: Sizes and weights of the clingfish specimen. Specimens were measured and
weighed prior to imaging.

Size | Weight | Body Length | Suction Disc Diameter
(g) (mm) (mm)
I 0.54 37 4.6
II 1.16 45 6.0
111 1.40 50 6.2
v 3.97 65 8.5
A% 4.29 69 9.2

(Size V). The quality of preservation varied across specimens, leading to a limited uncertainty
on the count of papillae (this uncertainty was estimated to <7% based on the extent of damaged
areas; Fig. 5.2 c, d).

Table 5.2: Computed values of geometric attributes of papillae. The contents are as follows:
The body length (col. 2); Total papillae count (col. 3); Maximum area of a papilla (col. 4);
Minimum area of a papilla (col. 5); Average area computed across all papillae (col. 6); Average
aspect ratio computed across all papillae (col. 7); Average minimum channel width (col. 8).

Size | Len. | Total Pap. | Max Area | Min Area | Avg. Area | Asp. Rat. | Min. Width
(mm) | (Count) | (x10%um?) | (x10*um?) | (x10*%um?) | (&£ SD) (um)

I 37 800 5.68 0.086 1.2740.85 | 1.36+£0.36 | 9.10+2.73
I 45 1084 4.60 0.041 0.80+0.58 | 1.25+0.25 | 7.12+1.92
I 50 974 3.65 0.036 0.86+0.61 | 1.37+£0.33 | 8.73+2.63
v 65 813 11.83 0.198 2.38+1.58 | 1.33+0.29 | 9.34+3.10
A\ 69 1179 9.83 0.060 2.08+1.56 | 1.36+£0.33 | 5.94+1.34

5.3.3 Surface area of papillae scales with body size

We investigated the influence of body size on the surface area of an individual papilla
(Fig. 5.3 a). The average area of an individual papilla increased from (1.27 + 0.85) x 10* um?
for the smallest specimen (Size I, n = 800 papillae) to (2.08 £ 1.56) x 10% ,um2 (Size V, n =
1179 papillae; Table 5.2). We modeled the power-law relationship between the surface area of an
individual papilla (A) and body length (/), with a scaling exponent (m) and constant (k) [152].

A=k-I" 5.1
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Figure 5.3: Characterizing the surface area of individual papillae across the suction disc.
a) Power-law relationship of the surface area (um2) of all papillae (n = 4850; gray diamond)
and the 50 largest papillae (n = 250; black square) to the length of the clingfish body (mm),
represented on a double-logarithmic plot. b) Abundance of papillae with respect to the surface
area, for Size II. ¢) Abundance of papillae with respect to the surface area, for Size V. d) Map
for Size II of the distribution of 1084 papillae based on area normalized by the largest papillae
(Aporm)- €) Map for Size V of the distribution of 1179 papillae based on A,,,,. f) Kernel
probability distributions of surface areas of papillae across all five clingfish body sizes (I-V).

To calculate the scaling exponent and constant, we log-transformed the data and performed

a linear regression.

log(A) =m-log(l)+log(k)

(5.2)

We determined that the relationship between the surface area of a papilla and body length

was defined by a scaling exponent of 1.3, when considering data from all papillae across all

specimens (Fig. 5.3 a; n = 4850; p = 0.13; r*-value, 0.60). Given the large variability in the
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surface areas across the entirety of the suction disc, we also quantified this trend considering only
the 50 largest papillae of each individual (Fig. 5.3 a). We observed a more defined relationship
between the body length and surface area of the 50 largest papillae, with a scaling exponent of
1.5 (n = 250; p < 0.05; r*-value, 0.81). The scaling exponent between 1.3 and 1.5 signified that
the body size has a positive, nonlinear effect on the size of the papillae.

Other groups of clingfish, such as the much larger Chilean clingfish (Sicyases sanguineus),
demonstrated a similar relationship with body size and surface area. For instance, in samples of
preserved Chilean clingfish (body length, 29.4 cm; disc diameter, 11.6 cm), the papillae measured
to surface areas of roughly 1.9 — 3.0 x 107 um?, two orders of magnitude greater than the papillae

of Gobiesox maeandricus (Fig. 5.4).

'LABORATORY APPARATUS. FURNITURE
SCIENTIFIC INSTRUMENTS & CHEMICALS

| )| 3 4 5 6

Figure 5.4: Example of large papillae in Chilean clingfish. Preserved specimen (Sicyases
sanguineus) demonstrated the influence of body size on the surface area of the papillae. The
body length was measured to 29.4 cm, and disc diameter was measured to 11.6 cm. The surface
areas of the papillae, labelled as 1, 2, 3, and 4, were measured to be 2.226, 3.02, 1.91, and 2.23
x 107 um?, respectively. Specimen was loaned from the Scripps Marine Vertebrate Collection
and originally collected from Vifia del Mar, Chile.
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5.3.4 Surface area of papillae decreases radially

We analyzed the distributions of papillae based on the surface area across the entirety of
each suction disc (Fig. 5.3 b, c). We observed that the distributions of surface area exhibited a
right-skewed asymmetry, and thus a larger concentration of smaller papillae across every size of
the suction disc (Fig. 5.5 and 5.3 b, ¢). The Kernel probability distributions of the surface area
also showed a right-skewed asymmetry across all body sizes (Fig. 5.3 f). Therefore, the suction
disc of the clingfish favors a larger density of smaller papillae, and this trend is independent of

body size.
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Figure 5.5: Surface area of papillae across all body sizes. a) Abundances based on surface
area of individual papilla (um?). Sizes I-V in order of increasing body length. b) Normalized
surface area distributed as heat map for all body sizes.

To understand the spatial distribution of papillae based on area, we normalized (A;pm)
the surface area of an individual papilla (A;) to that of the largest papilla (A,,,,) for each suction
disc (Aporm = Ai/Amax)- We chose to normalize the surface area to elucidate trends in papillae
distribution across different body sizes (Fig. 5.5). For each of the five suction discs, the
distribution of A,,,» was mapped to a binary image [151], which was generated by isolating

the papillae, or regions of interest, from the original micrographs. To demonstrate spatial trends

117



across the range of body sizes, we showed representative examples of small (Size II) and large
(Size V) body sizes (Fig. 5.3 d, e).

As demonstrated in Sizes II and V, a clear trend existed in the distribution of papillae
when considering their surface area. We observed a decrease in the surface areas of the papillae
when extending from the center of the disc along the radius to the outermost perimeter. The
largest papillae (Ao, > 0.80) were found to be located along the innermost radius of the anterior
and posterior regions of the suction disc. Conversely, the smallest papillae (A < 0.20) were
located consistently along the outermost radius of the disc. On average, eight rows of papillae
were expressed in both the anterior and posterior regions of the suction disc, irrespective of body
size. The lateral regions of the disc margin exhibited a greater concentration of small papillae
(Anorm < 0.20), with comparison to both anterior and posterior regions. These trends were
consistent across all five body sizes of the clingfish specimen (Fig. 5.5).

We sought to understand the probability density functions of papillae based on location
along the suction disc. We segmented one suction disc (Size V) based on region, differentiating
between the anterior, posterior, and lateral components of the disc margin. Of the anterior and
posterior, we deconstructed the disc into the components of “inner” (three rows, innermost radius)
and “outer” (two rows, outermost radius). We also isolated the lateral components of the disc
margin (Fig. 5.6 a, d-f).

A total of 357, 184, and 408 papillae were counted for the outer, inner, and lateral
components, respectively. We superimposed the Kernel probability distributions of the isolated
regions (Fig. 5.6 c¢). Similar to the heat maps, the outermost regions contained the greatest
abundance of small papillae, with an average area of (1.00 £ 0.50) x 10* um? (Fig. 5.6 g). The
innermost regions contained the greatest abundance of large papillae, with an average area of
(4.27 + 1.40) x 10* um? (Fig. 5.6 h). Along the radius, the papillae increased in size roughly 4.2
times from the outermost to the innermost rows. The distributions of size were symmetric for both

the inner and outer regions of the anterior and posterior disc margins (Fig. 5.6 c¢). Conversely, we
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Figure 5.6: Segmentation of the suction disc for analysis of the spatial distribution of
papillae based on size. a) Binary image of the suction disc of Size V. b) Abundance of papillae
based on surface area (um?). ¢) Kernel probability distribution of the surface area of papillae
(,umz). Distributions of lateral components, orange; outer, blue; inner, green; and across all
papillae of the suction disc, dashed black. d) Binary image of the outer rows of the disc. e)
Binary image of the inner rows of the disc. f) Binary image of lateral components. g) Abundance
of papillae based on the surface area for the outer disc margin. The mean is represented as the
blue dashed line, centered at 1.00 x 10*um?. h) Abundance of papillae based on the surface area
for the inner disc margin. The mean is represented as the green dashed line, centered at 4.27
x 10*um?. i) Abundance of papillae based on the surface area for lateral components. The mean
is represented as the orange dashed line, centered at 1.74 x 10* um?.
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observed a right-skewed asymmetry in the distribution of surface area for the lateral fin regions,

consistent with a greater, but nonhomogenous, concentration of small papillae (Fig. 5.6 1).

5.3.5 Aspect ratio of papillae independent of body size

We generated an image processing procedure to automatically calculate the aspect ratio
across all papillae of the suction disc. The aspect ratio is a measure of the elongation of a
papilla. To perform this calculation, our program automatically detected each papilla and drew
the minimum bounding box around the region of interest (ROI) such that all sides and vertices
were included. We then calculated the aspect ratio as the division of the longest side (/) of the
bounding box by the shortest side (w, aspect ratio = [ /w).

The average aspect ratio of the papilla was consistent across the body sizes, centered
around 1.3 (Fig. 5.7 a). We therefore concluded that the aspect ratio of the papillae was
independent of the body size of the clingfish. Comparing the specimen, the lowest average aspect
ratio was calculated to be 1.25 + 0.25 (Size II, n = 1084), whereas the largest ratio was 1.37 + 0.33
(Size I1I, n = 974). To compare, a regular hexagon (RH) has an aspect ratio of 1.15. Therefore,
we concluded that the papillae are elongated structures (Fig. 5.7 e), which are consistent across
body sizes.

We then mapped the aspect ratio to the binary image of the suction disc for all body sizes.
We noted a greater concentration of elongated papillae along the outer perimeter of the suction
disc and along the lateral fin regions (Fig. 5.7 b and 5.8). Conversely, we observed less elongated
papillae along the anterior, innermost region of the suction disc. Furthermore, we found a high
abundance of elongated papillae at the innermost region of the posterior margin. The anterior
and posterior papillae therefore exhibited divergent behaviors. Thus, the distribution of elongated
papillae differed depending on the location along the suction disc.

The orientation of an elongated papilla was also dependent on its location (Fig. 5.7 b).

The outermost papillae of the anterior disc margin were elongated laterally, parallel to the contour
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Figure 5.7: Characterizing aspect ratio and channel width to inform an idealized, average
papilla. a.) Aspect ratio averaged across all papillae per specimen. Linear fit of data, red dashed
line. All averages centered around a ratio of 1.3. b) Aspect ratio mapped to the suction disc
for Size V. Aspect ratio ranges between 1 and 2. Inset, top left: Papillae (Aspect ratio
1.3) elongated anteroposteriorly along the outer posterior disc margin, indicated by arrows.
Elongation perpendicular to the contour of the outer disc margin (dashed line). Inset, bottom
left: Papillae along the inner posterior disc margin elongated laterally, tangent to the contour
of the inner disc margin (dashed line). Inset, right: Papillae elongated laterally along the outer
anterior disc margin, parallel to the contour of the outer disc margin (dashed line). ¢) Box plot
of the minimum channel width (um) for all five body sizes. Linear fit of data (dashed red line;
slope: -0.04; y-intercept: 10.2). d) Kernel probability distributions of the minimum channel
widths for body sizes I-V.

of the outer disc margin. In contrast, the outermost papillae of the posterior disc margin were
elongated anteroposteriorly, perpendicular to the contour of the outer disc margin. The innermost
papillae of the posterior margin exhibited lateral elongation, tangent to the contour of the inner
disc margin. The observations in elongation and orientations were consistent across body sizes

(Fig. 5.8). We hypothesize that the differences in orientations may play a role in reinforcing the

perimeter of the suction chamber.
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Figure 5.8: Aspect ratio of papillae across all body sizes. Aspect ratio was represented as a
heat map, where red denoted an elongation of 1, and blue an elongation of 2 or greater. A larger
aspect ratio indicated a more linear papilla.

5.3.6 Channels between papillae direct fluid from the contact area

We hypothesized that the channels between the papillae function to shuttle fluid from the
contact area, thereby reducing the distance of separation and lowering the papillae to the surface.
Previous work has demonstrated that microchannels surrounding surface structures used in wet
adhesion channel fluid from beneath the biological adhesive pads, thus reducing the distance of
separation between the epithelium to the surface on which the animal is attached [147].

To understand the microchannels used by the clingfish, we created a separate processing
technique to calculate the minimum channel width between papillae. For this computation,
we calculated for every pixel along the circumference of a papilla, the distance to its nearest
neighboring papilla. We averaged across the five smallest distances per papilla to report the
minimum distance to its neighbor, which we considered to be the minimum channel width. This

computation was performed across the entirety of the suction disc, and the average per disc was
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then calculated.

We found that the minimum channel spacing between papillae was consistent and of the
same order of magnitude, ranging between 9.1 + 2.7 um (Size I) and 5.9 + 1.3 um (Size V) for
the smallest and largest body sizes, respectively (Fig. 5.7 ¢). The largest body size (V) exhibited
the smallest average channel width, whereas the smallest body size (I) exhibited the second
largest channel width, resulting in a negatively sloped trend line (Fig. 5.7 c). The probability
distributions of the channel width were symmetrical and did not exhibit skewness (Fig. 5.7 d).

We noticed that the channel width was affected by the degree of degradation of the
specimen. A more degraded disc exhibited a loss of papillae along the outer perimeter, which
by observation had narrower channels. Therefore, specimens, such as Size V, that were better
preserved generally had a smaller average channel spacing. Taking this into account, we concluded
that overall the channel width was independent of body size, and centered around an average

spacing of 8.05 um across the five specimens (Fig. 5.7 c).

5.3.7 Geometric shape of papilla predominantly hexagonal

We characterized the predominant shape of the papilla for the largest clingfish specimen
(Size V) and labelled a binary image by assigning colors to represent the number of sides of the
structures (Fig. 5.9 a). We performed this task manually by referring to the original micrographs,
where the number of sides was clearly delineated. The binary image, by contrast, exhibited
smoothing of the vertices of the shapes, rending subtle side lengths indistinguishable to automated
image processing techniques.

Of the papillae in Size V, we found that 52% were hexagonally shaped (Fig. 5.9 ¢, d and
5.10). The second most abundant shape was pentagonal, representing 38.3% of all papillae (Fig.
5.9 b, d). The prevalence of other shapes fell considerably to 4.8 and 4.3% for heptagons and
quadrilaterals, respectively (Fig. 5.9 e). We considered 85 of the papillae to be too deteriorated

to yield a definitive conclusion on shape.
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Figure 5.9: Geometric shape of papillae across the suction disc for Size V. a) Map of the
distribution of papillae, based on the number of sides. Color coordination is as follows: three
sides (light yellow), four sides (light orange), five sides (red), six sides (light turquoise), seven
sides (navy blue), eight sides (dark blue), nine sides (dark green), deteriorated (gray). b) Binary
image of only pentagonal papillae. ¢) Binary image of only hexagonal papillae. d) Abundance of
papillae based on the number of sides. e) Table detailing the abundance and percent occurrence
of the different shapes. Papillae that were considered too deteriorated to be quantified for the
number of sides are indicated by “Deterior.”

In the map detailing the distribution of shapes, higher concentrations of pentagons were
found along the inner and outermost perimeters of the suction disc and also along the lateral
fin rays (Fig. 5.9 a). Conversely, hexagonal structures were most prevalent, filling in the space
between the inner and outer perimeters. We observed an appreciable presence of shapes that have

less than five sides or greater than six. We suggest that the prevalence of such shapes aided with

packing the non-uniform surface of the disc margin of the clingfish.
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Figure 5.10: Binary maps of papillae based on number of sides for clingfish Size V. White
regions of interest represented the location of papillae with the specified number of sides. Count
of papillae, n. a) — g) Papillae with 3-9 sides, respectively. h) Papillae that were considered to
be too deteriorated to be quantified for their number of sides.

