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1. Introduction to the Special Issue

Any system preventing the separation of two surfaces may be defined as an attachment
system. Such systems are common in nature, aiding in locomotion [1], settlement [2],
mating [3], and many more functions. These biological attachment systems (BASs) are used
to either temporarily or permanently attach an organism to substrates, to other organisms,
or for the temporary interconnection of body parts within an organism [4]. For this, BASs
can either employ entirely mechanical principles, or additionally, rely on surface chemistry
and incorporate fluids in the contact region. The structure and physical mechanisms of
BASs vary enormously and are subject to different functional loads, due to their specific
areas of application. Because of this, many functional solutions have evolved independently
in different lineages of organisms [5]. Many species of animals and plants exhibit diverse
BASs that differ in their morphology depending on the biology of the species and the
particular function in which the corresponding BAS is involved [6]. However, all BASs
rely on similar physical and chemical principles. This connection between specific problem
solving and the usage of general physical principles renders BASs a promising field of
research for biomimetics.

This Special Issue provides recent insights into state-of-the-art basic research on
BASs and derived biomimetic studies. It showcases the width of research in the field of
attachment systems across biological taxa and disciplines. We appreciate the diversity
of contributions to this Special Issue and would like to thank the colleagues that kindly
accepted our invitation. Their dedication enabled this collection of articles on biological
attachment phenomena from a wide range of perspectives. The published articles cover
topics from a range of biological taxa to experimental studies of their adhesive mechanisms,
including Dictyostelium cells [7], cnidarians [8], molluscs [9], insects [10-12] and plant
seeds [13]. Because of the diversity of functions in BASs, biology could provide interesting
inspirations for the design and fabrication of biomimetic attachment devices. Furthermore,
biological studies are complemented with experiments and simulations investigating the
properties of artificial materials involved in adhesive contact formation [14] and interfacial
mechanisms [15]. The combination of such original biological, physical, and engineering
studies is the foundation for biomimetic innovation, as demonstrated in contributions on
mushroom-shaped biomimetic microstructures in this Special Issue [16].

The experimental insights in this collection are accompanied by two review articles
from both perspectives, elaborating on the methodological considerations for experiments
on biological systems [17] and the structure—function relationships of friction control in
bioinspired systems [18]. In summary, the reader can expect a wide overview of attachment-
related phenomena, spanning from insights into the mechanisms of diverse taxa to bioin-
spired engineering.

Biomimetics 2025, 10, 220
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2. Dedication

This Special Issue is dedicated to Prof. Dr. Jon Barnes. With sadness, we took note that
William Jon Peter Barnes suddenly passed on 16 April 2024 in his home in Glasgow at the
age of 83 years. Jon Barnes (Figure 1) was a well-known and enthusiastic specialist in the
field of biological adhesion. He published various articles that were important milestones
for our understanding of adhesion and contact phenomena in biological systems.

¥

Figure 1. Jon Barnes in August 2011, giving a lecture at Kiel University, Germany.

In his research, Jon Barnes combined various morphological and experimental ap-
proaches, field studies, and modern microscopical and force measurement techniques
that significantly promoted knowledge in the field of biological adhesion. His work was
dedicated to the understanding of tree frog adhesion, and contributed to the in-depth
understanding of this particular adhesive system. His contributions gave rise to various
applied aspects that were integrated in large-scale industrial developments, such as the
development of bioinspired profiles for winter tires [19,20]. In addition to the major im-
pact of his research on the community, Jon Barnes left significant marks in the fields of
neuroethology, animal physiology, and behavior.

Jon Barnes was well respected in the adhesion community, and his elegant combina-
tion of high-quality basic research and applied aspects were highly influential for many
scientists. As a leading scientist with an established reputation worldwide, he passed his
knowledge onto colleagues in various conferences and by organizing several symposia on
his related research topics. In this manner, his achievements were acknowledged in the
symposium ‘Biomechanics of arboreal locomotion—a tribute to Jon Barnes’, organized by Walter
Federle at the 2007 annual meeting of the Society for Experimental Biology in Glasgow,
where Jon Barnes resided. At the University of Glasgow, he was a valued colleague and
teacher who received excellent assessments from his students over the years and demon-
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strated a strong ability to influence, motivate, and inspire his students, and from October
2006, he carried on his commitment as Honorary Research Fellow. As well as his position
in Glasgow, Jon Barnes spent several Alexander von Humboldt Fellowships at various
universities over the years, such as the universities of Konstanz (1974/5), Frankfurt (1986),
and Wiirzburg (2005). Alongside his academic passion, he dedicated himself to local nature
conservation with the Scottish Wildlife Trust over the decades. He was actively involved
with this organization from the late 1960s, and served as member of the Trust’s Council and
Convenor of the Conservation Committee for decades, including periods as Vice-Chairman
(1985 to 2003) and Chairman (2003 to 2006).

His dedication to research in the field of bioadhesion and his ambitious contributions
to nature conservation will truly be missed. Jon Barnes actively devoted himself to the
field and continued to pursue his fascination with tree frog adhesive systems far beyond
his retirement. During the compilation of this Special Issue, he was actively working on
another manuscript on the influence of surface energy on tree frog attachment, until his
passing stopped him from finishing his work.

Conflicts of Interest: The authors declare no conflicts of interest.
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Abstract: Juvenile mantises can jump towards targets by rapidly extending their middle
and hind legs. Here, we investigate how mantises can perform jumps from smooth surfaces
such as those found on many plants. Stagmomantis theophila mantises possess two distinct
types of attachment pads on each foot: three small proximal euplantulae (“heel pads”)
with microscopic cuticular ridges and one smooth large distal pair of euplantulae (“toe
pad”). Microscopy showed that the surface contact of heel pads is strongly load-dependent;
at low normal forces, they make only partial surface contact due to the ridges, but at
higher loads they switch to larger areas in full contact. By analysing the kinematics of
64 jumps of 23 third-instar nymphs from glass surfaces and the foot contact areas of their
accelerating legs, we show that heel and toe pads fulfil distinct roles. During the acceleration
phase of jumps, the contact area of the hind legs’ heel pads tripled, while that of the toe
pad decreased strongly, and the toe pad sometimes detached completely before take-off.
Although the middle legs also contribute to the jump, they showed a less consistent pattern;
the contact areas of their heel and toe pads remained largely unchanged during acceleration.
Our findings show that jumping mantises accelerate mainly by pushing with their hind legs
and produce grip on smooth surfaces primarily with the heel pads on their proximal tarsus.

Keywords: adhesion; biomechanics; kinematics; jumping insects; take-off

1. Introduction

Wingless juvenile mantises can jump precisely onto targets to cross gaps between
twigs and leaves [1-3]. They power their jump with a rapid movement of their middle
and hind legs, depressing the trochanter and femur as well as extending the tibia, while
the front legs are raised off the surface [2]. Mantises regularly forage on leaves and plant
stems, many of which have smooth surfaces. On such surfaces, jumping forward with
a low take-off angle is potentially difficult, because the insect has to generate friction
forces larger than normal forces. This is only possible if the friction coefficient p > 1. If
one makes the assumption that jumping insects only rely on the classical friction of hard
cuticles on the substrate, they could only make upward jumps with take-off angles > 70°,
since typical friction coefficients between solids are low (e.g., claws on glass: u = 0.35, [4]).
Insects must therefore improve their foot contact during the acceleration phase to generate
sufficiently large friction forces. At the same time, their feet should be able to detach easily
at take-off to avoid slowing down. We recently showed that leafhoppers and froghoppers
have overcome this biomechanical challenge in two different ways. Leafhoppers (Aphrodes
bicinctus / makarovi) produce the high friction forces required for a jump with several soft,
pad-like structures (platellae) on their hind tarsi, which contact the surface only during the

Biomimetics 2025, 10, 69
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acceleration phase of the jump [5]. By contrast, froghoppers (Philaenus spumarius) produce
high friction when accelerating for a jump by piercing the substrate with sharp spines of
their tibia and tarsus [6]. Like froghoppers and leafhoppers, mantises are able to jump from
smooth surfaces with low take-off angles. How are their legs able to produce sufficient
friction for jumping?

In this study, we investigate how middle and hind legs contribute to jumps of third-
instar Stagmomantis theophila mantises and what foot structures these insects engage in each
leg pair when jumping from smooth surfaces.

2. Materials and Methods

Stagmomantis theophila (Rehn, 1904) mantises were raised from eggs of five adult males
and four adult females and kept in individual boxes at room temperature. We studied the
jumps of 23 third-instar nymphs (body mass: 24.8 + 1.7 mg, mean £ S.D.).