5.3.8 Characterization of the secretion

We investigated the linear viscoelastic properties of the secretions found beneath the
suction disc (Fig. 5.11 a-c). As demonstrated using optical microscopy, the secretions when
dried crystallized into a ferning pattern, indicative of a mucosal contribution to its composition
(Fig. 5.11 b) [58, 59]. We performed passive microrheological measurements of the clingfish
secretion to determine the elastic modulus (G’ (®)), viscous modulus (G”(®)), and viscosity. We
found that the viscous modulus was over an order of magnitude larger than the elastic modulus
at all explored frequencies (Fig. 5.11 c). This finding indicated that the secretion behaves as a
viscous, not viscoelastic, fluid at nano- and microscales of interaction [153]. The viscosity of the
secretion was calculated to be 6.5 £ 1 mPa-s; by comparison, the viscosity of water is 1 mPa-s.
The value of viscosity calculated from the microrheological experiments was then used to model

its impact on hydrodynamic adhesion across the entirety of the suction disc.
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Figure 5.11: Modeling the contribution of papillae to Stefan adhesion. a) Schematic repre-
senting the papillae as a parallel plate above a surface, separated by a distance (x). Secretions of
viscosity (n) fill the spacing between the two faces. The papilla is pulled perpendicular to the
surface with a velocity (V), which is representative of external disturbances. b) Ferning pattern
indicative of the mucosal content observed under microscopy of the secretion. ¢) Ratio of the
viscous modulus (G”()) to the elastic modulus (G’ (®)), i.e., the loss tangent, of the isolated
secretion. Secretion determined to be viscous as G”/G’ is 20-30 over the entire frequency
range. d) Double-logarithmic plot of the model of Stefan adhesion across a range of separa-
tion distances, for all five clingfish specimens. Velocity of disturbance, 2 m/s in simulation.
Viscosity of secretion, 6.5 mPa-s. Total surface area per specimen was used to compute the
adhesive stress. €) Double-logarithmic plot of the model of Stefan adhesion for Size V only.
The adhesive stresses were modeled for one papilla of average surface area (2.08 x 10*um?,
“One,” dashed line) and across all papillae for Size V (total, 2.46 x 107,um2, “All,” solid line).
f) Double-logarithmic plot modeling Stefan adhesion across all papillae for Size V, varying
the velocity of disturbance from O to 3 m/s. This range encompasses the fluid flow velocities
that the clingfish is known to withstand in nature. Distance of separation: 100 um. The shaded
region indicates the contribution due to Stefan adhesion. The dotted line represents the adhesive
stresses of 1, 10, and 100 kPa at 0.01, 0.13, and 1.31 m/s, respectively.
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5.3.9 Modeling the contribution of hydrodynamic adhesion

With an understanding of the geometric characteristics of the papillae and microrheologi-
cal properties of the secretion, we estimated their contributions to hydrodynamic adhesion. The
secretions produced by live clingfish fill the space between the papillae and a surface and would
resist axial separation. Hydrodynamic adhesion perpendicular to the surface (Stefan adhesion,
Fs:e ) can be modeled for the case of two parallel, rigid, circular plates of radius (r) separated
from each other by a distance (x) (Fig. 5.11 a) [146]. A fluid layer of viscosity (1) fills the space
between the two plates, which separate with a relative velocity (V = 8x/dt) The resistance to
separation is the rate-dependent adhesive force. We generalized the calculation of Stefan adhesion
to Equation (5.3), to consider the surface area of the papilla (A), which accounted for noncircular

surface geometries [146].

N S (5.3)

By Equation (5.3), when pulled axially, Stefan adhesion is directly proportional to the
rate of the disturbance, viscosity of the secretion, and surface area of the papillae. Adhesion
is inversely related to the distance of separation between a papilla and the surface to which
it is adhered. Therefore, by reducing the distance of separation, the papillae can increase the
contribution of adhesion due to viscous forces.

Using Equation (5.3), we modeled the influence of papillae on adhesion, varying either
their distance of separation or the velocity of an axial disturbance. Adhesive stress (Gs.r) was
calculated as the amount of resistance to separation due to hydrodynamic forces (Fg.r) as a
function of the contact surface area (A) (Gsrer = Fsef /A). In the models, we set the viscosity of
the secretion to be 6.5 mPa-s, as determined from the microrheological experiments.

We modeled how varying the distance of separation to a surface impacted adhesion. We

evaluated the adhesive stress for a range of separation distances, varying from 1 to 300 um.
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We chose this range based on the previous literature in tree frogs, which reported a distance of
separation that varied between 5 and 300 ym [11]. For this study, we also used a velocity of
disturbance of 2 m/s. We chose this velocity from an estimate of the forces experienced by the
clingfish in its natural habitat [51]. The adhesive stresses across the five body sizes all exhibited
exponential decay given an increasing distance of separation from the surface (Fig. 5.11 d).
That is, the greater the distance to the surface, the less of a role the papillae have in adhesion.
Additionally, the largest of the clingfish body sizes (V) was modeled to have between 2.5 and 3
times greater adhesive stress than the smallest of body sizes (I, II).

We modeled the cumulative effect of papillae on adhesion for one specimen (Size V; Fig.
5.11 e). The surface area of the single papilla, labelled as “one,” was the average surface area
computed for Size V, 2.08 x 10* um?. The total surface area of Size V was calculated to be 2.46
x 107 um?. Adhesive stress across all of the papillae of Size V was three orders of magnitude
greater than that of a single papilla, hence the linear relation to area (Fig. 5.11 c). In high
abundances, the papillae greatly increase their collective surface area, thereby increasing their
impact on Stefan adhesion.

We modeled the impact of velocity on adhesion, given a disturbance acting perpendicularly
on a clingfish (Size V; Fig. 5.11 f). For this study, we fixed the distance of separation to 100
um, an intermediate value from our previously reported range. We modeled the range of axial
velocities from 0 to 3 m/s. We chose this range since the body of a clingfish is projected to
withstand disturbances between 2 and 3 m/s in the intertidal, while their habitat has registered
wave surges up to 8 m/s [S1]. Turbulent fluid flow would result in an axial lift of the body of
the clingfish. We approximated the axial velocity due to turbulence to be roughly equal to the
velocity of the fluid in the environment.

Given that Stefan adhesion scales linearly with velocity, we found that flow velocities
of 0.01, 0.13, and 1.31 m/s resulted in adhesive stresses on the order of 1, 10, and 100 kPa,

respectively. We represented this linear relationship on a logarithmic plot to emphasize the
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contribution of Stefan adhesion at velocities of different orders of magnitude. In sum, the velocity
of an axial disturbance greatly influenced the adhesive stress achieved by the papillae. Stefan
adhesion provided by the papillae would therefore be most beneficial in instances of disturbances
of moderate to high velocities on the order of or greater than 0.1 m/s. The papillae could therefore
act as a fail-safe to the suction disc, such that at higher vertical velocities of the clingfish due to a
disturbance, the papillae would adhere with greater strength to a surface of the rocky intertidal.
Adhesion of the papillae would ensure that the edge of the disc margin does not detach from its

substrate, which would compromise the subambient pressure of the suction chamber.

5.3.10 Development of a surface pattern mimicking the papillae

We developed a biomimetic surface pattern to empirically test the effect of the geometry
of the papillae when subjected to shear forces (Fig. 5.12). From the results of the automated
characterizations, we computed an “average” papilla, which resulted in an elongated hexagon
(EH, aspect ratio, 1.3) which was consistent with the averages computed across all body sizes of
clingfish (Fig. 5.12 a, d). The surface area of the individual biomimetic structure was designed
to be equal to the average area of an individual papilla (Size V), scaled by a factor of 10 (total
surface area, 0.21 mm?). The biomimetic surface pattern was compared to a pattern of regular
hexagons (RH) and a pattern of squares (S), both with the same surface area. We varied the
orientation of the elongated hexagon, such that the hexagon was either oriented along (EH) or
orthogonal to (EH90) the axis of elongation (Fig. 5.12 c¢). The control was devoid of surface
structures. The surface patterns were composed of silicone and were pulled in shear along an
acrylic surface lubricated with glycerol (viscosity, 1.4 Pa-s), which was used as an approximation
of the secretions.

We found that the averaged, biomimetic papillae (EH) experienced the greatest shear
stress, in comparison to all other geometries. The biomimetic texture resulted in a shear stress

that was roughly twice that of either the regular hexagon or square textures and 80 times that of
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Figure 5.12: Experimentally validating the effect of the geometry of the surface patterns
on resistance to shear disturbances. a) Computer-generated rendering of an “average” papilla,
based on the average shape, channel width, surface area, and aspect ratio. b) Experimental
setup to validate the effect of the surface structures on shear stress. The surface structures
were composed of silicone (dyed in blue to ease visualization) that were then bonded to a stiff
acrylic backing. An inextensible cord was applied to the acrylic backings and routed through a
frictionless pulley to a clamp connected to a load cell of a universal testing machine. A preload
of 200 g was applied to the backing. ¢) Schematic of the patterns tested, consisting of either
elongated hexagons (EH), regular hexagons (RH), elongated hexagons oriented orthogonal to
the direction of motion (EH90), or squares (S). All structures were designed with the same
surface area. d) Biomimetic surface structure (EH). All structures were composed of silicone.
Scale bar, 100 um. Inset: scale bar, 1 mm. e) Performance of the surface structures when
pulled in shear on a glycerol-lubricated surface. Control was a silicone surface devoid of surface
structures. All trials performed in triplicate.

the control. All surface textures outperformed the control, demonstrating the need for surface
structuring to maintain attachment while subjected to shear forces.
Additionally, the orientation of the elongated hexagon when compared to the direction of

motion only marginally impacted the shear stress of the surface structure (2.07 £ 0.03 kPa to 1.92

+ 0.01 kPa, for EH90 and EH, respectively). We therefore did not notice an orientation preference
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of the biomimetic structure.
These experimental results demonstrate the utility of surface structures in resisting shear
forces on lubricated surfaces. This experiment also supports the conclusion that an elongation of

a surface structure best improves attachment performance.

5.4 Discussion

The suction disc of the clingfish is highly complex and employs a variety of attachment
processes at multiple scales to optimally adhere to rough surfaces underwater. The papillae of
the clingfish that we examined exhibited distinctive morphological trends (surface area, channel
spacing, shape, and elongation), most of which were independent of body size. In this work,
we highlighted the importance of the geometric arrangements and characteristics of the papillae,
which aided in attachment via hydrodynamic adhesion. We concluded that these structures,
coupled with the properties of the secretions, have the capabilities to reinforce the disc margin by
preventing a leak in the seal of the suction chamber. These surface structures are therefore vital at
resisting both axial and shear dislodgement forces and are viable candidates for replication in
biomimetic analogs. We implemented an “averaged” papilla in a biomimetic surface texture to

experimentally validate our hypotheses and demonstrate a potential use application.

5.4.1 Geometric shape helps to resist shear forces

The papillae of the clingfish were predominantly hexagonal, followed by pentagonal, in
shape. Theoretical models of epithelial cell division to fill an irregular global shape found that
the distribution of epithelial cells converged to hexagonal (46.4%), pentagonal (28.9%), and
heptagonal (20.8%) when driven by stochastic cell division alone [154]. The similarities in the
ratios of shapes between the theoretical model and the clingfish may suggest a function of the

shapes of the papillaec. Hexagons would be used to effectively pack of the surface, while other
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shapes would be used to compensate for the irregular topologies of the disc margin [154].

We have experimentally demonstrated that the shape of the surface structure affected its
resulting shear stress. Elongated hexagons, of the same aspect ratio of the averaged papillae,
were the best-performing shape in shear. This finding is consistent with previous work, in which
textures with elongated hexagonal shapes were found to increase the coefficient of friction to wet
surfaces in comparison to other polygonal shapes [147].

We experimentally demonstrated that the orientation of the elongated papillae did not
significantly impact shear stress. This finding contrasts with previous studies that have demon-
strated that sliding in the direction of elongation improved the coefficient of friction of a surface
structure [147]. Previous work attributed the orientation-dependent behavior on the flow of fluid
around the surface structures. Accordingly, a greater amount of fluid was reported to be flushed
onto the contact area when sliding in the direction perpendicular to elongation, thus reducing the
coefficient of friction [147]. It is most likely that the designs of our prototype and experiment may
have resulted in the contrasting behavior to previous work. Indeed, our prototype was designed
with channels that were roughly 10 times greater than that of previous work, which may have
resulted in a much greater fluid channeling capacity [147]. Thus, it appears that the difference in
the designs between our study and the literature may have reduced the potential for fluid to flush
into the contact area during trials, resulting in the reduced impact of orientation on shear stress.

The distribution of elongated hexagonal papillae could be used to understand how to
reinforce a disc margin when confronted with shear loads from random directions. For instance,
the papillae of the outermost rows were greatly elongated, spanning laterally for the front of the
disc and anteroposteriorly for the back. The elongations of papillae along the outer rim of the
disc margin, and their nonuniform orientations, would act to counter shear loads from random,
nonuniform directions, which would prove particularly beneficial for a clingfish given its rocky
shoreline environment. Lessons from the spatial arrangement of elongated papillae could be used

to inform the development of adhesive surface textures that are resistant to randomized shear
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disturbances.

Previous work reported that from each papilla extends a dense array of microscopic
extracellular cuticle [50] terminated with nanofilaments at the tips [52, 53]. The cuticle was
hypothesized to spread and seal against surface asperities, leading to an increased area of contact
and coefficient of friction [65, 53]. Although our study primarily focuses on how the macroscopic
geometries of the papillae affect adhesive performance, these microscopic structures cannot be

overlooked in their contributions to resisting dislodgement via an increased coefficient of friction.

5.4.2 Papillae provide crack tolerance during adhesion to rough surfaces

We propose that structuring the surface of the disc margin helps to make attachment
to rough surfaces feasible. The shape and spacing of papillae in the disc margin resulted in
an increased occurrence of fluid channeling through a dense network of microchannels and
greater conformation to surface asperities. Fluid channeling could reduce the overall distance
of separation between the papillae and a surface. Increased fluid channeling would therefore
exponentially increase the contribution of papillae to Stefan adhesion. The presence of channels
would also provide a form of geometric compliance within the disc margin, such that it can better
adapt to rough surfaces and improve its seal.

Surface structuring would function to arrest cracks at the interface of the suction disc
and a surface, similar in function to the segmented adhesive pads of other organisms, such as
the bush cricket [155]. The structural discontinuities provided by the papillae would prevent
the propagation of a crack within the seal of the disc margin that would otherwise compromise
the chamber of subambient pressure. We suggest that this function partially explains the radial
trend in the size of the papillae. Specifically, the dominant presence of small papillae along the
outer perimeter of the disc margin would provide greater instances of surface discontinuities that
could be used to arrest the propagation of cracks that begin around the outer rim of the disc. We

anticipate that this crack prevention mediated by the arrangement of papillae is vital to successfully
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adhering to rough surfaces in turbulent environments. We suggest that understanding such patterns
in the spatial arrangements of papillae should be further considered while implementing the design

of bioinspired surface structures, which could yield more versatile adhesion capabilities.

5.4.3 Rate-dependent adhesion for turbulent environments

The velocities of a disturbance common in an intertidal environment considerably influ-
enced the resulting adhesive stress. We found that the adhesion of the papillae would be greatest
during considerable disturbances, such as a wave surge, to which clingfish are routinely subjected
in their natural habitat. Turbulent fluid flow would generate considerable lift of the body of the
clingfish, resulting in a large, instantaneous load perpendicular to a surface. The wave-swept
rocky habitats in which the clingfish resides register peak flow velocities from 5 to 8 m/s [51].
The individual bodies of the clingfish are expected to withstand flow velocities of 2 — 3 m/s,
which encompasses both laminar and turbulent characteristics [51]. The chaotic water flow of
the intertidal habitat therefore subjects the clingfish to a variety of external disturbances, which
consist of high normal and shear loads from nonuniform directions.

Based on our analysis, we concluded that the adhesion of the suction disc of the clingfish
was dependent on the environmental stimulus. In scenarios of low-frequency disturbances, this
analysis indicates that suction would play the predominant role in attaching to surfaces. In
conditions of high-frequency disturbances, our analysis leads us to conclude that both suction
and hydrodynamic adhesion play critical, yet somewhat separate, roles in remaining attached
to a substrate. Suction would provide significant adhesion against axial loads. Hydrodynamic
adhesion would serve to reinforce the seal of the suction chamber. Maintaining the disc margin
attached to a surface is therefore critical to the success of the suction chamber and adhesive
disc as a whole. Considering that the potential for dislodgement is greatest during disruptive,
high-frequency disturbances, the clingfish would need to employ multiple adhesion processes to

secure attachment in variable and unpredictable environments.
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One important consideration in experimentally evaluating the adhesive stress of the
clingfish is the rate of dislodgement. Previous work measured the adhesive stress of clingfish at
low rates of disturbance (0.017 m/s), yielding a tenacity of 29 kPa (smooth surface, unfouled)
[53]. We hypothesize that the low linear velocity of the experimental setup would have rendered
negligible the contribution of hydrodynamic forces to adhesion, and thus, the tenacity reported
was predominantly due to suction. We would therefore suggest testing adhesion at a higher range
of linear velocities to understand the effects of hydrodynamic adhesion in a biological specimen.

The model of Stefan adhesion used in this study served to understand the impact of
surface structures on adhesion. This model, however, approximated the papillae as rigid, which
observationally is not the case for the clingfish. An additional factor to consider in our model of
hydrodynamic adhesion would be the material stiffness of the papillae [156]. Our model of the
adhesive stress would be impacted by the deformation of the papillae experienced when in contact
with a surface. We recognize that there are also likely other types of forces involved in attachment,
including viscous friction or potentially a nonzero contribution of van der Waals forces [11].
Therefore, our investigation into the adhesion of the suction disc primarily identifies and considers
the role of predominant surface structures in adhesion while subjected to disturbances of high

velocities, thus likely underestimating the true performance of this highly complex adhesive disc.