We investigated the tarsus morphology of third- and fourth-instar nymphs using
light and scanning electron microscopy. Images of front, middle, and hind feet were taken
with a Canon EOS 60D digital camera attached to a Leica MZ16 stereomicroscope (Leica
Microsystems GmbH, Wetzlar, Germany). For scanning electron microscopy (SEM), legs of
freeze-anesthetised mantises were cut off at the femur, and immediately transferred into
fixative (4% glutaraldehyde in 0.1 M PIPES buffer at pH 7.3) for 48 h at 6 °C. Legs were
washed in de-ionised water and gradually dehydrated with increasing concentrations of
ethanol (final concentration: 96%). Specimens were air-dried, mounted on SEM stubs, and
sputter-coated with a 20 nm gold layer. Images were taken with a FEI XL30-FEG SEM
(Oxford Instruments, Abingdon, UK) at 5 kV.

2.1. Effect of Normal Force on Adhesive Pad Contact Area

A ’see-saw’ lever device was used for observing the effects of normal force on the
surface contact of heel pads under the microscope (Figure S1). Two live fourth-instar
mantises were mounted on their back on a light plastic sheet attached to one end of a
threaded metal rod. One leg was fixed to a thin metal wire glued to the plastic sheet so
that either a heel or toe pad were exposed as the highest point. The threaded rod rested
on a low friction pivot, and nuts were screwed onto the opposite side of the rod to exactly
balance the torque. The pads were brought into contact with a glass coverslip using a
micromanipulator. Additional counterweights were then carefully attached to the rod
using a micromanipulator to achieve a well-defined increase in normal load. Contact areas
were imaged using a 5x or 100 x oil immersion objective and monochromatic (546 nm) epi-
illumination with a QICAM 10-bit monochrome camera (Qimaging, Burnaby, BC, Canada)
mounted on a Leica DMR-HC microscope.

2.2. High-Speed Contact-Area Recordings of Jumps

Third-instar Stagmomantis theophila nymphs were placed on a glass coverslip on a Leica
DM IRE2 inverted microscope and a paintbrush was presented as a target about two body
lengths away from the glass coverslip at level height (Figure 52). Moving the paintbrush
attracted the mantises” attention; they mostly walked towards the edge of the coverslip and
jumped onto the paintbrush. When the insects jumped from the right position, one foot
was visible from below. Only jumps in which the whole tarsus of the recorded leg was on
the glass coverslip and did not protrude over the edge were included in the analysis. Two
or three cameras recorded 64 jumps of 23 animals from glass coverslips. Two synchronised
Phantom V7.1 high-speed cameras (Vision Research, Wayne, NJ, USA) simultaneously
captured the jumps with a frame rate of 4700 frames per second, both from the side and
from below, the latter using the inverted microscope with a 5x lens and epi-illumination
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to record contact areas. For 40 of these jumps, a third synchronised high-speed camera
(Optronis CR5000x2, Optronis GmbH, Kehl, Germany) was available to capture the jump
trajectory from above. Leg detachment was defined as the first frame in which the leg that
was visible from below had detached from the surface and this time was defined as t =0
ms. The first visible movement of middle or hind legs before a jump was taken as the start
of the acceleration phase. In most recordings, not all legs were in focus or visible in side
view, and it was therefore impossible to determine precisely when the other legs detached.
On average, middle legs detached earlier than hind legs, leading to a different mean start
time of the acceleration phase for recordings in which middle or hind legs were visible
from below.

Contact areas and foot orientation (in the horizontal plane) were measured from the
videos. The contact area of the toe pad, and the combined contact area of the three heel
pads (i.e., including gaps between the cuticular ridges) were measured using a threshold
algorithm in MATLAB (The Mathworks, Natick, MA, USA). The insect’s take-off direction
and azimuth (the horizontal angle between the take-off direction and the body orientation at
the start of the acceleration phase) was measured from the dorsal view by digitising a point
on the thorax at the start of the acceleration phase and when airborne. The foot orientation
at the start of the acceleration phase was measured using the midline of the two most
distal pads and converted into foot orientation relative to take-off direction. An estimate
of the insect’s take-off angle was measured from the side view of 12 jumps by digitising
the position of the middle leg coxa at take-off and 2.1 ms after take-off. The digitisation
was repeated three times, and the mean was taken to reduce digitising errors. To assess
the force vector of middle legs at detachment, we recorded the movement direction of the
detaching foot in the initial frames after take-off.

Third-instar mantises were also encouraged with a paintbrush to walk over the glass
coverslip on the inverted microscope. Simultaneous contact area and side views of 17 steps
of front, middle, and hind legs of six animals were recorded at 800 frames per second.

To determine the extension and acceleration distance of each leg pair during the
acceleration phase and the timing of detachment, we analysed 27 jumps of nine third-instar
mantises from high-density foam (Plastazote, Watkins and Doncaster, Cranbrook, UK). This
dataset was recorded from side views of jumps using one Photron Fastcam SA3 high-speed
camera (Photron (Europe) Ltd., West Wycombe, UK) filming at 1000 frames per second. To
determine leg extension, the distance between the tibia-tarsus joint and the anterior edge of
the coxa was measured at the start of the acceleration phase and in the last frame before
take-off. The acceleration distance of middle and hind legs was defined as the distance that
the anterior edge of the coxa travelled during the acceleration phase while the leg was in
surface contact. Take-off was defined as the first frame in which all legs had detached from
the surface and the animal was airborne.

The data were analysed statistically using R v3.0.2 (R Core Team, 2014). Unless
specified otherwise, data are presented as means =+ standard error of the mean (s.e.m.).

3. Results
3.1. Morphology

The tarsi of all legs of Stagmomantis theophila mantises have five segments (tarsomeres).
There are attachment pads (euplantulae) ventrally at the distal end of each of the first
four tarsomeres. The pads are whitish, softer to the touch, and hence less sclerotised than
the surrounding cuticle (Figure 1). The four attachment pads have two distinct designs
(Figure 1). The most distal pair of euplantulae (“toe pad”) on the fourth tarsomere has a
smooth surface structure (Figure 1). Its projected pad area was 14,920 + 739 pm?, more
than twice the size of the pad on the third tarsomere (7179 + 792 um?, N = 3 third-instars).
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The three proximal pairs of euplantulae (“heel pads”) increase in size from the first to
the third tarsomere (ANOVA: F; 7 = 29.7, p < 0.001). Their surface consists of a branched
pattern of ridges likely formed by the epicuticle (Figure 1E,F). The spacing between the
ridges was 1.3 £ 0.1 um (30 measurements from 10 pads of three animals). No differences
of the pads were observed between front, middle, and hind legs.

A

Ci

Figure 1. Light and scanning electron microscopy images of hind (A, lateral view) and middle legs
(B-F, ventral view) of a fourth-instar Stagmomantis theophila nymph. The tarsi have five segments and
euplantulae are located at the distal end of the first four tarsomeres (A,B). Euplantulae are whitish
and less sclerotised than the surrounding cuticle. The most distal pair of euplantulae (Eu4, “toe” pad)
have a smooth surface (C,D) and are larger than the three proximal euplantulae (Eul-Eu3, “heel”
pads), which possess a surface pattern of branching ridges (EF). Cl: claws.

3.2. Load Dependence of Heel Pads

The contact areas of the heel pads increased with normal load (Figure 2A-D). At low
normal forces, contact areas were small and pads were only in partial contact, i.e., only the
ridges but not the channels in between them touched the surface (Figure 2F). At higher
normal forces, contact areas increased and pads made full contact with both the ridges
and the channels in between them in surface contact, aided by liquid secretion. When
the normal load was decreased again, the pads initially remained in full contact. When
the leg was detached, fluid droplets were left on the glass coverslip (Figure 2E). For toe
pads, the contact areas also increased with load, but full contact already occurred at small
normal loads.
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Figure 2. Contact areas of S. theophila heel pads (Eu2-Eu3) at different normal loads. Contact area
increased with normal load and fluid accumulated in the contact zone (A-D) and fluid accumulated
in the contact zone. Fluid droplets (white arrows) remained on the glass coverslip after removing the
pad (E). Ridges in surface contact separated by channels filled with air or fluid secretion were visible
at high magnification ((F), 150 mg load, contrast enhanced for clarity).