5.4.4 Analytical tools advance understanding of complex geometries

Our use of both imaging techniques and processing provided novel insights into the
interfacial behavior and characteristics of the papillae. FTIR allowed for visualization of a live
clingfish and its contact with an imaging surface. Using this technique, we observed that the
papillae were last to remain engaged with an imaging surface, even when suction was removed.
The rate of detachment was slow, and thus, FTIR did not demonstrate the rate-dependent effect
on the adhesive capabilities of the papillae. However, we were able to gain an understanding of

the interfacial behavior of the papillae in a live specimen.
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Our use of image processing made it possible to elucidate trends in the geometries of
surface structures involved in adhesion. We were able to analyze the suction disc in a quantifiable
manner, which made it possible to tease out geometric characteristics that might have otherwise
been overlooked. These geometric attributes have significant implications on modes of attachment,
other than suction, that are employed by the disc. The attachment of the suction disc therefore
cannot be represented as purely suction-based, but rather a combination of attachment processes
that are dependent on the disturbances they act to resist.

Using an image processing analytical tool, we reduced possible human biases that could
otherwise be introduced in the quantification of the papillae characteristics. Our use of image pro-
cessing allowed for a higher degree of accuracy and rapid quantifications of the surface structures,
providing for a large-scale, in-depth analysis of patterns. We propose that the automation of image
processing for biology will yield considerable insights into the mechanisms that may otherwise be
overlooked due to the labor-intensive nature of quantification. This would be especially applicable
in analyzing the adhesive structures and patterns of other organisms, for which understanding
the surface geometries and distributions on a broad scale may yield considerable insights into
attachment.

Our image processing tool can be improved by automating the conversion of the original
micrographs to a single binary image. We can envision the further improvement of image
processing procedures by implementing machine learning algorithms to detect surface structures.
Use of such machine learning algorithms could be used to further quantify the suction disc to
yield perhaps even more novel or nuanced findings with regards to surface patterns. The synthesis
of computer science, biology, and materials science is a step in advancing our understanding and

applications of biological adhesives.
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5.4.5 Scaling effects of geometry, for biomimetic applications

Our analysis allowed us to design a biomimetic papilla, based on the averages calculated
across all five clingfish specimens. The biomimetic surface structures were experimentally most
resistant to shear loads, in comparison to other surface textures. The biomimetic surface structures
can be applied to improve adhesion for wet environments. This could, in the case of the suction
disc, inspire biomimetic designs of a smart suction cup, which can attach to rough surfaces and
under a range of frequencies of disturbances. Previous work has been performed to mimic the
clingfish to engineer suction devices to attach onto rough surfaces [65, 66]. In the previous
work, the contributions of the papillaec and extracellular cuticle were approximated as a soft
sealing layer lining the disc margin. Engineered geometric structures analogous to the papillae
could be coupled with soft sealing and suction to design a hierarchical and complex suction disc
that can successfully adhere to irregular surfaces given highly variable external forces. Such
geometric structures could therefore enhance the attachment of biomimetic suction discs by their
contributions to hydrodynamic adhesion and wet friction. We can envision scaling the extent or
geometries of these engineered papillae structures to tailor them to the application. The use of
such bioinspired structures to improve adhesion to wet or submerged surfaces would advance
the fields of underwater manipulation and locomotion in unstructured environments, in which

attachment is critical to success.

5.4.6 Geometry of surface structures convergent across evolution

We compared the surface patterns of clingfish to tree frogs, which also adhere using
hydrodynamic adhesion and exhibit similar geometric epithelial cells that are hierarchical in
structure [157, 158, 159]. The tree frog secretes a mucus to increase the viscosity of the fluid
beneath its toe pads [76]. The structure of the toe pads leverages the viscous secretion to adhere

and enable locomotion on inclined and vertical surfaces [11, 160, 161].
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Figure 5.13: Geometric similarities between the toe pads of tree frogs and the suction disc
of the clingfish. a) Comparison of the surface areas of the individual epithelial protrusions
between species. Tree frog data (gray triangle) from Smith er al. 2006 [146]. Clingfish data
represented as red squares. Body length (mm) of the clingfish was measured snout to tail.
Snout-vent length (SVL) was reported for the body length of the tree frog, measured snout to
anus. b) Comparison of the occurrence of different shapes of the epithelial projections. Gray,
right-pointing triangle, data from Chen et al. 2015 [147]. Gray diamond, data from Drotlef ef al.
2014 [162]. Gray circle, data from Barnes et al. 2013 [158]. ¢) Legend denoting the symbols
and referenced sources for the data presented in the subfigures. d) Comparison of the aspect
ratio of the papillae of clingfish and projections from the toe pads of tree frogs. €) Comparison
of the channel width (um) between epithelial projections. The star indicates the maximum and
minimum bounds of the data presented in Smith et al. 2006 [146].
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We found overlapping similarities in the geometric attributes between clingfish and tree
frogs (Fig. 5.13). The surface areas of the papillae of the clingfish were on average two orders
of magnitude greater than those of the epithelial cells of tree frogs (Fig. 5.13 a). This finding
suggests that tree frogs have a greater density of channels across their toe pads. However, we
found that the width of the channels in the tree frogs and clingfish were of the same order of
magnitude, despite the significant difference in surface areas of the pads [147, 158, 162]. Overall,
the width of the channel did not change across body size or species. We suggest that the width of
the channel may be optimized for directing viscous secretions while mitigating the loss of surface
area due to channeling. Fluid channeling would therefore reduce the distance of separation of
the adhesive pad from a surface in both tree frogs and clingfish. This reduced distance would
allow for the organisms to exploit normal adhesion due to hydrodynamic forces and would also
increase the contribution of wet friction to help counteract dislodgement.

The overall distribution of shapes between the tree frog and clingfish is notably similar
(Fig. 5.13 b). Most of the surface patterns for both species are hexagonal in shape, while the
second most prevalent structure is pentagonal. The use of hexagonal structures in tree frogs
is similar in role to its hypothesized function in clingfish. The hexagonal structure would be
critical in densely packing an irregular surface, optimizing contact area and channel density. The
hexagonal epithelial cells in both tree frogs and clingfish would therefore increase the frictional
footprint of the organism when subjected to shear disturbances.

Tree frogs and clingfish express similar aspect ratios of their epithelial cells (1.47 for
tree frogs, Chen et al. 2015; 1.33 for clingfish; Fig. 5.13 d) [147]. In frogs, the orientation
of the elongated hexagons resists the shear loads experienced when climbing surfaces [147].
Therefore, the friction of the elongated toe pads in frogs is predominantly used to counteract the
effect of gravity. For the clingfish, we concluded that the elongated papillae are used to reinforce
the outer perimeter of the disc margin via friction. However, the clingfish is less affected by

gravity, as experienced by tree frogs, and is rather subjected to intertidal forces that vary greatly
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in direction, frequency, and magnitude. The differences in environmental forces may account
for the differences in orientations of the elongated epithelial cells between the tree frog and
clingfish. The tree frog experiences predicable dislodgement forces, due to gravity, whereas the
clingfish experiences unpredictable dislodgement forces, due to its intertidal habitat. However,
the elongated epithelial cells would serve the same function of stabilizing the attachment of the
organisms.

Overall, our comparison of the structure of the clingfish to the tree frog has reinforced our
conclusions that the geometric properties of the papillae play considerable roles in adhesion. The
noticeable similarities between tree frogs and clingfish lead us to propose a convergent evolution

of their structures that leverage attachment due to hydrodynamic adhesion and friction.

5.5 Conclusion

The suction disc of the clingfish provides a model for bioinspired adhesion to wet, rough
surfaces under nonuniform loading conditions. Our results suggest that the papillae function
to seal the suction disc using hydrodynamic adhesion and wet friction during high-frequency
disturbances. The automated characterization of surface structures made possible the visualization
of spatial trends of papillae across the disc margin. Future work could use similar automated
techniques to assess the geometric characteristics of other structured adhesives found in nature.
An “average” papilla was computed across all 4853 papillae surveyed in this study to be an
elongated hexagon, similar to that observed in the surface structure of tree frogs [162]. The
computed papilla was used to design a biomimetic surface structure which could be used for

future applications in engineered wet adhesives.
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5.6 Methods

5.6.1 Biological sample preparation

Two live clingfish (Gobiesox maeandricus) were collected along the San Diego coastline
under a collection permit to accredited organisms’ collector, P. Zerofski (Scripps Institution of
Oceanography). Animal care protocol IACUC #S11071 was issued to D. Deheyn. The live
clingfish was imaged using FTIR.

We collected the secretions of a live specimen for microrheological analysis. The specimen
was placed on a dry glass slide to reduce the presence of seawater in the sample. A pipette was
used to probe and collect secretions at the intersection of the suction disc and the glass slide.
Between 10 to 20 uL of secretion were collected per sampling period. Sampling occurred over
four days with at least 12 hours between collection events. Secretions were stored at -20°C prior
to microrheological analysis. Previous work indicated that storage up to 30 days at -20°C does
not change the viscoelastic properties of mucosal secretions [153]. To image the secretions, we
placed and removed a live clingfish on a dry glass slide. The secretions on the glass slide were
dried and imaged using an optical microscope (Eclipse 50i, Nikon Co.).

We imaged the suction discs of the preserved clingfish (Gobiesox maeandricus) specimen
available from the Scripps Marine Vertebrate Collection. Preserved specimens were collected
from San Luis Obispo, CA and maintained in 50% isopropanol. We chose specimens of five
different body sizes for the same species. The specimens were measured for body length from
snout to tail and weight both prior to imaging (Table 5.1). The diameter of the suction disc was

measured using ImageJ [67].

5.6.2 Frustrated Total Internal Reflection (FTIR)

The setup for the FTIR experiment was custom-built [96]. The imaging station consisted

of a 3D printed mount, 9.7 mm thick plate of acrylic, and natural white light-emitting diodes
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(LEDs) (3528-24VDC, Super Bright LEDs, Inc.). Light from the diodes was internally reflected
within the acrylic, and contact with the imaging plate allowed for the illumination of the suction
disc. The acrylic was wetted with a thin layer of seawater for all FTIR trials. The clingfish was
placed on the inverted imaging surface, which was imaged with a camera (1280 x 780 pixels,
140 pixels - cm™!, 40 frames - s~!; EXILIM EX-FH25, Casio Computer Co., Ltd.). Different
components of the suction chamber were isolated. Disruption of the suction disc was induced by

a gentle prodding with a blunt spatula at the intersection of the pelvic and pectoral fins.

5.6.3 Passive Microrheology

For passive microrheology measurements, a trace amount of 1 um carboxylated polystyrene
microspheres (Polysciences, Inc.) was added to clingfish secretion. Beads were coated with
Alexa-488 bovine serum albumin (BSA) to minimize adsorption and enable fluorescence visual-
ization. This coating confers a no-stick boundary condition between the beads and the surrounding
solution. Diffusing microspheres were visualized using an Olympus IX73 microscope with a
20x objective and high-speed CMOS camera (Hamamatsu Orca Flash 2.8). For each sample,
10 time-series of 1920x 1440 (181 nm - pixel ') images consisting of ~50 beads - frame ~!
were recorded for 20 seconds at 45 fps. A custom-written Python code was used to extract the
trajectories of diffusing beads and calculate the mean-squared displacements (MSD) in the x and
y directions. MSDs (Fig. 5.14) shown consist of ~500 particles and are an average of MSDs in

the x and y directions, denoted as < Ar? () >. Linear viscoelastic moduli (G’(®), G”(®)) were

determined via the generalized Stokes-Einstein relation [163]:

kgT

G*(0) =G () +iG (0) = i0 < Ar?(®) > TR)

(5.4)

where kp is Boltzmann’s constant, T is the absolute temperature, < Arz((o) >1s the Fourier

transform of < Ar?(¢) >, and R is the radius of the beads. The Fourier transform of < Ar?(¢) >
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is obtained by [164]:
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where 1 and N in the equation represent the first and last points from the oversampled
MSD data, respectively. Oversampling is done using the PCHIP MATLAB function. More details

about the data analysis can be found in Ref. [165].
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Figure 5.14: Mean-squared displacements (MSD) of diffusing beads in clingfish secretion,
used to determine the viscoelastic moduli and viscosity of the secretion in experiments.

5.6.4 Preparation of micrographs for binary image

Preserved specimens were imaged under brightfield microscopy (SMZ18 Stereo Micro-
scope; DS-F13 Camera, Nikon) at 2x magnification. We imaged the circumference of the disc
with a 25% overlap of content in the micrographs (Fig. 5.15 a). The papillae in each micrograph

were manually outlined in a graphics software (Illustrator, Adobe Inc., 2019; Fig. 5.15c). We
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used the vectorized outlines of the papillae to generate a binary image in which white regions
represented individual papillae and black represented the background. All binary images of the
micrographs were manually stitched together by orienting the overlapping regions (Fig. 5.15 d).
The conversion of micrographs to binary images was performed for all five different body sizes
of clingfish (Sizes I - V).

To understand the trends in region properties across various parts of the suction disc, we
also manually segmented the binary image for one suction disc (Size V) into three components
using a graphics software. We segmented the disc into three binary images containing one of the
following: two rows of the outermost radius of the anterior and posterior regions of the disc, three
rows nearest the innermost radius of the anterior and posterior, and the lateral fin regions of the

suction disc.

5.6.5 Automated region detection of papillae across entire disc

We developed an image processing sequence to automatically characterize of the binary
image of the clingfish suction disc (Fig. 5.15). All image processing was performed in MATLAB
(2018, The MathWorks, Inc.). The computer program labeled and characterized each papilla,
which was labeled in the program as a region of interest (ROI). The regions of interest underwent
a thresholding filter dictating that the area of each ROI must be larger than 20 pixels, to exclude
noise present in the data. Each ROI was defined by a discrete boundary and was assigned a unique
identity, where all pixels included within that region shared that identity.

Using image processing toolboxes native to MATLAB, we extracted region properties
about each individual papilla, thereby calculating surface area (um?), perimeter (um), and orienta-
tion of each papilla across the disc (Fig. 5.15 e). This region processing was performed on all
clingfish body sizes (I — V), allowing for rapid characterization of the entire suction discs. The
region processing code was also performed across all body segments for the Size V segmentation

study. All plots were generated using MATLAB.
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Figure 5.15: Methodology for the quantification of the papillae. a.) Overview of the imaging
sequence. Images to overlap by 25%. b) Example micrographs to be processed. ¢) Individual
papillae were outlined manually, creating a binary image of the original micrograph. d) Binary
images were stitched together at overlapping regions. €) Image processing automatically detected
and characterized the resulting binary image. Each papilla was considered by the program
as a region of interest (ROI). Surface area was computed for every papilla as the sum of the
pixels in the ROI. C(x,y) denoted the center of the ROI, which served as an identifier and was
used in future mapping functions. f) Determination of the channel width by calculation of the
nearest neighbor. (left) For every papilla, each pixel along its perimeter was used to calculate
its nearest neighbor. (right) We averaged the five shortest distances to the nearest neighbor and
considered that to be the minimum channel spacing of that individual papilla. The result of such
computation is shown with red and green bold lines. The arrows point from the interrogated
papilla to its nearest neighbor at the site with the smallest channel spacing. g) Determination
of the aspect ratio of each individual papilla. A bounding box was computed for each papilla,
accounting for all vertices and the orientation of the ROI. The length (/) and width (w) of the
box were used to compute the aspect ratio.
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5.6.6 Automated characterization of area of papillae

With the resulting data from our region detection procedure, trends in surface area were
mapped based on ROI location to the original binary image. To understand the distribution of
papillae based on size across this binary map, we normalized the surface area of an individual
papilla (A;) to that of the largest papilla (A,,x) per suction disc (normalized area, Aoy, =
Ai/Amax). The binary map was converted into a heat map, where color was used to represent the
normalized surface area. Such heat map provided insight into trends in the size of papillae along

the suction disc.

5.6.7 Automated characterization of aspect ratio

We automatically computed the aspect ratio of each ROI across the suction disc, which
represented the elongation of the papillae. This computation defined the minimal bounding
rectangle around a set of points [166]. A bounding box was computed to contain the major and
minor axes and all vertices of the ROI (Fig. 5.15 g). The bounding box was rotated to the
orientation of the ROI, and the aspect ratio (R4specr) Was calculated to be the ratio of the length (/)

to width (w) of the bounding box Ryspec: = I /w.

5.6.8 Automated characterization of channel width

We automated the calculation of the width of the channel formed between neighboring
papillae. This computation calculated the shortest distance between ROIs [167]. For each point
along the perimeter of the ROI, the minimum distance to the neighboring ROI was computed,
thus reporting the nearest neighbor of each point along the circumference of the ROI (Fig. 5.15
f). The program then averaged the five points along the circumference of the ROI that have the
minimum distance to a neighboring ROI. The average of the minimum distance to a neighboring

ROI was considered the minimum channel width per papillae. Only one averaged minimum
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Figure 5.16: Demonstration of the image processing protocol for Size V. a) Original bright-
field micrograph. b) Resultant binary image of the suction disc, after manual conversion and
image stitching. ¢) Representation of the individual regions of interest (ROI) of the suction disc
that were recognized by the computer. d) Representation of the suction disc, with respect to the
normalized surface area. e) Representation of the results of the nearest neighbor computation.f)
Representation of the bounding boxes surrounding the ROIs across the entirety of the suction
disc.

distance was calculated per papilla. The calculation of channel width was performed across the

entirety of the suction disc.