3.3. Kinematics and Tarsal Contact During Take-Off

All mantises were able to jump from the smooth glass coverslip without any slipping
(n = 64 jumps of 23 insects). Mantises jumped with a mean take-off angle of 7.8 & 3.1°
(range: —10.4 to 27.8°, including downward jumps in which the target was below the glass
coverslip). Since the insects jumped towards a target, this angle likely depended on the
position of the target offered. At the start of the acceleration phase, the hind legs pointed
backwards (mean angle 118.9 4 2.8°), and the middle legs pointed forwards (mean angle
52.9 & 4.3°). The front legs were never in contact during the acceleration phase (Figure 3).

During the acceleration phase, the hind legs extended significantly further than the
middle legs (increase in coxa-tarsus distance: hind legs 9.52 £+ 0.33 mm, middle legs
3.42 £ 0.24 mm, 27 jumps by nine third-instar nymphs; Welch’s t-test: t471 = 14.9, p < 0.001;
Figure 4). At take-off, the middle and hind legs were fully extended. While the hind legs
mainly extended in the direction of the jump, the middle legs changed from a forward to
a backward orientation by a rotation in the coxa. On average, the middle legs detached
earlier than the hind legs (paired t-test: tys = 3.13, p = 0.004, Figure S3A). The total acceler-
ation distance, i.e., the distance the coxa travelled while the foot was in contact with the
surface, was therefore significantly larger for the hind legs than for the middle legs (hind
legs 10.30 & 0.38 mm, middle legs 9.18 + 0.41 mm; Welch's t-test: ts17 = 2.0, p = 0.0498;
Figure S3B).
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180°

Figure 3. Foot orientation of S. theophila hind and middle legs (o, ) relative to the take-off
direction at the start of the acceleration phase. When preparing for the jump, mantises placed their
forward-pointing middle legs close to the edge of the glass coverslip (light blue) while their hind
legs were pointing laterally backward. Front legs are not in contact with the surface during the
acceleration phase.
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Figure 4. Leg extension of S. theophila middle and hind legs during the acceleration phase of a jump.
Leg extension was measured as the change in tarsus-coxa distance from the start (blue lines) to the
end (red lines) of the acceleration phase.

We observed a characteristic foot movement and change in surface contact for all hind
legs during the jumps (38 jumps by 23 mantises; Figures 5 and 6, Videos 51-54). While in
most jumps, both heel and toe pads came into surface contact, the last two tarsal segments

10
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were raised during the acceleration phase and the contact area of the toe pad gradually
decreased. In contrast, the projected contact area of the heel pads (both Eu3 and Eu2 in
all 38 jumps; in addition, Eul came into contact with the surface during only one of the
38 jumps) increased threefold at the start of the acceleration phase and reached a plateau.
Although the resolution of the contact area recordings was not sufficient to see the cuticular
ridges, the contact zones of the heel pads appeared mostly grey and lighter than those of
the toe pads (Figure 5B, Video S2), indicating that they were in partial contact. During the
acceleration phase, the contact area of the heel pads often became locally darker, indicating
that they made full contact in these regions. In the jumps where both pad types of the hind
leg were in contact, the toe pad detached on average earlier than the heel pads (median
difference 0.1 ms, mean difference 2.3 ms; Wilcoxon signed rank test: W = 191.5, n= 36,
p = 0.044; Figure 6). In freely walking mantises, no such pattern for hind leg contacts was
observed. Walking mantises used all three leg pairs and both heel and toe pads (Figure 54).

Hind leg Middle leg

Figure 5. Cont.
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Figure 5. High-speed image sequences of the acceleration phase of two jumps of S. theophila, showing
hind (A,B) and middle legs (C,D) from the side and below, as well as the adhesive contact areas of
their heel and toe pads (E,F). Contact area images are rotated so that the jump direction is toward the
top of the page. During the acceleration phase of the jump shown in (A,B,E), which lasted 29.1 ms,
the contact area of the hind legs” heel pads increased fourfold while their toe pads decreased in
contact area and detached first. During the acceleration phase of the jump shown in (C,D,F), which
lasted 32.3 ms, the contact area of the middle legs” heel pads increased only slightly and their toe pad
did not detach before the heel pads. The first frame in which a propulsive movement of the leg was
visible in the side view was defined as the start of the acceleration phase. The first frame without any
adhesive contact was defined as detachment and set to 0 ms.
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Figure 6. Cont.
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Figure 6. Contact areas for heel and toe pads of hind legs (A) and middle legs (B) during the
acceleration phase of S. theophila jumps. Raw data was filtered using a low-pass Butterworth filter
with a cut-off frequency of 470 Hz. A median curve (bold line) and interquartile range (shaded) was
calculated from 38 jumps by 23 animals for hind legs and 26 jumps by 15 animals for middle legs
and plotted for the range of the shortest recorded jump. Horizontal boxplots below the contact area
curves indicate the detachment times of heel and toe pads (0 ms is defined as the last pad detaching
at take-off). In the hind legs, the changes in contact area differed significantly between heel and toe
pads, whereas no clear pattern was visible for the middle legs. The mean start time of the acceleration
phase for hind and middle legs is indicated by the dotted line; the time at which the leg detached
was set to 0 ms.

In contrast to the situation in hind legs, we did not observe any lifting of the last two
tarsal segments in the middle legs, or any decrease in the contact area of the toe pad or in-
crease in area of the heel pads (26 jumps by 15 mantises; Figures 5 and 6, Videos S3 and S4).
The heel pads (Eu3 in all 26 jumps; Eu2 in 17 out of 26 jumps) detached first and lost contact
up to 8.1 ms before the toe pad (median difference 1.5 ms, mean difference 1.1 ms; Wilcoxon
signed rank test: W(25) = 255.5, p = 0.003; boxplots in Figure 6). The contact areas of middle
legs varied strongly between jumps. Before the start of the acceleration phase, contact areas
of toe and heel pads were similar in both the middle and hind legs (F3 12, = 0.8, p = 0.481).
During the acceleration phase, the contact area of heel pads exceeded that of toe pads only
in the hind legs but not in the middle legs. The middle legs often rotated around their foot
contact during the acceleration phase and heel pads sometimes detached and re-attached
again. Some of the variation in contact area in middle leg toe pads may be explained by the
foot orientation prior to the jump: when middle legs were oriented forward, parallel to the
jump direction, the maximum contact area of the toe pad was larger. This indicates that
the middle legs contributed to the jump acceleration by pulling, and that this increased the
contact area most strongly when the legs pointed in the direction of the jump; however, the
effect was small (Fy 14 = 5.3, p = 0.035, R? = 0.201).
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4. Discussion

Our results show that juvenile mantises are able to perform jumps from smooth
surfaces without slipping. Contact area recordings during the acceleration phase revealed
that they mainly engage the heel pads of their hind legs, suggesting a division of labour
between heel and toe pads similar to that found in other climbing insects [7-10]. Our results
suggest that middle and hind legs perform different functions during the acceleration phase.
While the hind legs likely generate most of the propulsion, the middle legs can be used to
control the jump trajectory.

4.1. Division of Labour Between Attachment Pads During the Acceleration Phase of Jumps

As the tarsi of Stagmomantis theophila mantises have the same number of attachment
pads on the front, middle, and hind legs, and pads are similar in morphology and size,
their foot attachment structures are probably not particularly specialised for jumping. Like
other mantises, they possess two distinct types of attachment pads: one large pair of
euplantulae with a smooth surface on the fourth tarsomere (toe pad) and three smaller
pairs of euplantulae with a cuticular ridge pattern on the first three tarsomeres (heel pads).
Our observations suggest that the cuticular ridges on the heel pads enable load-dependent
control of contact area and thus high friction coefficients combined with low detachment
forces, similar to the function of “nubby” stick insect tarsal friction pads with conical
cuticular outgrowths [8,11]. The cuticular ridges on the mantises” heel pads are similar to
those reported for Nauphoeta cinerea cockroaches, where they have been found to increase
friction on rough surfaces [12]. It is possible that the ridges on the heel pads also aid
mantises in interlocking on rough surfaces.