5.6.9 Manual characterization of papilla shape

We manually characterized the shape of papillae across the disc margin of the largest
clingfish, Size V. We chose to manually count the number of sides of each papilla instead of
automating its characterization. The finer edges of the papillae were smoothed in the process of
vectorizing and compressing the binary image. This smoothing made it difficult for a computer

program to be developed to resolve the finer edges and thus accurately count the number of sides.
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Therefore, we visually inspected the original brightfield micrographs and manually counted the
number of sides of each papilla in the micrograph. We then labeled the corresponding papillae
in the binary mask, tagging each ROI with different colors to indicate the number of sides of
the individual. Papillae that were considered too damaged to discern the number of sides were
labeled as deteriorated. We created a program to count the abundance of each labeled region

based on color, thereby quantifying the prevalence of shapes across the suction disc.

5.6.10 Fabrication of the biomimetic surface structures

We designed the biomimetic surface structure in a computer-aided design program (Auto-
CAD, Autodesk Inc.). We fabricated the mold of the surface structures by engraving the designs
into acrylic using a laser machining system (PLS6MW, Universal Laser Systems). The surface
patterns were either elongated hexagons (aspect ratio, 1.3), regular hexagons, or squares, all of
the same surface area, 0.21 mm?. The channel spacing between the surface structures was 150
um. The total footprint of the surface texture was 30 mm x 30 mm.

We prepared the silicone (Young’s modulus, 1.1 MPa [92]; Dragon Skin 20, Smooth-On,
Inc.) with a blue silicone pigment (Silc Pig, Smooth-On, Inc.) for better visualization. We
degassed the silicone in a vacuum chamber for 5 min and poured the mixture into the molds. The
molds were then degassed for 15 min to prevent the accumulation of bubbles in the microscale
features of the surface textures. We partially cured the silicone for 5 min at 45°C. We applied a
stiff backing composed of acrylic (30 mm x 30 mm) to the surface texture. A silicone adhesive
(0.5 mm thickness; ARclad IS-7876; Adhesives Research, Inc.) provided the interface between
the acrylic and the silicone mold. The assembly was then fully cured.

To prepare for the test of shear stress, we applied an inextensible nylon cord (25 cm
length) to the back of the acrylic using cyanoacrylate adhesive (Loctite Super Glue Gel, Henkel

Corporation).
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5.6.11 Testing performance of the biomimetic surface structures

We experimentally tested the effect of the surface structures on resistance to shear dis-
lodgement forces. We performed these experiments on a mechanical testing system outfitted with
a force gauge of a maximum force and a resolution of 100 N and 0.02 N, respectively (M7-20,
Mark-10 Co.). Shear tests were conducted using a motorized test stand (ESM303, Mark-10 Co.)
at a speed of retraction of 50 mm/min.

The inextensible cord stemming from the acrylic backing of the surface structure was
routed through a frictionless pulley to the upper clamp of the motorized stage. The surface on
which the test was performed was composed of smooth acrylic and lubricated with glycerol
(viscosity, 1.4 Pa - s; Vegetable Glycerin, Essential Depot, Co.). A preload of 200 g was applied
to the acrylic backing. Shear tests were initiated upon retraction of the upper clamp. The force
reported in the shear stress was determined to be the steady-state value of force across the duration
of the test. The force was normalized to the total surface area and reported as shear stress (kPa).

Experiments were performed in triplicate.
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6.1 Abstract

The use of excessive force on organ tissue during surgical manipulation risks causing
damage to the tissue. The challenge of manipulating organs is typically exacerbated by their soft
nature and the presence of mucus on their surfaces. We have previously shown that bioinspired,
hexagonal textures improve the friction of the contact between a gripper and a wet surface. In this
article, we present a thorough investigation into the effects of the stiffnesses of both a hexagonally
textured manipulation surface and of the surface of an organ to understand their influences on
the shear stress and wet friction between the two. Using experimental approaches to quantify
friction and visualize the contact, we found that the elastomeric hexagonal textures with specific
stiffnesses were successful at maintaining grip of objects with stiffness falling within specific
ranges: Stiff elastomeric textures achieved a high coefficient of friction based on a form of
mechanical interlocking with a soft surface (~0.001 MPa); Conversely, soft textures achieved
the greatest friction to stiffer surfaces (~0.01-0.1 MPa), via deformation and contact spreading.
We found that the use of textures to channel fluid was essential to maintain a stable grip by
removing the interfacial, lubricating layer between a gripper and a wet object. Using Finite
Element Analysis, we modeled the impact of texture stiffness on the contact stress experienced
when compressed to a soft surface, the stiffness of which ranged over three orders of magnitude.
The simulation was used to predict potential tissue trauma. We then applied the elastomeric
textures to a soft, pneumatically actuated robotic gripper. The textured soft gripper successfully
grasped soft, wet, and deformable surfaces, including hydrogels without causing noticeable
damage. Enhancing the friction of the surface of the soft gripper was vital for obtaining a stable

grasp of wet, delicate surfaces while minimizing the risk of trauma.
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6.2 Introduction

Achieving a stable grasp to soft, wet surfaces presents a considerable challenge during
surgical procedures. Surgical manipulation of organ tissue increases the potential for tissue
damage and thus necessitates careful operation. The development of minimally invasive surgery
(MIS) has transformed surgical practices due to the favorable outcomes including reductions
in duration of hospitalization, recovery time, and scarring, in comparison with traditional open
surgery [168]. The advances of MIS, however, are not without their limitations. MIS provides
limited haptic feedback, which increases the potential use of excessive force on tissue, resulting
in trauma and damage [169, 170, 171]. Surgeons must manipulate delicate organ tissue that is
lubricated by viscous secretions, which lowers the coefficient of friction of the grasp. Use of
excessive force on the tissue during manipulation procedures leads to damage, including the
formation of hematomas and hemorrhages [171]. In this work, although we specifically focused
on manipulation for surgical applications, we recognize that the challenge of manipulating soft,
wet surfaces extends beyond surgery to other applications in robotics, such as in the areas of
manufacturing and agriculture. Solutions to delicately grip wet and soft surfaces would therefore
be critical to a variety of use cases.

The primary challenge to gripping wet surfaces is the presence of fluid, such as water
or secretions, that lubricates the interface between the manipulator and the object to be gripped.
Interfacial lubrication dramatically reduces the friction achieved between the object and the
manipulator, which may therefore compromise the grasp [172, 173]. As with the human hand, a
gripper exerts a grip force on an object, perpendicular to the surface, to maintain its grasp [174].
The grip force is related to the amount of friction between the gripper and the object being manip-
ulated [175]. For grippers with high coefficients of friction, the grip force required to maintain
a stable grasp is reduced, allowing for more delicate manipulation [175, 176]. Conversely, low

coefficients of friction may lead to exertion of greater grip forces to maintain a stable grasp, which
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may in turn damage the tissue. Another confounding factor of surface lubrication is the dissimilar
stiffnesses between the surgical grasper and the organ, which also influences the potential for
damage [177]. Given that traditional surgical graspers are typically composed of metal alloys
that are orders of magnitude stiffer than the viscoelastic, soft tissue that they manipulate, the
differences in stiffness increase the potential for damage. The use of a soft layer, such as PDMS
[147] or silicone rubber [178], to line the jaws of surgical graspers provides a soft interface to
reduce the potential for damage.

The addition of patterned textures has become an effective mechanism to enhance the
friction of a gripper to a lubricated surface. Textures act to shuttle fluid from beneath the area of
contact into channels between the textures, resulting in an improved coefficient of friction and
more intimate contact with a surface [13]. In addition, textures enable wet adhesion mediated
by capillarity to help stabilize a grip to the axial components of a disturbance force [179]. This
challenge of successfully gripping wet surfaces is not unique to engineering but extends to the
natural world. Animals such as amphibians and fish exploit wet adhesion mediated by surface
texturing to attach to surfaces. The geometries of the textures found on the toe pads of frogs [158]
and newts [180] and the suction discs of clingfish [60, 181] have all been explored during the
development of biomimetic textures to enable successful attachment to wet surfaces. While the
size and scale of the species vary, the shape of the features of the textures were similar across
species, where elongated hexagons of high aspect ratios were the most prevalent texture geometry
used by frogs and clingfish [60]. These biological patterns in both amphibians and fish have been
the focus for materials scientists and engineers in the design of successful biomimetic textures to
leverage the advantages of wet adhesion and friction [182].

In the field of biomimetic and micropatterned textures, geometric constraints, such as
shape and orientation, were found to strongly influence frictional performance. Elongated,
frog-inspired hexagons outperformed triangular and square textures when fabricated out of

PDMS [147]. The geometric arrangement of the textures to allow for continuous, uninterrupted
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fluid channeling was also critical to preventing hydroplaning (to achieve a higher coefficient of
friction), in comparison to the formation of fluid pockets from discontinuous geometries [183].
The direction of the shear disturbance was also shown to impact performance, where pulling along
the direction of elongation resulted in the greatest coefficient of friction and pulling orthogonal
resulted in the lowest [147]. The function of using surface textures to channel fluid and thus
increase friction has been reported across a range of size scales that encompasses the microscopic
[147] and macroscopic [172, 60].

The bioinspired textures can be tuned and modified to yield better resistance to shear
loads. For instance, while many previously reported micropatterns were composed of PDMS,
modifications to the material composition have increased the effectiveness of the frictional pads.
As an example, a composite micropatterned array of frog-inspired, hexagonal structures composed
of PDMS embedded with stiff micropillars was shown to achieve a higher coefficient of friction
over an array of soft hexagons alone [180, 184]. The addition of convex structures resemblant
of octopus-inspired suction cups have also been added to the face of the frog-inspired textures,
thereby coupling the effects of fluid channeling, wet adhesion, and suction to increase the adhesive
stress when compared to textures without convex structures [185]. To address the challenge
of lubrication during manipulation of wet objects, previous work has turned to the integration
of frog-inspired textures onto surgical grippers [139]. Frog-inspired textures were applied to
commercially available surgical graspers to increase fluid channeling and thus the coefficient
of friction of the grip [147]. Increasing the coefficient of friction between the gripper and the
surface would reduce the gripping force required to manipulate a delicate object.

In addition to the use of patterned textures to achieve a successful grip of a wet surface,
soft robotic grippers, composed entirely of compliant materials, have been explored as an
avenue to minimize the damage caused to delicate surfaces during manipulation [27, 186]. For
surgical applications of soft robotics, the materials, such as silicone, that constitute the body

of a soft robotic gripper are more comparable to the stiffnesses of the organ tissue that they
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aim to manipulate and would therefore deform before damaging the object [187]. Soft grippers
encompass a wide range of designs and include three-fingered [188, 189] and multi-directional
tentacle-inspired grippers [16]. Soft grippers also vary in the method of actuation, from the use of
pneumatic networks (PneuNet) [190] to the use of granular jamming to provide variable stiffness
to the manipulator [191, 192]. The use of soft actuators minimizes the risk of damage, yet still
encounters the issue of lubrication when gripping a wet surface. The addition of surface textures,
such as pneumatically actuated patterns, to soft robotic actuators shows considerable promise
to yielding tunable friction for robotic manipulation and locomotion [193]. The application of
adhesives, such as gecko-inspired adhesives, to soft gripping systems presents a way to achieve
high loads while minimizing contact pressures [85, 84]. However, dry adhesives have been
predominantly used in application to soft robotics, with fewer instances of using wet adhesives.
Two of the use cases of wet adhesives in soft robotics were the use of fluid-channeling textures to
enable the successful grip of commercial items of interest, from oil-lubricated objects [172] to
tofu [194]. Building on the previous approaches, here we present an exploration combining wet
adhesives, surface texturing, and soft robotics to yield advancements to delicate gripping with
specific application to surgical manipulation.

The human body is composed of a variety of tissues exhibiting a wide range of stiffnesses.
The stiffness of living tissue varies by orders of magnitude, from tens of pascals to gigapascals
[195]. For this study, we focused on soft abdominal tissue, which constitutes most abdominal
organs (i.e. the kidney and liver) and has stiffnesses on the order of submegapascals. In this work,
we investigated the influence of the stiffness of an organ on the fluid channeling capabilities and
the manipulation shear stress of biomimetic textures. We investigated the relationship of the
stiffness of the textures and the estimation of compressive stress during manipulation using finite
element simulation. We then applied the surface textures to a soft robotic gripper to manipulate
hydrogels as a demonstration of the ability of the grippers to handle wet, fragile surfaces without

causing damage to the hydrogels.
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6.3 Results

6.3.1 Design of the textures and organ-mimicking surfaces

We developed frictional textures that were composed of an array of bioinspired, elongated
hexagons (aspect ratio, 1.3), which we found in previous work to have a high coefficient of
friction when subjected to shear loads [60]. We fabricated the textures using elastomeric rubber
that varied by an order of magnitude in stiffness. We created a soft elastomeric texture (S2;
Etexture, 0.0167 MPa) and compared its performance to a stiff elastomeric texture (S5; Esexrure,
0.445 MPa). The hexagons were designed with a width of 1.6 mm, length of 2.1 mm, and a height
of 1 mm. The channel widths were varied across trials (0.2, 0.3, 0.4, 0.5 mm) to determine how
the optimal spacing of the textures was influenced by their stiffnesses.

In both experiments and simulation, we tested the textures across a range of surfaces that
mimicked soft tissue. We considered the range of stiffnesses of organs—the kidney, liver, bladder,
and heart—to establish a range of tissue stiffnesses. The kidney is comparatively the softest of the
four organs, with a stiffness of 3.5 kPa [196]. The liver has been reported with a stiffness around
roughly 5.5 kPa [197] in healthy adults. The bladder has a stiffness that varies from roughly
50 kPa when empty to 100 kPa when full [198]. The heart has been reported with a range of
stiffnesses, but with an average around 500 kPa [199]. Based on the properties of these organs,
we chose a range of stiffnesses from 0.001 to 0.1 MPa. We used this range to develop organ
“mimics” on which we tested the textures in both experimental settings and in Finite Element
Analysis (FEA). The experimental surfaces ranged from soft to stiff, and were of the following
stiffnesses: 0.0065 MPa (S1), 0.0167 MPa (S2), 0.165 MPa (S3), 0.231 MPa (S4), and 0.445
MPa (S5).
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Figure 6.1: Wet friction of textures varied by surface stiffness. a) Schematic of the exper-
imental setup to test the resistance to shear disturbances of the textures. Inset: A texture (2)
was placed on a soft surface (4) which was lubricated in glycerol to approximate the presence
of secretions and was supported by a rigid plate (5). The texture was preloaded to the surface
by a weight (1) and pulled in shear using a universal testing machine. The textures were either
hexagonal (top) or rectangular (bottom). The textures were pulled in a direction parallel (Pully)
or perpendicular (Pully) to the direction of elongation of the structures. (W) indicates the width
of the channels in each texture. b) The average static shear stress (o, kPa) of the rectangular
textures of both soft (light blue) and stiff (dark blue) stiffnesses, and with a channel width of
0.2 mm. Solid line denotes that the texture was vertically aligned to the direction of motion.
Dashed line denotes that the texture was horizontally aligned. ¢) The average static shear stress
(kPa) of the hexagonal textures (channel width, 0.2 mm) was dependent on the stiffness of the
surface. Black circles indicate the performance of the control, which was devoid of textures. d)
Example of the differences in performance of the hexagonal and rectangular textures against a
stiff (S5, 0.445 MPa) surface for a channel width of 0.2 mm. e) Impact of channel width on the
average static shear stress, depending on the stiffness of the texture and stiffness of the surface
(stiff, dark red, dashed line; soft, light red, solid line). f) Effect of the stiffness of the texture
(hexagonal; channel width, 0.5 mm) on the preload (g) required to maximize the shear stress.
Trails were conducted on the softest (light red; S1, 0.0065 MPa) and stiffest (dark red; S5, 0.445
MPa) surfaces. All trials were conducted in triplicate. Error bars represent standard deviation

per trial type.
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6.3.2 Friction dependent on relationship between texture and surface stiff-

ness

We experimentally measured the maximum shear stress achieved by the textures while
varying the stiffness of the surface. We tested the parameters of structure type (elongated hexagon
vs. rectangular bar), orientation, stiffness, and channel width. The friction pads were preloaded
with a weight of 200 g (1.96 N) and pulled in parallel along a surface lubricated with glycerol.
The use of glycerol approximated the presence of viscous secretions that would be found along the
surfaces of organ tissue within the body. The surface was composed of either a silicone elastomer
with a range of stiffnesses (S1: 0.0065 to S5: 0.445 MPa) or acrylic. We tested the orientation of
the textures, where we defined a vertical orientation to be a texture that was elongated in-line with
the direction of the shear pull. Textures that were horizontally oriented were pulled orthogonal to
the direction of elongation of the hexagons (Fig. 6.1 a).

Overall, we found that the friction of the texture was highly dependent on the stiffness of
the surface on which it was being pulled. This interplay of stiffness on friction was consistent for
both the barred (Fig. 6.1 b) and hexagonal (Fig. 6.1 c) textures. At a low stiffness of the surface
(“softest” surface, S1: 0.0065 MPa), stiff textures yielded the highest resistance to shear pulls, in
comparison to soft textures. In this regime, the stiffness of the texture was 68.5 times stiffer than
the surface.

However, as the stiffness of the surface increased, the stiff elastomeric texture performed
increasingly worse in comparison to the soft elastomeric texture. For instance, when considering
a stiff elastomeric surface (S5; Egrface, 0.445 MPa), the texture composed of vertically aligned,
rectangular bars of a soft stiffness achieved static shear stresses that were 2.8 times greater than
their stiff counterparts. This trend was consistent across both bar and hexagonal geometries.
Therefore, for surface stiffnesses greater than 0.0065 MPa (S1), a soft elastomeric texture would

generate higher friction and would therefore be preferred over stiff textures.
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The shape type and its orientation also significantly influenced the resulting friction, most
notably for soft textures. Specifically, a soft texture composed of rectangular bars had friction
dependent on its orientation with respect to the direction of the shear load. Horizontal rectangular
bars that were oriented orthogonal to the direction of motion achieved shear stresses that were
1.55 times lower (2.4+0.05 kPa; soft texture on a stiff surface; S5, 0.445 MPa) than the vertically
aligned rectangular bars (3.740.2 kPa). This orientation dependence was observed across all
trials involving rectangular bars.

On the other hand, the hexagonal texture (both soft and stiff) demonstrated less dependence
of friction on its orientation with respect to the direction of motion (Fig. 6.1 c-d). Although
the elongated hexagons were not as highly performant in comparison to the vertically, aligned
soft rectangular bars at select surface stiffnesses, the relative indifference of the hexagonal
structures with respect to the direction of the shear load made this design more desirable for
future characterizations and applications to organ manipulation.

We evaluated the impact of the channel width between the hexagonal structures on the
resulting shear stress achieved by the texture. The channels ranged from 0.2 to 0.5 mm in width,
which corresponded to 20 to 50% of the width of the hexagons. We found that the stiff texture
was relatively indifferent to the width of the channel between the hexagonal features (Fig. 6.1
e). On the other hand, the soft hexagonal texture demonstrated a negative correlation between
channel width and shear stress (channel of 0.2 mm, stress of 3.0540.08 kPa; channel of 0.5 mm,
stress of 2.58+0.09 kPa).

We evaluated the effect of the stiffness of the texture on the preload required to adequately
engage the texture with a surface. We calculated the average static shear stress and monitored
the change in the slope as we increased the preload, where the point of inflection in the graph
was considered to be the preload required to engage the texture with a surface. We found that the
soft texture achieved points of inflection in shear stress between the preloads of 100 to 200 g for

both the soft and stiff surfaces (Fig. 6.1 f). Conversely, the stiff texture maintained a consistent
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slope past the preload of 200 g, suggesting that the stiff texture would require a higher preload to

achieve a point of inflection in shear stress.

Control (No Texture) Horizontal Vertical
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Soft Elastomer

=
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Figure 6.2: Position control of surface textures when pulled in shear along a surface lu-
bricated in glycerol, as visualized in FTIR. a) Time series of the drift for textures composed
of soft elastomers. The trials demonstrated the drift of the control (left) and position stability
of the horizontally aligned (middle) and vertically aligned (right) hexagonal textures. b) Time
series of the drift for textures composed of stiff elastomers. The trials were for the control (left)
and the horizontally aligned (middle) and vertically aligned (right) hexagonal textures.

6.3.3 Position control dependent on texture

To assess how stiffness of a texture affected its ability to maintain a stable position during
a shear motion, we visualized the contact made between it and an imaging surface using Frustrated
Total Internal Reflection (FTIR). FTIR is a visualization technique in which light is internally

reflected within a sheet of acrylic. When a surface texture contacts the acrylic, light escapes at
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Figure 6.3: Fluid channeling enabled position control, as visualized using FTIR. a) A time
series showing the drift of a control pad (stiffness, S5) when pulled in shear along a lubricated
imaging surface. b) A time series demonstrating the ability of the stiff, vertically aligned
hexagons to maintain a stable y-position when pulled in shear. ¢) Plot of the x- and y-positions
of the textures when pulled in the x-direction for 7.5 mm. Position values were measured using
motion tracking software. Light blue indicates a soft elastomeric texture. Dark blue indicates
a stiff elastomeric texture. Vertically aligned textures are denoted by a solid line, horizontally
aligned denoted by a dashed line. The control is denoted by a dotted line. d) Displacement
of the y-position (Ay), which corresponded to drift, was quantified for the hexagonal textures
(soft and stiff, vertical and horizontal orientations) and for the control pads. e) Fluid-mediated
stick-slip response of the hexagonal textures that were vertically (top) and horizontally (middle)
aligned and pulled along a lubricated surface. The motion of the texture was linearized and
subtracted to study the time-dependent change in x-position (Ax). The control (bottom) did not
exhibit an apparent sinusoidal, stick-slip behavior.

the points of contact, which can then be imaged by a camera [96]. The texture was preloaded to
the imaging surface with a weight. Using a motion tracking software, we visually tracked the
position of the texture when pulled in shear on a surface that was lubricated with glycerol (Fig.
6.3 a-c). We compared the effects of texture geometry and stiffness to the control friction pad,
which did not have any textures.

To make this comparison, we quantified the position and displacement of the textures (Fig.

6.3 c-d). When pulled in shear along the x-axis, a texture with a greater degree of friction and
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thus position control would have a negligible change in its y-position. The control pad exhibited a
large drift in its y-position and thus performed worst at maintaining its position in comparison to
all textured surfaces. The control surface hydroplaned upon a layer of glycerol which was trapped
between its planar elastomeric surface and the imaging sheet. Across the different geometries
and stiffnesses of the textures that were tested, we found that the presence of any texture was an
improvement in the ability to maintain its position in comparison to a control surface.

For the textured surface, we found that its orientation influenced its ability to maintain
a stable position when pulled in shear. Hexagonal textures aligned horizontally had a greater
change in y-position in comparison to the vertically aligned textures. This trend was consistent
for both soft and stiff textures. However, the softer of the horizontally oriented textures drifted
comparably less than the stiffer hexagon (Fig. 6.3 d). Thus, the vertically aligned hexagonal
texture provided greater position control in comparison to horizontal and was also influenced by
its stiffness.

We then investigated the mechanics of motion during a shear pull. We linearized the
motion of the texture to focus on the sinusoidal motion of its x-position in time. When the
motion was subtracted, we observed a sinusoidal stick-slip behavior of the hexagonal textures on
the lubricated surface. This stick-slip behavior was present for both vertically and horizontally
oriented structures but was not present for the control pads. Additionally, the frequency of the
sinusoidal behaviors corresponded predominantly with the stiffness of the texture, rather than
their orientation, and hence the spatial frequency of their patterns. The soft elastomeric texture
exhibited a sinusoidal stick-slip behavior with a period that was longer than that of the stiff
texture.

By contrast, the stick-slip behavior described for the elastomeric textures on the lubricated
surface was not dominant in a dry condition (Fig. 6.5). The dry condition for all surface textures
did not exhibit any appreciable sinusoidal behavior in the changes to the x-position that was above

the noise threshold.
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6.3.4 Impact of shear and axial loads on contact area

We evaluated the effect of shear and axial loads on the contact area between a texture
and a surface using FTIR. We investigated the effect of the stiffness, orientation, and pattern of a
texture to resisting deformation caused by these loads. This investigation was performed under
a dry condition, which allowed for better visualization of the contact area in comparison to the
lubricated conditions.

When compressed to the imaging surface, the deformation of the texture was highly
dependent on its stiffness. When the textures were compressed to the surface with a 200 g (1.96

N) preload, the area in contact increased by 350% and 110% for the soft and stiff elastomeric
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Figure 6.4: A comparison of the stick-slip responses of the hexagonal and rectangular
textures on a lubricated surface. a) Fluid-mediated stick-slip behavior was present for both
the vertically (top) and horizontally (middle) aligned stiff textures. Blue indicates a hexagonal
geometry, whereas red indicates a texture composed of rectangular bars. The control (bottom),
which was devoid of textures, did not exhibit a stick-slip behavior. b) Fluid-mediated stick-slip
behavior for the soft elastomeric textures. The frequency of the stick-slip response corresponded
with the stiffness of the texture, hence the longer periods for the soft textures with comparison
to the stiff.
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Figure 6.5: Quantification of the position control of the hexagonal textures under dry

conditions. a) A representation of the x- and y-position of the stiff (dark blue) and soft (light

blue) hexagonal textures when pulled in shear for 8 mm under a dry condition. Under a dry

condition, the textures did not drift in the y-position. b) The change in x-position (Ax) of the

vertically aligned hexagons when the linearized motion of the pull was removed. A stick-slip

response was not observed for the dry condition, as it had been for the lubricated FTIR trials. c)

The change in x-position of the horizontally aligned hexagons against a dry surface for both soft

and stiff textures.
textures, respectively, from unloaded to loaded conditions. This result implied that the soft texture
more evenly distributed the compressive load across the entire texture surface, in comparison to
the stiff texture. When experiencing a shear load, the behavior of the texture was also dependent
on its stiffness and orientation. The soft elastomeric texture deformed more than the stiff, and the
resulting area of contact demonstrated a greater orientation dependence (Fig. 6.6). A horizontal
orientation of the soft textures results in a higher degree of bending and deformation of the
hexagonal structures, in comparison to the vertical orientation of the same stiffness. The higher
degree of bending of the horizontal, soft textures led to a roughly 35% decrease in contact area
when compared to its vertical orientation.

When comparing the differences in geometry between the hexagonal and rectangular bar

textures, the hexagonal textures lost less contact area when pulled in shear, in comparison to the

rectangular textures in both horizontal and vertical orientations for the soft elastomer (Fig. 6.7).

The hexagonal textures also spread the contact more evenly across the experimental pad when
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Figure 6.6: FTIR analysis of the deformation of textures based on shear and axial loads.
a) FTIR images of the horizontally (top) and vertically (bottom) aligned soft, hexagonal textures,
when pressed to the surface with a 200 g weight and pulled in shear along a dry surface (t = 10
s). b) FTIR images of the horizontally (top) and vertically (bottom) aligned stiff elastomeric
textures (t = 10 s). ¢) Schematic demonstrating the differing effects of compression and shear
load on soft (left) and stiff (right) elastomeric textures. d) The percent change in contact area
(%) was quantified for the soft (light blue) and stiff (dark blue) hexagonal textures that were
horizontally (dashed line) and vertically (solid line) aligned. The percent change is reported
as a function of time, from the start (t = O s) to the end (t = 10 s) of the shear pull. Arrow
denotes the difference in behavior between the horizontally and vertically aligned soft texture. e)
Measurement of the percent change of the area in contact with the FTIR surface for the textures
when compressed with a 200 g weight. Percent change was quantified over the entire area of the
texture (30 mm x 30 mm) from before to after compression.
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Figure 6.7: Comparison of performance of the hexagonal and rectangular textures, as
investigated using FTIR. a) The soft, rectangular (top) and hexagonal (bottom) textures were
compared while subjected to a constant shear load (imaged at t = 5 s) on a dry surface. We
observed that the deformations of the textures differed between the horizontal and vertical
orientations. b) The stiff, rectangular (top) and hexagonal (bottom) textures were compared
while subjected to a constant shear load (imaged at t = 5 s) along a dry surface. ¢) The change
in contact area (%) of the hexagonal and rectangular textures made of soft elastomer on a dry
surface. The responses of textures in horizontal and vertical orientations are reported during
time intervals of 12 s. d) The change in contact area (%) between the hexagonal and rectangular
textures that were made of stiff elastomer on a dry surface.

first contacting the imaging plane in comparison to the rectangular textures, resulting in a higher
total area of contact for the hexagonal textures. We concluded that the hexagonal textures best

prevented loss of contact with the imaging surface in comparison to the rectangular texture.

6.3.5 Impact of texture and surface stiffness on compressive stress

We modeled the effect of the stiffness of the textures on the resulting contact stress when

interacting with a soft surface using Finite Element Analysis (FEA). In setting up the simulation,
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we used a single hexagonal pillar, representing one element along the texture, to press onto
a flat, rectangular surface. We varied the stiffness of the surface in a range from soft to stiff
(0.0065 to 0.445 MPa, respectively), which corresponded to our experimental shear stress surfaces.
We evaluated the impact on compressive stress of a texture that was composed of either a soft
elastomer, stiff elastomer, or rigid metal. We imparted a constant displacement of 0.25 mm, which
was 1/4 of the height of the hexagonal pillar corresponding to an applied vertical strain of 0.125,
to the back of the hexagonal texture. A constant displacement corresponded with previous work
that modeled tissue damage by imparting a constant displacement or vertical strain to simulate
grasping [169, 200].

We probed the maximum contact stress along the face of the hexagonal texture, as a
metric of stress to be compared between the three texture types. For such a comparison, we used
the same mesh, as the stress obtained using simulation would be dependent on mesh size. We
acknowledge that the edge of the material would experience infinitely large stress, and thus the
maximum stress reported in this work was solely used to judge performance between the three
types of textures. We found that the maximum contact stress of the hexagonal texture increased
with the stiffness of the surface for the rigid and stiff textures. The texture composed of rigid
metal experienced the greatest slope, resulting in 82 kPa and 3327 kPa of contact stress for softest
and stiffest surfaces, respectively. The stiff elastomeric texture experienced a modestly increasing
slope in comparison to the rigid texture. The stiff texture resulted in a maximum contact stress of
53 kPa and 149 kPa against the softest and stiffest of the elastomeric surfaces tested. Conversely,
the soft elastomeric texture maintained a similar contact stress across the entire range of surface
stiffnesses that were tested. The maximum contact stress was found to average around 7 kPa
across all trials for the soft elastomeric texture. For the stiffest of surfaces (S5), the textures
resulted in at least an order of magnitude difference in resulting contact stress between the soft
and stiff elastomeric textures and between the stiff and rigid textures (Fig. 6.9 d).

We modeled how stiffness influenced the change in contact area between the hexagonal
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texture and surface. Perhaps intuitively, the soft elastomeric texture exhibited the greatest change
in surface area in comparison to the stiff and rigid. The soft texture resulted in a 13.3% and

30.9% increase in surface area when compressed to a soft (S1; Egface, 0.0065 MPa) and stiff

was consistent with lateral spreading of the hexagonal footprint due to deformation. On the other
hand, the stiff texture deformed very little to a soft surface, which was approximately 68 times
less stiff than the texture, resulting in a 1.8% increase in the surface area of the hexagon. This

result is consistent with the conclusion that the soft surface would deform and interlock with

Figure 6.8: Simulation of the contact stress due to a compressive load. a) Schematic demon-
strating the setup of the FEA simulation. A constant displacement was imparted to the back of a
single hexagonal pillar of the texture. The stiffness of the surface was varied across the FEA
trials. b) A representative, maximum contact stress (o, kPa) was used to compare the texture
types—soft elastomer (light blue), stiff elastomer (dark blue), and rigid metal (black)—across a
range of surface stiffnesses (MPa). The gray line indicates a threshold of compressive stress
reported by Chandler et al. (2017) and De et al. (2007) to help predict potential tissue trauma.
¢) The change in the surface area (%) was calculated per texture type across a range of surface
stiffnesses. d) A map of contact stress (kPa) across the hexagonal surface for a soft elastomeric
texture. The texture was compressed to the softest surface (S1, 0.0065 MPa; left) and to the
stiffest surface (S5, 0.445 MPa; right). e) A map of the contact stress (kPa) across the hexagonal
surface for a stiff elastomeric texture when compressed to a soft (S1, left) and stiff (S5, right)

surface.

surface (S5; Egyrface, 0.445 MPa), respectively. The increase in surface area when compressed
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Figure 6.9: Finite Element Analysis (FEA) comparing the contact stress between the dif-
ferent texture stiffnesses. a) [sometric view of a rigid, hexagonal texture being compressed
to a surface (S2) with a set displacement. b) Isometric view of the mesh used during the
simulation. ¢) Isometric, bottom view of the hexagonal texture. A mesh refinement was used
at the bottom face of the hexagon to yield a more detailed resolution of the contact pressure at
the texture-surface interface. d) Comparison of the contact pressure between the surface (S5;
stiffness, 0.445 MPa) and the rigid (left), stiff elastomeric (middle), and soft elastomeric (right)
textures. Contact pressure was plotted logarithmically to encompass the broad range of contact
pressures between the three texture types.

the stiff texture. Conversely, when the stiff texture was compressed to a surface of equivalent
stiffness (S5), the stiff texture grew 18.7% in surface area. In a subsequent simulation, we found
that when compressing the hexagonal pillars with a constant force (0.002 N) to a steel plate, the
height of the texture decreased by roughly 2.7% for the soft texture and 0.14% for the stiff per
1 kPa of compressive stress applied (Fig. 6.10). The intrinsic nature of the elastomeric texture
to compress and thus reduce its height and increase its surface area was therefore essential to

allowing for contact spreading to occur.