Like other mantises [13,14], Stagmomantis theophila lack an adhesive pad on the pretar-
sus, and the distal pair of euplantulae may have taken over the function of the adhesive pad.
A similar arrangement and division of labour between two distinct tarsal pad types has
been described for Tettigonia viridissima and Acanthoproctus diadematus bush-crickets [9,15].
For various insects it has been shown that toe and heel pads perform different tasks during
climbing; toe pads are mainly used to generate adhesion and friction forces in the pulling
direction, whereas heel pads are used to generate friction forces under compression in the
pushing direction [7-10,16]. Jumping mantises used their toe and heel pads in accordance
with this division of labour. To enable forward jumps on smooth surfaces, hind legs must
generate large friction forces when pushing. As we did not observe any slipping even when
mantises jumped from glass with low take-off angles, their pads indeed produced friction
forces much greater than the normal forces. As the contact area of the hind legs” heel pads
increased threefold during the acceleration phase, it is likely that these pads are mainly
responsible for the high friction. In contrast, the contact area of the hind legs’ toe pads
decreased during the acceleration phase, and on average they detached earlier than the heel
pads. This suggests that toe pads did not contribute much to the hind legs’ pushing forces,
consistent with findings for distal adhesive pads in other insects, which typically detach
when pushed [8,10,17,18]. When the toe pads did not detach before the heel pads, their
contact areas were very small just before the jump, so that their adhesion could hardly slow
down the jump. The middle legs pointed in the jump direction or were oriented laterally
to it, allowing them to contribute to the jump by pulling. In contrast to the hind legs, pad
contact areas of the middle legs varied strongly between different animals and jumps, but
on average did not change much during the acceleration phase. When the tarsi of middle
legs were aligned with the jump direction, the maximum contact area of the toe pads was
larger, indicating that the middle legs contribute to the jump by pulling.
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4.2. Contribution of Middle and Hind Legs to the Jump

While the fastest jumping insects only use their hind legs to power their jumps [19-21],
some insects and jumping spiders accelerate with two leg pairs [22-32]. Three hypotheses
have been suggested as to why the use of an additional leg pair might be advantageous [24]:
First, spreading the forces over four legs would reduce the force on each individual foot,
thereby allowing jumps from softer substrates [24,25]. Second, species with thin legs might
require two leg pairs to produce sufficient power to jump [26,28]. Third, two leg pairs
might enable the animal to control pitch more easily [24]. Why is it beneficial for mantises
to use four legs for jumping?

Juvenile mantises can jump precisely onto targets [1,2]. Similarly, jumping spiders
catch prey by jumping with their third and fourth leg pairs while the anterior two leg pairs
are lifted off the surface [31]. The spiders’ third and fourth legs can vary considerably in
length between species, and thus in their contribution to acceleration [30,33]. If more than
two legs contribute to the jump, the different legs could take on different tasks during
the acceleration phase. Our results indicate that this is the case for mantises: the different
contact area progressions of pads in middle and hind legs, and the larger acceleration
distance for hind legs, suggest that hind legs provide most of the thrust for the jump. The
contribution of each leg to the kinetic energy of the jump is the integral of that leg’s ground
reaction force over the acceleration distance. This distance was significantly larger for the
hind legs, as the middle legs usually detached first. If middle and hind legs contributed
equally to the energy of the jump, the forces of the middle legs would therefore have to
exceed those of the hind legs. However, larger normal forces would probably result in larger
contact areas of the heel pads, just as we observed in the hind legs during the acceleration
phase. As the contact areas of middle legs were smaller and did not increase much during
the acceleration phase, the middle legs may contribute only little to the acceleration of
the jump.

What then is the function of the middle legs for the jump? It is possible that they are
mainly used to control the take-off angle, pitch, and azimuth during the acceleration phase
of the jump. The control of these parameters has been studied in insects that jump only
with hind legs. Locusts adjust the position of their hind legs before accelerating to control
their take-off angle [34] and froghoppers adjust the lateral position of their hind legs to
control azimuth [35]. Rapidly jumping small insects employ powerful catapult mechanisms,
e.g., [19,20,36,37], where the acceleration lasts no longer than a few milliseconds and is
therefore too short for neuronal feedback. The jumps of these insects mainly serve a
quick escape and are less optimised for a precise landing. In contrast, mantises take
much longer to accelerate (juvenile mantises: >20 ms [2,3]), which would in principle
allow neuronal feedback to adjust the take-off angle during the acceleration phase. Our
observations indicate that middle legs are indeed involved in the control of azimuth: in
one jump with an unusually large (right) azimuth, the weighting of heel and toe pads was
strongly asymmetrical in the laterally oriented left middle leg and similar to that of the
hind legs, indicating that this middle leg pushed sideways to correct the azimuth (Figure 7,
Videos S5 and S6). For the targeted jumps of mantises, accurate landing is probably more
important than power. Therefore, the additional control by the middle legs and the longer
acceleration time may be required for the precise control of take-off to land in the right spot.
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Figure 7. Image sequence of a S. theophila jump with a large azimuth angle of 42.1° from the
side (A,C,E) and below, showing the left middle leg (B,D). The adhesive contact area of toe and heel
pads of the left middle leg is plotted below (F). In (A), a white arrow points at left middle leg in the
first image. The contact area images are rotated so that the direction of the jump points to the top of
the page. In contrast to most other recordings of middle legs, the contact area of the toe pad was very
small, and the toe pad detached before the heel pads.

Supplementary Materials: The following supporting information can be downloaded at
https:/ /www.mdpi.com/article/10.3390 /biomimetics10020069/s1. Figure S1: ‘See-saw’ setup to
visualise the effect of normal load. Sketch of 'see-saw”’ setup used to visualise the effect of normal
load on the contact area of mantis pads. Mantises were mounted on a plastic sheet and immobilised
using Parafilm. One leg was attached using dental wax to a metal wire fixed to the plastic sheet
so that the ventral side of one tarsal attachment pad was the highest point. The plastic sheet was
attached to a threaded metal cylinder resting on a low friction pivot and was balanced by a nut
that acted as a counterweight. Additional weights were placed to achieve defined normal loads.
Contact areas were recorded through a microscope using reflected light. Figure S2: Setup to record
contact areas. Setup used to record contact areas of mantis attachment pads during the acceleration
phase of jumps. Mantises were motivated to jump from a glass coverslip towards a target. The
glass coverslip was positioned on an inverted microscope and contact areas were recorded with a
high-speed camera using reflected light. The movement of the foot and whole-body movements
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were filmed from the side and, for some jumps, from above. Figure S3: Relative detachment time
of hind vs. middle legs. (A) When jumping, the middle legs detached on average before the hind
legs. (B) Acceleration distance (distance travelled by the coxa while the foot was in surface contact)
in middle and hind legs. Figure S4: Contact area progression during walking steps. contact area
progression during steps of front, middle, and hind legs in walking mantises (front legs: three steps
of three insects; middle legs: seven steps of six insects; hind legs: six steps of six insects). Video S1:
Mantis jump hind leg side view. High-speed video of a jump of S. theophila from a glass surface,
showing the left hind leg during the acceleration phase from the side (frames of this video are shown
in Figure 5A). The video was recorded at 4700 fps, and the width of the field of view is 9.43 mm.
Video S2: Mantis jump hind leg contact area. High-speed video of the same jump of S. theophila as in
Video S1, showing the left hind leg during the acceleration phase from below (frames of this video
are shown in Figure 5B). The video was recorded at 4700 fps, and the width of the field of view is
1.66 mm. Video S3: Mantis jump middle leg side view. High-speed video of a jump of S. theophila
from a glass surface, showing the left middle leg during the acceleration phase from the side (frames
of this video are shown in Figure 5C). The video was recorded at 4700 fps, and the width of the field
of view is 10.6 mm. Video S4: Mantis jump middle leg contact area. High-speed video of the same
jump of S. theophila as in Video S3, showing the left middle leg during the acceleration phase from
below (frames of this video are shown in Figure 5D). The video was recorded at 4700 fps, and the
width of the field of view is 1.61 mm. Video S5: Mantis jump large azimuth middle leg side view.
High-speed video of a jump of S. theophila with a large azimuth angle, showing the left middle leg
during the acceleration phase from the side (frames of this video are shown in Figure 7A,C,E). The
video was recorded at 4700 fps, and the width of the field of view is 21.3 mm. Video S6: Mantis
jump large azimuth middle leg contact area. High-speed video of the same jump of S. theophila as in
Video S5, showing the left middle leg during the acceleration phase from below (frames of this video
are shown in Figure 7B,D). The video was recorded at 4700 fps, and the width of the field of view is
1.56 mm.
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Abstract: Shear stress plays a crucial role in modulating cell adhesion and signaling. We present
a microfluidic shear stress generator used to investigate the adhesion dynamics of Dictyostelium
discoideum, an amoeba cell model organism with well-characterized adhesion properties. We applied
shear stress and tracked cell adhesion, motility, and detachment using time-lapse videomicroscopy. In
the precise shear conditions generated on-chip, our results show cell migration patterns are influenced
by shear stress, with cells displaying an adaptive response to shear forces as they alter their adhesion
and motility behavior. Additionally, we observed that DH1-10 wild-type D. discoideum cells exhibit
stronger adhesion and resistance to shear-induced detachment compared to phg2 adhesion-defective
mutant cells. We also highlight the influence of cell density on detachment kinetics.