We visualized the map of contact pressure of the soft and stiff textures, dependent on
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Figure 6.10: Change in the structure of the hexagonal texture, when compressed to a rigid
surface using a constant force, as modeled in FEA. a) The soft, stiff, and rigid textures were
pressed to a rigid (steel) surface using a constant force of 0.002 N, which corresponded to 1 kPa
of pressure when calculated across the surface area of the undeformed hexagon. The change in
surface area (%) at the interface of the texture and surface was reported. b) The change of the
height of the texture (%) per 1 kPa of compression was reported for the three texture types.

surface type. Both the soft and stiff textures experience the maximum contact stress at the corners
and along the perimeter of the hexagon (Fig. 6.8 d, e). For the soft texture against a stiff surface,
we noticed a homogeneity of contact pressure, with minimum and maximum pressures of 6.03

and 6.51 kPa. This observation is consistent with a uniform distribution of load across the soft

structure, which was not observed for the stiff texture.

6.3.6 Application of frictional textures to a soft robotic gripper

We applied the frictional textures to a soft robotic gripper, which was composed of fluidic
elastomer actuators [190] that functioned to actively engage the friction textures with a surface
(Fig. 6.11 a, b). The actuators were composed of a network of internal air chambers, which bent
the actuator upon inflation due to the presence of an inextensible strain-limiting layer along the

bottom of each actuator. Given that the organ surfaces that we aimed to manipulate were convex,
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Pneumatic

Figure 6.11: Application of frictional textures to a pneumatic soft gripper. a) A computer
rendering of the soft gripper, which was composed of two fluidic elastomer actuators that were
lined with frictional, elastomeric textures. The pneumatic actuator was composed of a network
of air chambers with a parabolic decrease in internal area for more even surface conformation
upon actuation [84]. b) Image of the textured gripper. ¢) The textured soft gripper successfully
gripped and manipulated a clear hydrogel. d) Image of a commercially available surgical grasper
composed of metal alloys. e) Image of an attempt at manipulation of the hydrogel with the metal
surgical grasper. f) The resulting tear and damage of the hydrogel after attempted manipulation
with the metal surgical grasper. All scale bars are 10 mm.

each actuator was positioned at an angle of 30 degrees relative to the central axis to better grip
the surface. To engage all textures with the surface, a uniform conformation was critical. We
used pneumatic actuators with a parabolic internal geometry, which had been previously reported
to result in a non-uniform bending moment along the length of the actuator, to achieve an even
surface conformation [84].

Using the textured pneumatic grippers, we were able to successfully, manually manipulate

spherical hydrogels (diameter, 33 mm). Using the pneumatic grippers, we were able to pick
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up, shake in multiple directions, and replace the spherical hydrogel without visible damage to
the surface (Fig. 6.11 c¢). We compared the performance of the textured pneumatic gripper at
manipulating the hydrogel with that of a commercially available, Dorsey-style, surgical grasper,
which is commonly used in minimally invasive surgeries (Fig. 6.11 f). The surgical graspers
featured serrations to help grip the surface. The surgical grasper was unable to grip the hydrogel,
which would slip from the surface of the manipulator upon exertion of a normal force. Upon
applying a larger preload to the hydrogel to help prevent it from slipping while gripping, the act
of the surgical manipulator squeezing the surface triggered catastrophic damage to the brittle
hydrogel, causing it to tear (Fig. 6.11 h). Overall, we were able to successfully demonstrate
the ability of the textures to help stabilize the grip of the soft pneumatic grippers to a hydrogel

surface without causing any visible damage.

6.4 Discussion

In this work, we provided an investigation into the role of stiffness for improving friction
to lubricated soft surfaces. The biomimetic textures functioned to effectively shuttle fluid from
the contact site and thus prevent excessive lubrication. We found two texture types that each
demonstrated optimal performance depending on the stiffness of the surface. We highlighted the
finding that the textures demonstrated two separate mechanisms to improve wet friction, also
dependent on the stiffness of the textures. We implemented these elastomeric textures on soft
robotic grippers to address the challenge of gripping wet, delicate objects and demonstrate their

potential use applications during surgical manipulations.

6.4.1 The effect of surface stiffness on shear stress

We investigated the relationship between the stiffness of the texture and of the surface

on shear stress. We surveyed surface stiffnesses across three orders of magnitude to address this
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question. We found that a stiff elastomeric texture was most successful at generating high shear
stress for the softest (order of magnitude, 0.001 MPa) of surfaces. Conversely, we found that
a soft elastomeric texture resulted in the highest shear stress against surfaces on the orders of
magnitude ranging from 0.01 to 0.1 MPa. The differences in the stiffness regimes in which the
different textures dominated corresponded to the ways in which the textures were interacting with
the surfaces.

We suggest that the high performance of stiff textures on the softest of the surfaces was
a result of mechanical interlocking. The soft surface would deform more than the stiff texture,
allowing the soft surface to recede into the space between the hexagonal textures. Given that
the stiff texture still exhibited low contact stress when compressed against soft surfaces, we
conclude that this type of mechanical interlocking would promote a higher frictional response
while preventing damage to the surface.

Conversely, a soft texture, which had improved friction against stiffer surfaces, interacted
in a different manner than its stiff counterpart. Upon compression to the surface, the soft
elastomeric texture deformed, spreading laterally along the plane of the surface. This spreading of
the texture increased the area in contact with the surface, which we observed in both the FEA and
FTIR analyses. The increase in area that is in contact with the surface corresponded to the increase
in friction, and thus a higher shear stress. From these results, we suggest that there may not
exist a one-stiffness-fits-all approach to texturing. We concluded that, for manipulation of stiffer
surfaces, a soft elastomeric texture would be preferred for gripping applications. Conversely, for
manipulation of soft surfaces, a stiff elastomeric texture would fare better.

The effect of stiffness was uniform across both the hexagonal and rectangular patterns of
the textures. We found that hexagonal surface textures exhibited far less orientation dependence
than the rectangular bars. We concluded that for non-uniform, randomized shear loads, which
would be expected during surgical manipulation, hexagonal surface textures would generate

greater friction in comparison to textures composed of rectangular bars. Conversely, in scenarios
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in which the direction of the shear load is known and predictable, an elongated rectangular bar

would outperform the hexagonal textures.

6.4.2 Position control via fluid channeling

To design a texture to be applied to any form of manipulation, we would need to first
quantify its ability to maintain its position while subjected to a disturbance. Using video tracking,
we demonstrated the need for adequate fluid channeling to prevent unwanted drift in the position
of the texture. Fluid channeling, which was achieved in the case of this study by the addition
of channels between textures, removed fluid from the interfacial, lubricating layer between the
surface and the textures. By channeling fluid, the height of the textures is reduced, allowing for
a more intimate contact to be achieved with the surface and thus preventing drift in its position.
Position stability is essential in the development of a gripper, where immediate fluid channeling
would be required to achieve a stable grasp.

While the addition of a texture functioned to stabilize its position in comparison to the
control, we observed an orientation dependence on fluid channeling and drift. The vertically
aligned textures were better able to maintain their position, whereas horizontally aligned textures
drifted. This orientation dependency was also observed in related work investigating the flow of
fluid being channeled around hexagonal textures [147]. In this work, Chen et al. found that for
horizontally aligned hexagons, fluid flushed onto the contact site, forming a partially lubricated
layer across the hexagonal texture. This fluid flushing was not observed on the vertically aligned
hexagonal structures. Chen et al. proposed that the angle formed by the channels in coordination
with the sliding direction correlated with contact flushing and thus the reduction in overall friction.

We propose that, in this work, the drift observed in the horizontal hexagonal textures was
in part due to this proposed mechanism of contact flushing, thus further lubricating the texture
and resulting in a moderate loss of position control. Curiously, the shear stress resulting from

experimental pull tests did not exhibit a dramatic difference in performance of the hexagonal
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textures based on orientation. To further, the stiffness of the textures also influenced their
orientation dependency, where the soft elastomeric textures managed to maintain their position

better in the horizontal orientation in comparison to the stiff textures.

6.4.3 Mechanics of deformation of the textures

Using FTIR, we were able to monitor the deformation of the textures, which varied based
on stiffness. On the FTIR imaging surface, which was lubricated in glycerol, we observed a
stick-slip response when the textures were pulled in shear. The presence of surface lubrication
resulted in a fluid-mediated stick-slip behavior that was not predominant in a dry environment.
We propose that in a wet environment, the lubricating layer of fluid between the texture and the
surface allows for restoration of the original shape and configuration of the hexagonal pillar of
the texture. In a dry environment in which friction between the texture and a surface is greater,
friction would anchor the face of the texture to the surface, preventing restoration of the original
configuration and thus a stick-slip behavior.

For the fluid-mediated behavior, we found that the frequency of the stick-slip response
strongly corresponded to the stiffness of the texture rather than its geometric spacing. Softer
elastomeric textures were able to bend and deform for a longer duration of time when subjected to
a shear stress in comparison to the stiff textures. This difference accounted for the longer period
in the sinusoidal behavior of the soft textures.

In FTIR, we also observed the characteristics of the textures when deformed via com-
pression and shear loading. The soft elastomeric textures were able to spread considerably
during a compressive load in comparison to the stiff textures, resulting in a greater distribution
of contact across the entirety of the texture. Correspondingly, when pulled in shear, the soft
textures deformed more than the stiff textures. The soft textures that were horizontally oriented
experienced the largest reduction in contact area when pulled in shear in comparison to those

that were vertically oriented. We concluded that the vertically oriented soft texture had a greater
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amount of bulk material in the direction of motion, which increased its effective material stiffness.
Thus, with a higher effective material stiffness, the vertically oriented structures did not bend and
deflect as greatly as the horizontally oriented textures. This reduction in contact area of the soft
elastomers when pulled in shear was not observed in the stiff structures, suggesting that the stiffer
textures did not significantly bend and deform laterally when disturbed in shear. Overall, from
the quantifications of contact area, we concluded that the vertical orientation of the hexagonal
textures of the soft elastomer resulted in the greatest contact with the surface, whereas orientation
was less influential to the performance of the stiff textures.

We propose that in general a balance in behavior when subjected to shear loads would
be necessary to achieve a stable frictional texture against stiff surfaces for gripping applications.
We suggest that some deformation of the structures would act to increase the effective contact of
the texture, as demonstrated in the soft, vertically aligned hexagonal structures. However, too
much deformation would adversely affect the contact area, as seen with horizontally oriented soft
textures, leading to a loss of position control. Too little deformation would also prevent a large
increase in contact area when subjected to a shear load, as demonstrated in stiff textures, leading

to lower friction against stiff surfaces.

6.4.4 The effect of stiffness during compression on contact stress

Using FEA, we were able to resolve the contribution of elastomeric textures in preventing
tissue trauma due to high compressive stresses. We found that the use of elastomeric textures,
regardless of soft or stiff, resulted in at least an order of magnitude reduction in the contact stress
due to compression, when compared to the rigid texture. The soft elastomeric texture maintained
a low contact stress across all surface textures, whereas stiff textures increased the contact stress
with an increase in surface stiffness. We attributed the performance of the soft texture to its ability
to spread laterally across the surface, which helped to dissipate the contact force over a larger

area. The stiff texture deformed less with compression, resulting in higher contact stresses for the
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same vertical displacement.

We compared the results from the simulation to the prediction of compressive stress known
to cause tissue trauma (Fig. 6.8 b). Previous works have defined the threshold of compressive
stress above which tissue trauma occurs in colonic tissue to be between 150 [170] and 200 (180
De 2007)[169] kPa. However, the type of tissue being manipulated also implies its susceptibility
to damage, where some tissues are more robust to compression and manipulation. In comparing
these biological limitations in compressive stress with our simulation, we found that the rigid
texture quickly surpassed this threshold (contact stress, 176 kPa; Egyyf4ce, 0.017 MPa). On the
other hand, the stiff texture reached this threshold for the stiffest of surfaces tested (contact stress,
149 kPa; Egyrface, 0.445 MPa). This finding suggests that even the stiff elastomeric texture closely
approached this threshold for tissue trauma for the stiffest of surfaces. However, given our finding
that stiff textures functioned best in their manipulation of the softest of surfaces tested (Egy face
~ 0.001 MPa), we would anticipate that the stiff elastomer would not damage the softest of the
organ surfaces.

The soft texture was consistently at least an order of magnitude less than this threshold
for tissue trauma across all surface stiffnesses tested. This finding suggests that the soft textures
would be preferential for a wider range of tissue types and may prove beneficial at preventing
tissue trauma due to excessive compression.

We acknowledge that while this simulation was helpful to demonstrate trends in the
performance of the hexagonal structures based on stiffness, we did not expect it to accurately
predict actual levels of tissue trauma. Instead, we would need to conduct compressive stress trials
on living tissue and subsequently perform histological analyses to accurately assess for damage
[171, 201]. However, as demonstrated in previous works, FEA can serve as a helpful tool for
predicting tissue trauma when surveying the impact of design parameters of surgical grippers
[169, 200].

We acknowledge that in our assessment of texture performance, we omitted the contribu-
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tions of wet adhesion, which would provide viscosity-mediated, normal attachment. While this
contribution was not accounted for, we expect that wet adhesion would play an important role in

attachment and adhesion of the textures to the soft, wet surfaces.

6.4.5 Application to robotics

By applying the textures to a soft robotic gripper, we demonstrated the utility of coordi-
nating friction and soft actuation to manipulate delicate, wet surfaces. We applied the gripper to
the tasks of manipulating spherical hydrogels, which served as a proxy for organ tissue. Given
that hydrogels are polymer networks that are swollen by water, these surfaces are notoriously
difficult to manipulate due to the presence of a lubricating layer of water and the brittle nature
of many hydrogels [202]. The manipulation of hydrogels was a successful demonstration of the
ability of the textures to maintain a stable grasp of an object with a challenging surface without
causing damage. The ability to shake and add additional disturbances while manipulating the
hydrogel demonstrated a successful, stable grip. The inability of the metal surgical grasper to
grip the hydrogel without catastrophic damage corresponded with the FEA results, in which the
dissimilarity of the stiffnesses between the metal grasper and hydrogel resulted in high contact
stresses and thus brittle failure of the hydrogel. Conversely, the soft nature of the pneumatic
actuator also helped to prevent damage to the hydrogel due to the relative similarity in their
stiffnesses.

We acknowledge that the development of our textured pneumatic gripper provided for
purely open-loop manipulation, in which sensors were not used to detect surface contact. We
suggest that the addition of sensors to this manipulation scheme would help to minimize potential
damage to a delicate object during manipulation.

While we focused the efforts of this paper on surgical manipulation, the issue of gripping
deformable, soft, and wet surfaces extends across a wide range of applications. We project that

the use of surface textures, similar to these tested here, depending on the stiffness of the item to
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be manipulated, could extend to robotic manipulation for manufacturing and agriculture, as two
examples. We believe that the use of elastomeric textures would make a useful addition to soft
robotics, in the areas of manipulation and locomotion. This work therefore can extend into many

different aspects of robotics for enhanced friction in wet environments.

6.5 Materials and Methods

6.5.1 Fabrication of textures and gripper

We fabricated the frictional textures using silicone rubber, which was considered to be
either “soft” (Young’s modulus, 0.0167 MPa; Ecoflex 00-20, Smooth-On Inc.) or “stiff” (Young’s
modulus, 0.445 MPa; Dragon Skin 20, Smooth-On Inc.). The mold (Fig. 6.12) for the texture was
etched into acrylic using a laser machining system (PLS6MW, Universal Laser Systems). The
mold measured to a width, length, and height of approximately 1.6 mm, 2.1 mm, and 1.0 mm,

respectively. Uncured silicone was added to the mold, degassed for 5 min, and cured for 6 hr.

1515 pm a = 1515 um [ | =

1631pum | O i 2072 pm|

Figure 6.12: 3D microscopy to measure the dimensions of the mold for the hexagonal
texture. The mold for the hexagonal textures was etched using laser micromachining into acylic.
a) The width of the hexagonal feature of the mold was measured to ~ 1.6 mm, and the height
was measured to ~1.0 mm. b) The length of the hexagonal feature was measured to ~ 2.1 mm.

All components of the gripper were modeled using computer-aided design (Solidworks,

Dassault Systems). The support collar for the gripper, which served to mate together its silicone
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digits, was fabricated from PLA using a 3D printer (Prusa i3 MK3S+). The support collar angled

the actuators by 30° relative to the central axis and was bonded using cyanoacrylate adhesive to

b) E;r;]:: Limiting ' c) Surface Texture

an acrylic rod.

a) Actuator Body
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Figure 6.13: Fabrication of the textured pneumatic actuator. a) The body of the pneumatic
actuator was fabricated using a stiff silicone (Dragon Skin 20) that was poured into a mold,
degassed in a vacuum chamber, and cured at 40°C. b) The strain limiting layer was fabricated
using an inextensible paper layer that was embedded in uncured silicone. The strain limiting
layer was bonded to the body of the actuator using a silicone adhesive. ¢) The texture was
molded and applied to the bottom of the pneumatic actuator using a silicone adhesive.

The actuators were designed with a length of 46 mm, width of 11 mm, and height of 10
mm. The pneumatic actuator was produced using a custom mold that was made of a hard resin
(VeroClear, Stratasys Inc.) on a multimaterial 3D printer (Object 350 Connex3, Stratasys, Inc.).
After printing, the mold for the pneumatic actuator was further aged for 4 h at 40°C to ensure
that the resin fully cured. The actuators were molded using silicone rubber (stiffness, 0.231 MPa;
Dragon Skin 20, Smooth-On, Inc.). Uncured silicone was added to the mold for the pneumatic
network, degassed for 5 min, and cured for 4 hr (Fig. 6.13). Uncured silicone was added to
the mold for the strain-limiting layer and degassed for 2 min. A strip of paper was embedded
in the silicone to serve as the inextensible layer. Upon fully curing, the elastomeric body was
bonded to the strain-limiting layer using a silicone adhesive (Sil-Poxy, Smooth-On, Inc.). The

surface texture was then bonded to the strain-limiting layer also using silicone adhesive. The
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pressure inside of the actuators was manually controlled using a syringe to push air into the

internal chambers, causing a bending behavior.

6.5.2 Experimental setup for friction characterizations

We experimentally measured the friction of the textures using artificial mimics of organ
surfaces. The testing surface was molded using silicones of different stiffnesses: 0.0065 MPa
(Ecoflex 00-10, Smooth-On, Inc.), 0.165 MPa (Dragon Skin 10 Medium, Smooth-On, Inc.), and
0.445 MPa (Dragon Skin 30, Smooth-On, Inc.). The testing surface was lubricated with glycerol
(viscosity, 1.4 Pa-s; Vegetable Glycerin, Essential Depot, Co.) which served as an analog to the
secretions that coat organ tissue. The friction measurements were conducted using a universal
testing machine with a force gauge (Max force, 100 N; Resolution, 0.2 N; M7-20, Mark-10 Co.).
The experiments were performed using a motorized test stand (ESM303, Mark-10 Co.) at a rate
of retraction of 100 mm-min~!. The textures were preloaded to the surface using a weight of
200 g (1.96 N) placed on a rigid support backing. An inextensible cord was routed from the
support backing, through a pulley, to the upper clamp of the motorized stage. The experiment

was initiated upon retraction of the upper clamp and performed in triplicate.

6.5.3 FTIR and Drift Quantifications

We used FTIR to assess the contact and deformation of the textures when pulled along a
surface. The FTIR imaging plate was composed of a 9.7 mm thick plate of acrylic, which was
lined along its side with white light-emitting diodes (LEDs; 3528-24 VDC, Super Bright LEDs,
Inc.). The light from the diodes was internally reflected within the acrylic plate and escaped when
contacted by the texture. The FTIR plate was imaged from below using a camera (16 MP, 120
fps, Motorola, Inc.). The FTIR imaging plate was placed horizontally, acting as a runway for the

texture, and was either dry or lubricated with glycerol for the trials.
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To allow for better visualization, the texture was dyed using black silicone pigment (Silc
Pig, Smooth-On, Inc.). A preload of 200 g (1.96 N) was applied to the back of the texture,
pressing it to the surface of the FTIR plate. The texture was then pulled along the FTIR plate
using a universal testing machine at a rate of retraction of 100 mm-min~'. The images from FTIR
were post-processed in MATLAB to convert the RGB image to a binary image.

Using video sequences captured during FTIR, we measured the distance that the textures
drifted when pulled horizontally using an open-source video analysis software (Tracker; [203]).
We quantified the drift using visual markers on the textures and measured the displacement of

their position in the y-direction with respect to time.

6.5.4 Finite Element Analysis

We used Finite Element Analysis to measure the interaction of a hexagonal texture and a
surface during compression. FEA was conducted using ANSYS 2021 R2. We experimentally
determined the material properties of the silicone surfaces (Ecoflex 00-10, Ecoflex 00-20, Dragon
Skin 10 Medium, Dragon Skin 20, Dragon Skin 30) via tensile tests using a universal testing
machine and load cell (M7-20, Mark-10 Co.). The data from each tensile test was best fit to
the Yoeh 3rd order hyperelastic model. We used triangular elements to mesh the surfaces and
performed a mesh refinement at the interface between the hexagonal texture and the surface. The
FE model had a total of 12,805 nodes and 7808 elements (Fig. 6.9 a-c).

A constant 0.25 mm displacement was imparted on the back of the hexagonal structure.
We assumed the surface to be frictionless and in air. We measured the maximum contact stress at
the interface between the hexagon and the surface, comparing across stiffnesses of the surface. We
also quantified the change in surface area of the structure by exporting the deformed hexagonal
texture and measuring the surface area of the contacting hexagonal face in a modeling program

(SpaceClaim, Ansys Inc.).
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6.5.5 Application to manipulation

Figure 6.14: The overall assembly of the textured pneumatic gripper, for use during hy-
drogel manipulations. The pneumatic gripper was attached to a rigid rod for manual manipula-
tion. The gripper was pneumatically actuated using an air-filled syringe.

The textured pneumatic gripper was applied to the tasks of manipulating hydrogels. To
grip, a 10 mL syringe was used to manually inject air into the pneumatic actuators, which would
in turn result in bending (Fig. 6.14). Spherical hydrogels (Jumbo Water Beads, Leeche) were
submerged in water for 6 hr prior to manipulation to ensure adequate hydration and expansion.
Both soft and stiff textures were used to successfully manipulate the hydrogel object. We
compared the manipulation performance with a surgical, Dorsey-style, fenestrated grasper (25

mm jaw, 5 mm width; SP90-6378, Snowden-Pencer Diamond Line, BD Co.).
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7.1 Abstract

Soft robotic gripping in wet environments is generally limited by the presence of a liquid
that lubricates the interface between the gripper and an object being manipulated. The use of soft
grippers is particularly beneficial for manipulating soft, delicate objects, yet is further limited
by low grip strengths. We propose the use of suction, a form of adhesion that functions well
in wet environments, to enhance soft robotic grippers. We stabilized the suction against shear
disturbances using soft actuated fingers decorated with fluid-channeling patterns to enhance
friction, counteracting the interfacial lubrication experienced in wet environments. We therefore
combined the uses of attachment via suction and shear stability via friction to create an adhesive
soft gripper. We evaluated the contributions to attachment of each component to help stabilize it
against dislodgement forces that act in parallel and normal to an object that it aimed to manipulate.
By identifying these contributions, we envision that such an adhesive gripper can be used to
benefit soft robotic manipulation in a variety of wet environments, from surgical to subsea

applications.

7.2 Introduction

A wet environment poses a challenge for soft robotic gripping. The presence of water, or
any other fluid, acts to lubricate a surface, thus reducing the friction needed to achieve a stable
grasp [172, 173]. Soft grippers, like human hands, exert a force on an object, perpendicular to
the surface in an effort to maintain its grasp [174]. This force is related to the amount of friction
between the gripper and the object being manipulated [175]. For grippers with high coefficients
of friction, the force required to maintain a stable grasp is reduced, allowing for more delicate
manipulation [175]. Additionally, the use of elastomers in soft robotic grippers further enhances
the ability to delicately manipulate a surface while minimizing the potential for damage [27].

A pneumatic soft gripper is composed of a series of internal chambers, that upon inflation,
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results in a bending motion. When grasping objects, soft grippers face the challenge of generating
sufficient grip forces to support a payload [27]. The design of the pneumatic channels have been
tailored to improve load distribution [84], yet the generated force is still low compared to the
forces generated by manipulators composed of rigid components. To yield a higher load capacity,
adhesives, such as gecko-inspired adhesives, have been applied to soft grippers [84]. However,
in the presence of water, dry adhesives are rendered ineffective [2]. Thus, alternative adhesive
strategies that function within a wet environment must be used to enhance gripping in the case of
interfacial lubrication.

One adhesive mechanism that works well in a wet environment is suction, which generates
high adhesive forces normal to a surface, thus supporting the grip of a wetted object. Previous
work has demonstrated that the use of suction at the end of robotic fingertips helps to increase
the coefficient of friction and normal force of the robotic hand against wetted objects [204].
Suction has shown promise for its ability to grasp delicate, irregular, and even rough surfaces
[65]. However, dependent on the design of the suction device, some designs have reported low
coefficients of friction when used on wetted surfaces [205]. Enforcing the shear stability of a
suction-based gripper would be crucial for preventing slippage along a wet surface.

Surface texturing has been demonstrated to improve coefficients of friction against wet
objects. The use of textures to successfully grip in wet environments is not unique to robotic
systems, however. Organisms such as the tree frog[11] and clingfish [60] all use surface textures
to help stabilize their grip to wet surfaces. These organisms have inspired the development of
biomimetic frictional textures that function based on the principles of wet adhesion and friction
[139]. Surface textures act to shuttle fluid from beneath the area of contact into channels between
the textures, resulting in greater contact and an improved coefficient of friction [147, 179]. Overall,
these bioinspired textures have been demonstrated to improve the resistance to shear forces that
act parallel to a surface.

In this work, we coordinated the advances of surface textures, suction, and soft actuation
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to develop an adhesive gripper that is capable of attaching to wet surfaces. We investigated
the relative contributions of each of these three components to successful attachment against
disturbances that act parallel, or along the x-direction of the coordinate frame, and normal, along
the z-direction, to a surface. Additionally, to narrow the scope of this study, we only considered

gripping large objects that were too wide to envelop in an enclosing grasp.

l( ’ Suction
=W Disc
N\ /i\ 7/

Pneumatic Actuator

Figure 7.1: Overview of the adhesive gripper. a) Schematic of the adhesive gripper. A central
suction disc is flanked by three fingers composed of fluidic elastomer actuators (FEAs), which
bend to engage a frictional texture with the surface of a target object. The actuators have internal
pneumatic chambers with parabolically decreasing internal geometry to achieve even surface
conformation. b) Photographs of unactuated (top) and actuated (10 psi, bottom) states of the
pneumatic fingers. The gripper is mounted to a commercial robotic arm. Scale bar, 20 mm.
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7.3 Results

7.3.1 Design of an adhesive gripper

The adhesive gripper was designed to provide a stable, delicate grip by combining suction,
friction, and soft actuation. The gripper was composed of three components: 1) a suction disc
to provide strong adhesion normal to the surface, 2) friction pads to provide resistance to shear
forces along the x-direction, and 3) fluidic elastomer actuators (FEAs) to engage the friction pads
with the surface of a target object (Fig. 7.1). In this work, the FEAs combined with the friction
pads are referred to as a unit as textured fingers.

At the center of the gripper, a suction disc, composed of soft elastomers consistent with
our previous work [65] served to provide strong axial adhesion to wet surfaces. To stabilize
against shear forces of dislodgement, three fingers composed of friction pads were equidistantly
spaced around the central axis of the gripper. The friction pads consisted of a textured surface
composed of elongated hexagons (aspect ratio: 1.3), which we found in previous work to increase
the coefficient of friction when subjected to shear loads [60]. The hexagons were designed with a
width, length, and height of 1.3, 2.1, and 1.0 mm, respectively.

We used soft actuators containing a network of pneumatic chambers [83] to bend upon
inflation to engage the friction pads with a surface. We used an inextensible strain-limiting layer

along the length of the actuator to enforce a bending behavior.

7.3.2 Simulation of surface conformation of the textured fingers

We aimed to engage as much of the friction pads as possible with the target surface. A
greater amount of friction pads in contact with the surface would allow for a higher occurrence of
fluid channeling, thus allowing for more intimate contact to be achieved with the surface [194].
Additionally, by increasing the amount of contact that the gripper made with a surface, we would

reduce the compressive load on the object and distribute it over a larger surface area, thus enabling
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a more delicate grip. Thus, a uniform surface conformation was critical. Using simulation, we
tested the difference in contact between two geometries of the pneumatic chambers. We chose
to investigate a rectangular and a parabolic geometry of the pneumatic chambers. The selection
of a parabolic pneumatic chamber was based on previous work which found that this geometry
resulted in a non-uniform bending moment along the length of the actuator [84].

Additionally, we simulated how the different geometries interacted with a cylindrical
surface that varied in stiffness from soft to stiff (0.005, 0.05, and 0.5 MPa) to rigid (50 GPa) (Fig.
7.2 a). Please refer to the Materials and Methods section for further details of the setup of the
simulation.

Across the four tested surface stiffnesses, we monitored the percentage of the actuator
in contact with the surface of the cylinder (Fig. 7.3). The actuator with a parabolic internal
geometry maintained consistently at least double the amount of contact with the simulated surface
in comparison to the actuator with a rectangular internal geometry (Fig. 7.2 c¢). The actuator with
parabolic chambers demonstrated greater surface contact with surfaces of a stiffness greater than
0.05 MPa (i.e. 83% and 79% for 0.05 and 0.5 MPa, respectively) in comparison with the softest
of the surfaces (61%; 0.005 MPa). The actuator of a rectangular internal geometry maintained a
significantly lower percentage of contact, at an average of 28%, with the simulated surface. The
surface contact of the actuator with a rectangular internal geometry did not vary across the surface
stiffnesses, where the softest and stiffest of surfaces tested exhibited a consistent, although low,
area of contact.

The actuators of parabolic and rectangular pneumatic chambers differed in the distribution
of contact and overall bending behavior. The parabolic internal geometry resulted in a greater
distribution of contact, most specifically extending from the middle to the tip of the actuator
(Fig. 7.3). The bending behavior of the actuator with a parabolic pneumatic chamber therefore
demonstrated a higher degree of surface conformation (Fig. 7.2 a). The rectangular internal

geometry resulted in a lower distribution of contact, which was instead concentrated at the base
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Figure 7.2: Simulation of the contact made by an actuator against a cylindrical surface.
a) Simulation of the contact made by an actuator of either parabolic (top row) or rectangular
(bottom row) internal geometries, against a cylindrical object that varied in stiffness (left to
right, 50 GPa, 0.5 MPa, 0.05 MPa, and 0.005 MPa). b) We measured the percentage of the total
surface area of the soft finger that was in contact with the simulated surface upon actuation. We
compared the contact area of the soft finger with parabolic (dark gray) and rectangular (light
gray) internal geometries. ¢) Cross-sectional view of the pneumatic chambers of the actuator.
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Figure 7.3: Map of surface contact, as quantified in simulation. a) A visual representation

of the nodes in contact with the cylindrical surface upon actuation of the actuators with parabolic

(left) and rectangular (right) internal geometries. We varied the stiffness of the surface from soft

(0.005 MPa; top row) to rigid (50 GPa; bottom row).
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and tip of the actuator (Fig. 7.3). As the actuator of a rectangular pneumatic chamber contacted
the surface, the middle of its length buckled and bent away from the surface, leading to the
concentration of contact in only its base and tip (Fig. 7.2 a). This buckling led to an apparent
pinching behavior of the actuator and an overall loss of surface contact.

From the visualization of surface contact, we observed that the simulated behavior demon-
strated some asymmetries. The body of the actuator would twist slightly, causing an asymmetric
behavior. The twist was attributed to minor differences in the meshes of the body of the actuator
and the internal air chambers, and to surface interactions with the highly deformable cylindrical
surface.

Thus, we concluded that since the pneumatic chambers with parabolically decreasing
internal area was most successful at engaging with the surface of a soft target object in simulation,

we chose this design for our experimental investigations.

7.3.3 Resistance to shear forces in a wet environment

We tested the contributions of the components of the gripper to resisting shear disturbances
(Fig. 7.4). To perform this characterization, we secured the gripper as an end effector to a robotic
arm, which was used to record the forces from manipulation. We translated the gripper a distance
of 30 mm in the x-direction, along a plane tangent to the top of a hemispherical surface, which
was submerged in a bath of water (Fig. 7.4 a). We varied the stiffness of the hemispherical surface
to quantify the effect of surface stiffness on the resistance to shear disturbances.

To elucidate the contribution of suction and friction to the magnitude of the aforementioned
resistance to shear disturbances, we ran experiments with the gripper in one of four configurations—
all components (suction and textured fingers) active (S.7.), only suction active (S. only), only
the textured fingers active (7. only), or a control, in which all components were inactive (Ctrl.)
(Fig. 7.4 b). Prior to the trial, the suction disc was preloaded to the surface by imparting a

displacement on the back of 1 mm. For the reported adhesive forces per configuration type, we
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linearly interpolated the raw data per trial to generate a trendline for the force-displacement curve
that accounted for noise. We then averaged the interpolated adhesive curves, which are reported in
(Fig. 7.4 ¢). We found that, when gripping a stiff elastomeric surface, the use of both suction and
textured fingers resulted in the highest shear force (S.T.; 5.3 4+ 0.3 N; Fig. 7.4 ¢), which was 1.3

times greater than the use of suction alone (S; 3.96 £ 0.16 N) and 2.75 greater than the use of the

Figure 7.4: Contribution of suction and friction to shear stability to soft surfaces. a) Force
measurements quantifying the contribution of suction and friction to resisting shear motions,
while engaged with a stiff surface. The gripper was sheared for a total of 30 mm in the x-
direction. The averaged, interpolated force-extension curve is shown as a dark line. The shaded
region represents the standard deviation across three trials. Color coordination corresponds to
subfigure b. b) The control (dark gray), in which neither the suction or actuation of the soft
fingers were active. The suction only (S. only; blue) configuration, in which only the central
suction chamber was active. The textured fingers only (T. only; orange) configuration, in which
only the frictional actuators were active. The suction and soft fingers (S.T.; green) configuration,
in which both the suction disc and the textured fingers were active. ¢) Experimental setup of
force measurements. The gripper was attached as an end effector to a robotic arm. All tests
took place in a bath of water, water line indicated in white. d) Force measurement quantifying
resistance to shear (x-direction) motions of a gripper, against a soft surface. e) Quantification
of actuation pressure of the pneumatic gripper. We tested the actuation pressures of 5 (light
orange), 10, and 15 (darkest orange) psi. The test was performed on a stiff surface (Ey faces
0.165 MPa) . f) Gripper engaged with the surface with either 5 (left) or 15 (right) psi. The use
of 15 psi to actuate the gripper caused disengagement with the surface (arrow).
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textured fingers alone (F; 1.92 + 0.17 N). The combined suction and textured fingers had a shear
force that was 8.9 times greater than the control (0.59 =+ 0.06 N). These results demonstrated that
the effects of suction and actuated, textured fingers were linearly additive to the resulting shear
force.