Keywords: cell adhesion; cell motility; shear stress; microfluidic devices; amoeba; Dictyostelium
discoideum

1. Introduction

Shear stress is an external mechanical force that can influence cell adhesion, motility,
and other biological processes. This includes regulating cells” interaction with, and attach-
ment to, various surfaces based on mediation through specialized protein complexes [1].
The mechanical aspects of cell adhesion and motility are under intensive ongoing theo-
retical and experimental investigation [2,3] due to their crucial relation to the behavior of
many microorganisms. Being a fundamental property of natural and synthetic cellular
biosystems, these are also hot topics in biomimetics. To move this field forward, new
platforms to accurately study cellular adhesion are required.

Amoebae are excellent model microorganisms for further biomimetic development
due to their natural affinity to surfaces [4] from artificial cells [5] and their applications to
soft robotics [6]. Dictyostelium discoideum, a social amoeba that naturally inhabits soil, has
been extensively studied for cell adhesion, motility, and development, and other biological
processes [7]. D. discoideum undergoes two primary life stages: the first is a unicellular
vegetative stage, and the second involves multicellular development. In the first stage, the
cells employ phagocytosis for nutrition. This process involves extending pseudopods—
temporary cytoplasmic projections—used to engulf and internalize prey [8]. Successful
phagocytosis depends on the amoeba’s ability to adhere to surfaces and move effectively,
even under shear stress conditions. When the food source is exhausted, D. discoideum
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cells switch to the second life stage, which starts with the accumulation of hundreds of
thousands of cells into dense colonies (pre-aggregation phase) before aggregating into
three-dimensional structures and undergoing significant changes via gene expression,
leading to the formation of mature fruiting bodies bearing spores [9]. During the pre-
aggregation phase, the cell density increases beyond 100 cells mm 2, reaching at least
1000 cells mm~2 [10].

Previous research on D. discoideum cell adhesion under shear stress has elucidated
several critical mechanisms that govern cellular adhesion and detachment. For example,
the number of adhered cells exhibits a sigmoidal decrease with increasing shear stress,
suggesting normally distributed adhesion across the cell population [11]. The initial
reversible adhesion is typically followed by a stabilization phase, which highlights the
importance of temporal factors in adhesion specificity [12]. Adhesion force measurements
have revealed the role of surface hydrophobicity [13], and the presence of biomolecules at
the attachment surface [14]. Other studies have focused on the role of the hydrodynamic
environment in cell motility and directionality, determining that shear flow acts as a
mechanical cue that influences cellular behavior [15].

Most studies of cell shear stress adhesion, including those on D. discoideum, are con-
ducted using macroscale setups, which involve application of external forces originating
from spinning disks [11], centrifugation [12,16], or flow chambers (radial [17] or rectan-
gular [14,18]). However, these conventional methods have limitations, including low
throughput, complex assembly, restricted range and limited precision in the application of
detachment forces, often due in part to non-uniform velocity distributions and turbulence.

Microfluidic devices have become accepted tools for precise measurements pertaining
to microorganisms and their multicellular constructs [19-21]. The low material consump-
tion and high surface-area-to-volume ratios in microchannels can significantly decrease
experimental costs and increase cell-surface interactions. Most relevant for the present
work, the specific ability to accurately manipulate and control fluids at the micro-/nanoscale
offers the potential for detailed studies into cell adhesion and motility due to the com-
bination of highly controllable shear forces and the compatibility of transparent planar
microchannels with high-quality microscopy [22]. Various microfluidic setups have been
used to study the effect of shear forces applied to different cell types, including, but not
limited to, neutrophils [23-26], endothelial cells [22,27-29], bacterial cells [30-34], and, as
we have recently shown, their biofilms [35-40].

Microfluidic studies of D. discoideum have included single-cell studies [41-43] as well
as chemotaxis studies [44—47]. Other studies used high-resolution time-lapse microscopy
to monitor the real-time interactions between D. discoideum and bacterial pathogens [43].
Though less frequent, microfluidic adhesion studies on D. discoideum have also been demon-
strated. For example, tapered channels in which shear stress was correlated to downstream
position (based on the corresponding local channel width) were used to measure detach-
ment kinetics and shear stress-dependent motion under different applied shear stresses [48].
The results noted a lognormal distribution of the threshold stresses for detachments and
first-order kinetics. However, while innovative, the tapered channel design also could also
result in artifacts from wall effects due to the coupling of applied shear forces with changes
to position during cell motility studies. Tarantola et al. employed a microfluidic device
to study surface adhesion of vegetative D. discoideum, in which they reported a ten-fold
decrease in substratum adhesion [49]. The highly engineered devices included several
channel branch points that admitted liquid to various attachment chambers. Based on the
complex interconnected flow paths and chamber sizes, different shear stresses were devel-
oped in the various chambers [50]. Drawbacks included non-obvious flow properties due
to the multitude of branchpoints and complex channel structures. Advantages included
large rectangular cell adhesion chambers in which constant shear stresses could be applied
while minimizing the confounding influence of cell-wall interactions. Although it was
not exploited in the study by Tarantola et al., the large cell adhesion chambers have the
potential for motility studies in parallel with adhesion studies.
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In this study, our primary goal was the design and implementation of a microfluidic
shear stress generator coupled with time-lapse video microscopy. This device was used to
study both the motility and adhesion of native cells. We designed the system to prioritize
precision and reliability, with a focus on controlled single-condition experiments rather
than automated or high-throughput methods. By using the same chamber and sequentially
applying different shear stresses via flow rate adjustments, this approach allowed for precise
real-time observation of cell detachment. Our simplified yet effective system enabled
accurate quantification of shear stress impacts and initial cell density measurements. Using
this platform, we analyzed the detachment and movement of the adhesion-competent
wild-type D. discoideum strain (DH1-10) and the adhesion-deficient mutant strain (phg2). By
comparing the behavior of these cells, we validated the ability of our microfluidic shear
stress generator to quantitatively assess cell adhesion and investigate the role of cell type
and density.

2. Materials and Methods
2.1. Cell Culture

D. discoideurn DH1-10 [51] and phg2 cells [52] were used in this study. DH1-10 cells
are a spontaneously isolated clone derived from the DH1 strain. The DH1 strain itself was
created by deleting the pyr5-6 locus from the AX3 cell line [53]. The phg2 mutant cells
were subsequently generated from the DH1-10 line through restriction enzyme-mediated
integration (REMI) [52]. Therefore, DH1-10 and phg2 mutant cells are genetically identical,
with the sole difference being the inactivation of the phg2 gene in the mutant cells. The
phg?2 gene encodes the Phg?2 protein, a putative serine/threonine kinase essential for phago-
cytosis, and cell adhesion and mutations in the phg2 gene impair cell adhesion [52,54,55],
which also emphasizes the significance of phg2 in coordinating adhesion-related signaling
pathways and actin cytoskeleton reorganization [56]. As previously described [51], these
cells were cultured at 21 °C in an HL5 medium supplemented with 15 ug mL ! tetracycline,
following the method outlined by Mercanti et al. [57]. The cells were subcultured twice per
week in a fresh medium to prevent them from reaching confluence.

2.2. Microfluidic Device Fabrication

A microfluidic device with a total volume of approximately 2 uL was designed using
standard photolithography techniques [58], including CAD software, and a photomask
was fabricated by photoplotter (FP525000, Fortex Engineering Ltd., Lincoln, UK) for use in
photolithography. A mold for casting the device was created from a single dry photoresist
film (SY300 film, Fortex Engineering Ltd., UK), which was then laminated onto a glass slide
(12-550C, Fisher Scientific, Ottawa, ON, Canada) using a lamination system (FL-0304-01,
Fortex Engineering Ltd., UK). The height of the laminated photoresist film determined
the final channel height (50 pm). The shadow mask and the photoresist-coated glass
slide were exposed to UV light in a UV exposure system (AY-315, Fortex Engineering
Ltd., UK) to selectively crosslink portions of the photoresist. Subsequent immersion in
developer and rinse baths (SY300 Developer/Rinse, Fortex Engineering Ltd., UK) removed
the uncrosslinked portions of the photoresist, resulting in formation of the final mold.
A polydimethylsiloxane (PDMS) and crosslinker solution were mixed at a 10:1 ratio, cast
on top of the mold, and cured at 70 °C overnight. Two inlet holes and one outlet hole were
punched into the PDMS at each channel termination point. The two inlets were included
in the design for the administration of liquid without the need to disconnect the system
during multiple switches between culture media flow and cell flow, thereby preventing the
introduction of air bubbles. Air plasma activation (PCD001, Harrick Plasma, Ithaca, NY,
USA) was used to bond and seal the PDMS device onto a glass slide. The bonded device
underwent brief annealing at 70 °C to enhance the bond strength. The final device was
fully transparent, enabling real-time optical measurements while selected flow rates were
provided by syringe pumps (PhD 2000, Harvard Apparatus, Holliston, MA, USA).

22



Biomimetics 2024, 9, 657

2.3. Videomicroscopy and Image Analysis

In situ imaging of cells was conducted using an inverted microscope (IX73, Olympus,
Richmond Hill, ON, Canada) equipped with a 10x Olympus Plan Fluorite objective lens
with a 0.30 numerical aperture. Sequential time-lapse imaging was conducted with an
8 s delay for 40 min using a CCD camera (Lumenera Infinity 31 U, Ottawa, ON, Canada).
Image sequences were then transferred to a computer for frame-by-frame analysis using
the Fiji distribution of Image] software (version 1.54f, NIH, Bethesda, MD, USA). Image
treatment was used to facilitate cell identification. This included Fiji background subtraction
using a rolling-ball technique of 0.5 pixels and image conversion to binary. Following this,
the number of detached cells was deduced based on a manual count of the number of
remaining cells at each time point. From this, the number of detached cells was normalized
by the initial population count at t = 0 to determine the ratio of remaining cells.

2.4. Cell Seeding and Application of Shear Stress

D. discoideum cells (DH1-10 or phg2) were cultured in HL5 medium in 10 cm plastic
culture dishes (Falcon) until they covered 60% to 80% of the dish surface. The cells were
pelleted by centrifugation, and the resulting cell pellet was resuspended in fresh medium at
one-tenth of the initial volume. These suspended cells (the inoculum) were then introduced
into a sterilized microfluidic chip, which was pre-filled with HL5 medium. The inoculum
was injected via a syringe pump set at a near-zero flow rate (0.1 mL h~!) until initial cell
densities between 100 and 1000 cells mm 2 were achieved. Static conditions (zero flow
rate) were never applied in order to avoid nutrient depletion, which can otherwise occur
rapidly in the small volumes on-chip. Subsequently, the inoculum was replaced with
a culture medium, which was first introduced at a low flow rate (0.1 mL h~!) until all
culture medium was washed out. Under hydrodynamic conditions of the sterile culture
medium, unattached cells were flushed out of the device, leaving only the attached cells in
the channels. In separate experiments, we confirmed that under a flow rate of 0.1 mL h~!,
attached cells persisted on the attachment surface for 40 min. Therefore, we considered this
as a baseline flow rate, instead of using 0 mL h~1 as a control experiment. Then, volumetric
flow rates of 2, 5, and 10 mL h~! were applied to probe the effect of fluid shear stresses
on the cells. The hydraulic retention times were 60, 24, and 12 min (1, 2.5, and 5 medium
recharges per hour) for flow rates of 2, 5, and 10 mL h-1, respectively. A new device was
used for each cell seeding experiment.

2.5. Statistical Analysis

Statistical analyses were conducted using GraphPad Prism version 10.1.2. Data are
expressed as the mean =+ standard error (o/n, where o is the standard deviation and n is
the number of samples) of the mean from at least three experiments per condition. Cell
densities ranged from 100 to 1000 cells mm 2, representing cell densities similar to those
during the pre-aggregation phase. We avoided cell densities higher than 1000 cells mm~2 to
minimize cell-to-cell contact, which can significantly influence adhesion, detachment, and
motility. Statistical analyses were conducted to ensure significance between data sets that
were run with different conditions (e.g., cell types, flow conditions). Differences between
any two data sets were evaluated using unpaired t-tests, whereas comparisons among
more than two data sets were performed using two-way ANOVA followed by Tukey’s
post hoc test. Statistical significance was defined as a p-value less than 0.05. The levels
of significance are denoted in figures as p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), and not
significant for p > 0.05 (n.s.).

2.6. Computer Simulation

In this study, computational fluid dynamics (CFD) was used to simulate the hydrodynamic
flow conditions within a cell adhesion chamber, with a specific focus on calculating the shear
stress exerted on immobilized amoeba cells. The simulation was performed using simulation
software (COMSOL Multiphysics 4.2a, Stockholm, Sweden). The simulation employed fluid—
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structure interaction to concurrently analyze the effect of fluid flow across the amoeba, under
simplified cellular adhesion patterns on the solid surface. The model’s geometrical features
the microfluidic system, including two inlets and one outlet, with amoebae being represented
as solid semi-spherical objects with radii of 5 um based on approximations from microscope
imaging. We fixed the field of view at the center of the cell adhesion chamber (Figure 1) to
avoid wall effects. A selection of important model properties is presented in Table 1.
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Figure 1. Microfluidic device design. (A) CAD model of the microfluidic array, featuring 2 inlets,
1 outlet, and a cell adhesion chamber, designed to ensure controlled and uniform shear stress, provide
ample space for cell mobility, and enable short-term and long-term experiments. (B) Microfluidic chip
fabricated based on the CAD design in (A). (C) Three-dimensional numerical model of the device
with a semi-spherical amoeba model fixed in the middle of the cell adhesion chamber. The shape
of the cell model is shown zoomed in for clarity. (D) Velocity magnitude along the device at a flow
rate of 5mL h~! at inlet 1, showing a uniform distribution of velocity across the device. (E) Velocity
magnitude along a line through the cell adhesion chamber width (Y-direction), highlighting the
uniformity of shear stress distribution; the green box shows the width of the field of view in (A).
(F) Difference between the analytically calculated wall shear stress and the numerically calculated
average shear stress applied to the amoeba cell surface.

The pressure-driven flow of an incompressible liquid through the microfluidic channel
can be described using the Navier-Stokes and the continuity equation. To simulate flow
through the microfluidic shear stress generator, we used the Poiseuille model to analytically
investigate the wall shear stress in a cell adhesion chamber. The shear stress (7) is a function
of shear rate (y), which is determined by the volumetric flow rate (Q), the dimensions of
the channel height and width (h and w, respectively), and the liquid viscosity (p):

6
T:u)(’y:p_ (1)

h2w

A mesh was developed to define spatial locations where hydrodynamic values and
forces were simulated by CFD. A mesh refinement step was conducted iteratively, with
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enhanced mesh density, until variations in the computed shear stress on the amoeba cell
were negligible. A “finer” mesh, resulting in a simulation error of less than 1%, was
determined to be optimal (Table 2).

Table 1. Properties of the microfluidic device model used in CFD simulation.

Amoeba radius 5 um

Fluid delivery channel width 200 um

Cell adhesion chamber length (1) 6.6 mm

Cell adhesion chamber width (w) 3 mm
Channel height (h) 50 um

Fluid density 1000 kg m—3
Fluid viscosity (w) 1mPas

Table 2. Summary of mesh independence analysis results.

Element Size Number of Mesh Shear Stress (Pa) Relative Error
Elements

Coarse 59,442 1.87 36%

Normal 83,001 2.59 12%

Fine 119,616 291 1.2%

Finer 434,694 2.92 0.8%

Extra fine 804,595 2.95 -

3. Results
3.1. Device Design and Shear Stress Simulation

The design of the final microfluidic shear stress generator, with the design schematic
and image shown in Figure 1A,B, aimed to meet several key experimental objectives for cell
adhesion studies: ensuring a controlled and uniform shear stress across the cell adhesion
chamber, providing ample space for cell motility while minimizing interferences such as the
wall effect, and enabling measurements at time scales ranging from minutes to more than
12 h. In this work, all experiments were run for 40 min. The region of interest (900 x 673 pm)
was positioned 1000 um downstream from the cell adhesion chamber entry and centered
within the cell adhesion chamber so that the visualized amoeba was not influenced by the
vertical sidewalls. We validated this assumption using numerical simulations (Figure 1C),
demonstrating that along the Y-axis (perpendicular to the flow direction), over 95% of the
channel maintained a uniform velocity pattern throughout the channel width, with the
exception of locations directly beside the walls (Figure 1D,E). This uniformity is due to the
low aspect ratio design of the channel (channel height divided by channel width), which
minimized the influence of the sidewalls. The low aspect ratio also provided adequate
space for cell adhesion, movement, and growth.