When comparing the resistance to shear motions between surface types, we found that
using a soft surface (Eg;face, 0.0065 MPa) that was about two orders of magnitude less stiff in
comparison to the stiff (Eg,f4ce, 0.165 MPa) elastomeric surface resulted in a 32% reduction in
shear force for the S.T. (3.6 == 0.2 N) and T. (1.3 £ 0.2 N) configurations and a 39% reduction for
the S. (2.4 4 0.1 N) configuration. The force curves exhibited different behaviors, where the soft
surface corresponded to sharp transitions in the force-displacement curves. The shear force for
the stiff surface, by comparison, demonstrated a step-wise transition from the maximum force to
a sharp vertical transition. This more gradual transition was attributed to an apparent stick-slip
behavior of the suction disc as it was sheared, resulting in a buckling in the suction chamber
while still attached, likely causing a temporary leak in its seal and thus lower adhesive force.

We quantified the effect of the pressurization of the pneumatic chambers to select the ideal
operating pressures for the experiments. We found that while low pressures of the pneumatic
chambers still served to adequately engage the frictional textures to the surface, over-pressurizing
would result in a reduction of shear force. Pressurization of the textured fingers with 5 and 10
psi resulted in a consistent shear force of 1.4 4= 0.1 N across the two pressures. Pressurization to
15 psi resulted in a drop in shear force to 1.2 + 0.2 N. Visually, we observed a buckling of the
actuator from the surface at 15 psi that was not observed at 5 psi (Fig. 7.4 f).

To understand the variability in the shear force as a function of the rotation of the three-
fingered gripper around its central axis, we quantified the effect of the orientation of the gripper
on its shear force. The gripper was considered to be either in a “forward” orientation, when the
gripper moved in a direction toward one of the fingers, or in a “trailing” orientation, when the

gripper moved in a direction away from one of the fingers (see Fig. 7.5¢).
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We found that the orientation affected to a greater degree the shear force against a stiff
surface. That is, a change in the orientation from Forward to Trailing on the stiff surface resulted
in a 12% reduction in shear force for the suction and friction (S.T.) configuration, and a 27%

reduction in performance for the textured finger (T.) configuration (Fig. 7.5 a).
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Figure 7.5: Effect of orientation of the gripper on shear adhesion. a) The difference in
adhesive force of a gripper in the forward (For., dark shade) and trailing (Tr., light shade)
orientations for the S.T. and T. configurations when tested against a stiff surface. b) The
difference in adhesive force, dependent on orientation, when tested against a soft surface. ¢)
Schematic of the orientations of the gripper.

Conversely, for the soft surface, the effect of the orientation was less apparent. The suction
and textured finger orientation (S.T.) resulted in a 10% reduction in shear force by changing from
forward to trailing configurations. Conversely, the configuration of only actuated textured fingers

(T.) resulted in an 11% increase in shear force (Fig. 7.5 b).

7.3.4 Normal adhesion in a wet environment

We tested the contributions of the components of the gripper to resisting dislodgement
normal to the testing surface. We retracted the arm in the z-direction at a constant rate for a total of
15 mm. Against a stiff elastomeric testing surface, the adhesive gripper generated higher normal
forces than against a soft surface. The combination of active suction and textured fingers (S.T.)

resulted in an adhesive force of 4.9 4= 0.2 N, followed by the suction only (S.) configuration, with
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Figure 7.6: Contribution of suction and friction to adhesion of the gripper normal to the
surface. a) Force of axial adhesion resulting from 15 mm displacement in the z-direction,
against a stiff hemispherical surface in water. The data was linearly interpolated and averaged
across three trials. The raw data from the three trials is indicated by the light shading. The
averaged interpolated curve is indicated by the dark line, corresponding to the color of the
configuration. Suction and textured fingers actuated (S.T.; green). Suction only activated (S.;
blue). Textured fingers only actuated (T.; orange). b) Axial adhesion of gripper against a soft,
hemispherical surface in water. ¢) Configuration of the gripper, the color of which corresponds
to the plots.

an adhesive force of 3.6 = 0.2 N. The actuated textured fingers alone (T.) resulted in a normal
force of 2.2 4+ 0.2 N. We observed a difference in normal force responses, dependent on the type
of actuation involved. The suction disc resulted in a sharp vertical transition from the absolute
maxima to 0 N. Conversely, the textured fingers alone resulted in a constant force which plateaued
across the force-displacement curve. We attributed this plateau to the fact that a displacement
of 15 mm in the z-direction was still less than the length of the finger, and thus while the fingers
were still in contact with the surface, the resulting force would be predominantly due to friction.

Comparing the performance of the components, we investigated the effect of a soft surface
on the resulting normal force. We found that the use of the gripper against a soft surface resulted
in a reduction of adhesive force across all components tested, most significantly for the actuated
textured fingers. For only the actuated fingers, changing from a stiff to a soft surface resulted in a
56% reduction in normal force (T. at soft surface; 1.0 4= 0.3 N). Suction was less affected by the

change in surface stiffness, in comparison to the textured fingers, with a 23% reduction in normal
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force for suction alone (S. on soft surface; 2.8 + 0.2 N). The configuration of active suction and

textured fingers resulted in a 32% reduction of adhesive force (S.T.; 3.3 4+ 0.3 N).

7.4 Discussion

In this work, we evaluated the contribution of suction and friction to resist disturbances of
forces that acted shear and normal to large, hemispherical surfaces. We performed these trials
on large objects, such that the gripper was unable to achieve an enclosing grasp. By evaluating
the effects of these components to the stability of a soft robotic gripper, we can aid in successful
gripping of large, soft objects in wet environments.

We found that the each component (suction, friction) was linearly additive to the resulting
force that acted to resist disturbances. That is, the frictional, textured fingers supplemented the
adhesive strength of suction. This finding suggests that combining suction and frictional textures
can benefit the stability of the grasp of a soft robotic gripper, thus enabling soft manipulators with
a strong, yet delicate, grasp.

The use of adhesion, friction, and soft actuation benefits the objective of manipulation in
wet and submerged environments while maintaining a delicate touch. This is especially important
in the areas of surgical and subsea robotics. For surgical manipulations, the delicate organ tissue
can easily be damaged by rigid manipulators, which are orders of magnitude stiffer than the tissue
that they aim to manipulate [186]. While frictional textures have been previously demonstrated
on surgical manipulators [147], our results suggest that coupling adhesion via suction would
enhance the strength of the grip without the need to exert high compressive loads on the tissue.
We anticipate that the coupling of suction and friction would also be beneficial to the field of

subsea manipulations, in which a gentle touch is vital for specimen recovery.
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7.5 Materials and Methods

7.5.1 Fabrication of the adhesive gripper

The adhesive gripper was composed of a suction chamber and pneumatic actuators, which
were fabricated separately and combined using a modular support collar. All components of the
gripper were modeled using computer-aided design (Solidworks, Dassault Systems). The support
collar for the gripper was fabricated from PLA using a 3D printer (Prusa i3 MK3S+). The support
collar angled the base of the actuators by 60° relative to the central axis of the suction disc. The
pneumaic actuators were designed with a length of 46 mm, width of 11 mm, and height of 10
mm. The pneumatic actuator was produced using a custom mold that was made of a hard resin
(VeroClear, Stratasys Inc.) on a multimaterial 3D printer (Object 350 Connex3, Stratasys, Inc.).
After printing, the mold for the pneumatic actuator was aged for 4 h at 40°C to ensure that the
resin had fully cured. The actuators were molded using silicone rubber (stiffness, 0.231 MPa;
Dragon Skin 20, Smooth-On, Inc.). Uncured silicone was added to the mold for the pneumatic
network, degassed for 5 min, and cured for 4 hr (Fig. 7.7). Uncured silicone was added to the
mold for the strain-limiting layer and degassed for 2 min. A strip of paper was embedded in the
silicone to serve as the inextensible layer. After fully curing, the elastomeric body was bonded to
the strain-limiting layer using a silicone adhesive (Sil-Poxy, Smooth-On, Inc.).

We fabricated the frictional textures using soft silicone rubber (Young’s modulus, 0.0167
MPa; Ecoflex 00-20, Smooth-On Inc.). The mold (Fig. 7.7 c) for the texture was etched into
acrylic using a laser machining system (PLS6MW, Universal Laser Systems). The texture was
composed of an array of elongated hexagons [60] with a width, length, and height of approximately
1.6 mm, 2.1 mm, and 1.0 mm, respectively. Uncured silicone was added to the mold, degassed
for 5 min, and cured for 6 h. The frictional texture was then bonded to the strain-limiting layer
using silicone adhesive.

We fabricated the suction discs using a 3D printed mold for the suction chamber. Uncured
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Figure 7.7: Fabrication steps of the frictional, pneumatic actuators. a) The body of the
actuator was molded with a stiff elastomer (Dragon Skin 20; blue). b) The strain limiting layer
was molded separately. A strip of paper served as the strain-limiting element of the layer. The
body of the actuator and the strain limiting layer were adhered together using silicone adhesive.
¢) The surface texture was molded using a soft elastomer. The fully cured texture was applied to
the bottom of the actuator using silicone adhesive.

silicone (Dragon Skin 20, Smooth-On, Inc.) was added to the mold of the suction chamber,
degassed for 5 min, and cured at 40°C. A soft sealing layer (Ecoflex 00-20, Smooth-On Inc.) was
added to the disc margin of the suction chamber. The uncured silicone was first added to a mold,

partially cured at 40°C for 5 minutes, and bonded to the suction chamber using uncured silicone.

These two components were allowed to cure together at 40°C for 1 hr.

7.5.2 Simulation of the contact made by an actuator

We simulated the contact of the actuator with a surface using an open-source physics
simulation software (Simulation Open Framework Architecture, SOFA, v20.06). We first modeled
using CAD (SolidWorks, Dassault Systems) the actuator and the test object. The test object was a
cylindrical object (radius, 13 mm), for which we varied the stiffness across the trials from 0.005,
0.05, and 0.5 MPa and 50 GPa. From the CAD models, we generated the surface meshes of the
objects which were used in SOFA for collision detection. We also generated volumetric meshes

to model internal forces and object deformation, using an open-source mesh generation software
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Figure 7.8: Fabrication steps of the suction disc. a) The suction chamber was molded from
a stiff elastomer (DragonSkin 20; blue) and cured in the mold at 40°C. b) The sealing layer
of the suction disc was molded using a soft elastomer (Ecoflex 00-20; yellow), and partially
cured at 40°C. The fully cured suction chamber was applied to the back of the sealing layer, and
subsequently fully cured together.

(Gmsh v4.5.6).

The simulation was set up using an implicit, first-order numerical integration scheme
(module, “EulerImplicitSolver”), and was solved at each time step using LDL decomposition
(module, “SparseLDLSolver”). Compliance matrices were also solved directly at each time
step (module, “LinearSolverConstraintCorrection”). The simulated actuator was pressurized
by applying pressure to the surface elements of the mesh of the pneumatic cavity (module,
“SurfacePressureConstraint””). We then used a Barycentric mapping component to couple the
motions of the cavity mesh and body mesh.

In the simulated environment, we assumed that the actuator and test object had diagonal
mass matrices, Poisson ratios of 0.3, and a mutual coefficient of friction of 0.3. We assumed that
their materials were linear and isotropic, providing the same resistance to strain in all directions.

The elastic modulus of the body of the actuator was 3.4 MPa, consistent with silicone

elastomers. Additionally, the strain-limiting layer in the body of the actuator was modelled as a
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layer that was 2 mm thick of a high elastic modulus (50 GPa).

Each test performed in the simulation was conducted in the absence of gravity, with a
time step of 0.02 s, and with an average test duration of 7.5 s. The pressure within the pneumatic
cavity was increased linearly at a rate of 0.001 MPa per 0.06 s, up to a maximum pressure of 0.06
MPa. The body of the actuator was angled 15° from horizontal and was offset from the centerline
of the test object. The base of the actuator, as well as % of the cylindrical object, were fixed in
space during tests. We monitored the area of the actuator in contact with the test surface upon

inflation.

7.6 Force measurements using a robotic arm

We measured the force of gripping a submerged, hemispherical, elastomeric surface using
a robotic arm (UR3e, Universal Robots, Co). We used the robotic arm to record the force resulting
from a displacement in either the x- or z-directions. We mounted the gripper as an end effector
and submerged it in a bath of water which completely covered the experimental surface. The
experimental surface was a hemisphere composed of silicone rubber. To understand the effect of
surface stiffness on the forces, we varied the stiffness of the surface from stiff (stiffness, 0.165
MPa; Dragon Skin 10 Medium, Smooth-On, Inc.) to soft (stiffness, 0.0065 MPa; Ecoflex 00-10,
Smooth-On, Inc.). Prior to the measurements, a starting position was established, defined by the
location where the suction disc began to contact the apex of the hemispherical surface. To preload
the disc slightly to the surface, we added an offset of 1 mm to the starting z-position.

During the shear measurements, the gripper translated in the x-direction for 30 mm at
a rate of 0.5 mm - s~!. During measurements of normal force, the gripper translated in the
z-direction for 15 mm at a rate of 0.5 mm - s~ !. Each trial was run in triplicate and post-processed
in MATLAB. We performed a linear interpolation on the data set from each trial, and averaged

the interpolated force-displacement curves.
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Chapter 8

Conclusion

Through this dissertation, I have explored concepts of biological adhesion and applied
them to engineering tasks. By merging the fields of biology, materials science, and robotics,
we covered topics that ranged from morphologically “intelligent” adhesives to attachment in
challenging conditions (i.e., submerged, to coarse surfaces).

We have explored the use of fish-inspired adhesives as a way to achieve delicate manip-
ulation in both surgical applications and subsea artifact recovery. We have demonstrated that
the suction discs maintained high adhesive strength to coarse surfaces (which may be found
on artifacts, for example), all the while delicate enough to prevent trauma to a surface (such
as the tissue of a kidney and liver). We have investigated ways to tune the suction discs to
achieve traction in locomoting underwater robots, all the while reducing complexity of control
for successful walking schemes. We have developed fish-inspired textures to improve shear
stability to robotic grip, which we demonstrated in an adhesive gripper. The adhesive gripper
thus leveraged the advantages of suction, friction, and soft actuation to generate a truly delicate,
yet robust, soft manipulator. To generalize more broadly, this dissertation has demonstrated that
advancements in bioinspired wet adhesives can greatly benefit the field of robotics, most notably

in the areas of manipulation and locomotion.
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While I was explicitly focusing on clingfish-inspired adhesives, there exists a large breadth
of biological adhesives yet to be explored. The natural world is a constantly evolving toolbox
of fascinating biological designs that are objects of wonder and marvel. These designs serve as
incredibly useful models off of which we can base our engineering innovations. As mentioned
in earlier chapters, the diversity of biological adhesives have been further explored in terrestrial
organisms, leaving much to be desired in the space of adhesion of aquatic organisms. While there
exists exciting research into the reversible attachment strategies of the octopus, marine snails
such as abalone, echinoderms such as sea stars, and even diving beetles, we pose that research
has just begun to uncover and mimic these novel attachment strategies, especially given recent
advancements in high-resolution imaging and testing systems, that yield a nanoscale resolution to
adhesive structures. A greater understanding of and investigation into mimicking the adhesives
used by aquatic organisms would serve to further enhance our toolbox of biomimetic designs.

While this work explicitly focused on the development of biomimetic devices based on
the intertidal clingfish, fish that reside in high-velocity, uni-directional flow regimes, such as the
waterfall-climbing goby or stream catfish, would be of considerable use for bioinspiration. The
clingfish (intertidal) and remora (uni-directional flow), thus far, are the only two fish models used
by research groups to inspire biomimetic devices. Thus, there exists a wide range of possibilities
when considering the further exploration and development of fish-inspired adhesives for advanced
attachment in a wet environment.

Overall, however, the trend in the increasing instance of research in bioinspired adhesives
is promising. Given that there is still much to explore in terms of biological adhesives, there
exists a large space for discovery and innovation of novel attachment devices that can attach in a

reversible manner.
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