According to Equation (1), the wall shear stresses in the cell adhesion chamber at flow
rates of 2, 5, and 10 mL h~! are calculated as 0.45, 1.11, and 2.23 Pa, respectively. However,
due to the microscale flow disturbances around the cells, the actual shear stress experienced
by the cells may differ from the wall shear stress. To assess this effect, we modeled the
presence of an idealized cell as a semi-sphere with a radius of 5 pm (Figure 1C). The
model indicated that the average shear stresses on the cell surface at flow rates of 2, 5, and
10 mL h~! were 0.60, 1.49, and 2.92 Pa, respectively. These values represent 35.5%, 33.4%
and 33.13% higher shear stresses experienced by the cell at 2, 5, and 10 mL h~?, respectively,
compared to the shear stress applied to the channel wall (Figure 1F). It is important to
note that our simulations did not account for dynamic changes in cell shape. In the future,
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higher-resolution imaging combined with automated image analysis could be applied to
obtain more detailed information about the dimensions on a cell-by-cell basis during the

different stages of the experiments and then used to calculate the precise shear stress.

3.2. Cell Tracking and Migration

The cells exhibited normal migration before detachment. In advance of the shear-
induced detachment, the cells initially extended several forward and lateral pseudopods.
Eventually, they ceased migration, became more rounded, with less contact to the sur-
face, and then finally detached (Figure 2A). This dynamic response indicates an adaptive

behavior to shear stress conditions.
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Figure 2. Analysis of D. discoideum cell motility under shear stress. (A) Detachment of a single DH1-10 cell
at 10x magnification, at 10 mL h~1; the arrow in the last frame indicates the flow direction. (B) Migration
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of a single DH1-10 and single phg? cell under fluid flow over a period of 40 min. (C) Cell migration of
10 cells under shear stress. (D,E) Mean directionality of cell movement as a function of applied shear
stress, indicating to what extent migration is aligned with flow direction. Directionality is defined
as the angle between the flow direction and the cell movement direction over a period of 40 min.
Therefore, cos(0) = 1 indicates fully biased cell movement in the flow direction, cos(8) = 0 indicates
cell movement perpendicular to fluid flow, and cos(8) = —1 indicates cell movement opposite to
fluid flow direction. Error bars represent the standard error. Significance levels in the figures are
represented as follows: p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), and not significant (ns) for p > 0.05.

The motility of the attached cells was quantified by measuring the maximum absolute
displacement in the X-direction (parallel to flow) and Y-direction (perpendicular to flow) at
each flow rate (Figure 2B,C). DH1-10 cells showed greater movement in both directions
compared to phg2 mutant cells, suggesting higher cellular activity and response to shear
stress. When evaluating the effect of flow on motility within the same cell class, the trends
indicated that motility in the direction of flow increased and motility perpendicular to flow
decreased. However, the statistical differences were lower than our identified threshold
for significance.

The directionality of net cell movement was further evaluated by measuring the angle
between the initial (t = 0 min) and final cell positions (t = 40 min), as illustrated in Figure 2D.
DH1-10 cells exhibited diffusive behavior, characterized by random movement within their
environment, and maintained this diffusive pattern even under high shear stress (Figure 2E).
In contrast, phg2 mutant cells demonstrated a movement predominantly aligned with the
flow direction (X-direction), as indicated by Cos(0) values close to 1 (Figure 2E) indicating
a more pronounced response to the flow conditions. In contrast, movement distance in the
X-direction was approximately equivalent for movement upstream compared to movement
downstream for DH1-10 cells, indicating a motility that was nearly independent of the
flow rate.

3.3. Cell Detachment Under Shear Flow

We investigated the adhesion and detachment dynamics of D. discoideum cells under
varying shear stress conditions using the microfluidic shear stress generator. By comparing
the detachment and movement of D. discoideum wild-type cells and adhesion-defective
mutant cells, we aimed to validate the ability of our microfluidic shear stress generator to
quantitatively assess comparative cell adhesion.

Various shear stresses were applied by adjusting the inlet flow rate, based on Equation (1).
The flow rate was carefully selected to ensure that both cell movement and detachment
could be observed for D. discoideumn DH1-10 and phg? cells. A low flow rate of Q =2mLh~!
was identified in preliminary assays as the minimum required to study the cell detachment
percentage in DH1-10. Below this flow rate, the number of detached cells was found to be
insignificant. On the other hand, a high flow rate of Q = 10 mL h~! was sufficient to study
cell detachment in DH1-10. This approach allowed us to assess the effects of varying shear
stress on cell adhesion and detachment for both cell types. In this study, we were interested
in the average results over a range of cell densities from 100 to 1000 cells mm 2, a range
relevant to the initial densification during the pre-aggregation phase. According to our
work, pre-aggregation cell densities can reach 3000 cells mm 2 but result in complications
related to cell-to-cell contact, which we sought to avoid in this work.

Primary detachment data are shown in Figure 3A-C. Generally, the detachment was
initially rapid and slowed until it reached a pseudo-plateau where changes to the number of
cells were nearly constant over the time scale of the 40-minute experiment. Cell detachment
analysis was conducted, with the results presented as curves in Figure 3D,E for DH1-10
and phg2 amoeba, respectively. The DH1-10 cell type exhibited a gradual increase in
the detachment percentage and a lower pseudo-plateau in detachment levels across all
flow rates compared to that of phg2. Based on the two-way ANOVA test, all data were
statistically significant (for example, for DH1-10 detachment at 5 and 10 mL h™1). The
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initial rate of cell detachment and the total percentage of detached cells after reaching a
plateau increased with the flow rate but, again, were notably less affected compared to
phg?2 cells, which were generally prone to detachment at all flow rates. In both cases, the
detachment process did not reach 100% before the plateau region, indicating that strains
contained a population subset with stronger attachment properties. This strongly attached
population was larger for the DH1-10 cells than for the phg2 cells. Overall, phg2 cells have
weaker adhesion, including a heightened sensitivity to shear forces.
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Figure 3. Analysis of cell detachment under various shear stress conditions. (A) Primary data showing
the microscope raw image at time, t = 0 for DH1-10 cells. (B) Same t = 0 data after image treatment,
including background subtraction and conversion to a binary image. (C) Treated image of shear
stress chambe r after t = 40 min. Flow for images (A-C) was 10 mL h~l. (D-F) Comparative analysis
of cell detachments for all flow rates and cell types. (D) Cell detachment curves for Dictyostelium
discoideum DH1-10 in medium at three flow rates of Q = 10 mL h™1 (blue), Q =5 mL h-1 (green), and
Q =2mL h™! (red), illustrating increased detachment with higher shear stresses from increasing
fluid flow rates. (E) Cell detachment curves for the phg2 adhesion-defective mutant in medium at
three flow rates of Q = 10 mL h™?! (blue), Q =5mL h™! (green), and Q =2 mL h™1 (red), showing a
rapid increase in detachment levels. (F) Differential response of DH1-10 and phg? final detachment
percentages (after 40 min) for flow rates of 2, 5, and 10 mL h~!. Figures denote significance as
p <0.01 (**), p <0.001 (***), p < 0.0001 (****), and p > 0.05 (ns).

We further analyzed the final detachment percentages of DH1-10 and phg2 mutants
after arriving at the pseudo-plateau (Figure 3F); it is evident that phg2 cells are less ad-
herent and detach more readily in response to fluid flow, indicative of weaker adhesion.
Conversely, DH1-10 cells display more robust adhesion, demonstrating resistance to shear-
induced detachment. These outcomes were anticipated and likely reflect the intrinsic
adhesion properties of each cell type [52]. This differentiation not only highlights the utility
of our microfluidic design in assessing cell adhesion under dynamic conditions but also
provides valuable insights into the cellular mechanisms governing adhesion, with potential
implications for understanding various biological processes and diseases.

3.4. Effect of Cell Density on Detachment

Next, we deepened the analysis by evaluating the effect of initial cell density (number
of initial cells per unit area) on the detachment process to test our hypothesis that this
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may affect the accumulation of cells during the pre-aggregation phase. To begin, we ran
simulations to determine how the shear stress was modified on a cell in the presence of
a single upstream cell. Using modeling, we accounted for the effect of a single upstream
amoeba on the applied shear stress on a (second) neighboring amoeba (downstream).
When the intercellular separation distances were large (over 25 um), the shear stress on
the downstream amoeba was the same as that reported in Figure 1F (t = 0.6, 1.49, and
292 Paat2,5,and 10 mLh1, respectively). When the separation distances were reduced,
our simulation found that the downstream amoeba was partially shielded, resulting in a
lower applied shear stress. The results indicated that, at all three flow rates, the presence
of an upstream amoeba at an edge-to-edge distance of 10 pum (twice the amoeba’s radius)
resulted in a reduction in shear stress on the downstream amoeba of 10%, whereas a 16%
reduction in shear stress was observed when the distance was reduced to 5 um. Next, we
extended this simulation to determine the effect of several upstream amoebae at a cell
density that mirrored that of our experiments. Based on the initial cell densities in our
experiments, we estimated that the average intercellular distance varied significantly, from
7 um (at 1068 cells mm~2) to 55 um (at 76 cells mm~2). We re-ran the simulation with 0,
2,4, and 7 upstream amoebae, each separated by an edge-to-edge distance d (Figure 4A).
We conducted these simulations at the three flow rates used in this study and changed the
inter-cellular distances to either d = 7 or 55 pum to represent the minimum and maximum
average cell-to-cell distances based on the range of cell densities in our experiments. As
seen in Figure 4B, the effect of more upstream amoebae serves to further reduce the applied
shear stress on the final amoeba. From these simulations, we see that the shear stress on the
most downstream amoeba reaches a stable value after approximately four upstream cells
for the highest flow rate used. Based on a close analysis, this stability is reached earlier at
lower flow rates. Therefore, we are confident that the results with four or more upstream
amoebae represent an accurate average applied shear stress applied on most of the cells in the
experiments. For dense colonies (d = 7 um), the applied shear stress on the most downstream
cell was 2.25 Pa at 10 mL h~!, marking a reduction of nearly 25% in the applied shear stress
compared to that of a single cell. In the case of the lowest cell density (d = 55 pum), the
absolute shear stress values were nearly unchanged, with only a small reduction from 0.6 Pa to
approximately 0.5 Pa after the flow passed by four upstream cells with d = 7 pm.
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Figure 4. Simulation of shear stresses on an amoeba and accounting for the influence of upstream
cells. (A) Schematic of the simulation showing a test cell (dark blue), from which the shear stresses
are obtained, and up to 7 upstream cells (light blue) that are separated by distance d. (B) Shear stress
(T) as a function of the total distance (dtot) to the most distant amoeba with data points for the number
of cells equal to 0, 2, 4, and 7.
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Upon investigating the data presented in Figure 5, we concluded that cell density can
indeed affect detachment, but that this effect is dependent on cell type and flow rate. For
example, DH1-10 wild-type cells (Figure 5A) did show a lower sensitivity to cell detachment
when the initial cell densities were high. Unfortunately, the highest cell density for the
2 mL h~! experiment was lower than for the others, so the data have a more pronounced
appearance for higher flow rates. In contrast, for phg2 mutant cells, regardless of the initial
cell density, the detachment behavior remained nearly consistent at 2 mL h=1,5mLh™},
and 10 mL h~! (Figure 5B). This suggests that the reductions in applied shear stresses at
high cell densities were not significant enough to impact the very weak adhesion arising
from the phg2 mutation.
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Figure 5. Detachment percentages of (A) DH1-10 wild-type cells and (B) phg2 mutant cells at different
initial cell densities under flow rates of 2mLh~!,5mLh™!, and 10 mL h—1.

4. Discussion

Our study employed a custom-designed microfluidic shear stress generator device
to analyze the adhesion and detachment of D. discoideurn DH1-10 and phg2 mutant cells
under various shear stress conditions. The results revealed distinct detachment behaviors
between the wild-type DH1-10 and phg2 mutant cells. Wild-type DH1-10 cells exhibited
a gradual increase in detachment rates with increasing shear stress, whereas phg?2 cells
demonstrated a rapid and substantial detachment response. This observation confirms that
phg2 cells possess inherently weaker adhesion properties or an increased sensitivity to shear
stress, likely due to the disrupted function of the Phg2 protein. This observation aligns with
previous studies, highlighting the crucial role of Phg2 in organizing the actin cytoskeleton,
regulating adhesion molecules, and enabling signal transduction for mechanical stimuli
response [48,59]. In phg2 mutant cells, these processes are disrupted, leading to disorga-
nized actin filaments and altered adhesion properties, resulting in increased detachment
under shear stress, as our study confirms. Our results on the role of the Phg2 protein in cell
adhesion align with those of studies on other adhesion-related proteins such as talin [17,60]
and myosin II [61,62]. For example, mutants lacking talin have been shown to exhibit
weakened adhesion under shear stress, similar to the phg2 mutant in our study [60].
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In comparison with the literature, our study provides insights into the detachment
and cell motility under shear stress conditions. First, our results compare well with those
of Décavé et al., who reported cell motility and directionality at higher shear flow rates.
Specifically, our observations on the directionality and distance of the cell movement along
the flow direction for both DH1-10 and phg2 cells are coherent with the literature [17].

A major deviation from the literature, however, is our results showing that cell density
plays a measurable effect on the detachment rate of wild type DH1-10 amoeba due to
hydrodynamic shielding from neighboring cells, as confirmed by simulations. This is in
contrast to the known loss of adhesion that occurs at high cell densities. However, such
studies usually have investigated the highest surface coverage (e.g., up to 3000 cell mm~2),
which result in the destabilizing effects of cell-to-cell contact. In this work, we largely
avoided this effect by limiting cell densities to less than 1000 cell mm 2.

The use of microfluidic devices in studying D. discoideum adhesion under controlled
shear stress provides precise control and real-time observation of cell detachment, offering
significant advantages over traditional methods. Our approach using large culture areas
offers key strengths, including facility in fabrication, accurate application of uniform shear
stress over large distances and observation over long duration. Consequently, this design
is optimal for investigating dynamic cellular responses and the mechanisms of adhesion
and detachment over time. Furthermore, the design enables cells to freely move and thrive
within the device, further supporting motility and cell density experiments. Supporting
simulations complement the cell density experiments by quantifying the effect of neigh-
bouring cells on applied shear stress, thereby revealing a mutual shielding function that
appears to help maintain surface contact in the lead up to pre-aggregation densification
process. Future testing should further develop the model to account for two-dimensional
cell clusters and more realistic cell shapes, and future experiments should be run un-
der the low nutrient conditions that are usually responsible for triggering aggregation.
The versatility of microfluidic fabrication, including various surface functionalizations,
architectures, and embedded sensors for surface sensitive spectroscopy for sensing microor-
ganisms [63,64], makes our approach adaptable for future studies exploring environmental
effects on adhesion, motility, aggregation, and cellular surface chemistry.

5. Conclusions

The presented microfluidic shear stress generator can be used to effectively assess
cell adhesion under varying shear stresses. We used Dictyostelium discoideum as a model
organism due to its known adhesion properties. Our device measures cell adhesion more
accurately than other designs, with minimal wall effects. We compared wild-type DH1-
10 cells to adhesion-defective mutant phg?2 cells, finding that the generator distinguishes
between cell types based on adhesion. Mutant cells showed weaker adhesion and greater
sensitivity to shear forces. The device also allows for detailed analysis of cell adhesion
and migration under uniform shear stress, with potential applications in studying mechan-
otransduction and cell behavior in response to mechanical stimuli.
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Abstract: To date, research on abalone adhesion has primarily analyzed the organism’s adhesion to
smooth surfaces, with few studies on adhesion to non-smooth surfaces. The present study examined
the surface morphology of the abalone’s abdominal foot, followed by measuring the adhesive force
of the abalone on a smooth force measuring plate and five force measuring plates with different
surface morphologies. Next, the adhesion mechanism of the abdominal foot was analyzed. The
findings indicated that the abdominal foot of the abalone features numerous stripe-shaped folds
on its surface. The adhesion of the abalone to a fine frosted glass plate, a coarse frosted glass plate,
and a quadrangular conical glass plate was not significantly different from that on a smooth glass
plate. However, the organism’s adhesion to a small lattice pit glass plate and block pattern glass plate
was significantly different. The abalone could effectively adhere to the surface of the block pattern
glass plate using the elasticity of its abdominal foot during adhesion but experienced difficulty in
completely adhering to the surface of the quadrangular conical glass plate. The abdominal foot used
its elasticity to form an independent sucker system with each small lattice pit, significantly improving
adhesion to the small lattice pit glass plate. The elasticity of the abalone’s abdominal foot created
difficulty in handling slight morphological size changes in roughness, resulting in no significant
differences in its adhesion to the smooth glass plate.

Keywords: abalone; abdominal foot; adhesion; non-smooth surface; force measuring plate

1. Introduction

Over a long period of evolution, organisms have developed unique and exceptional
adaptations to thrive in their natural environments. For example, many animals in nature
possess adhesive capabilities [1-3]. Animals are able to firmly adhere to different surfaces in
their environment using their adhesive abilities, helping such organisms with fundamental
survival tasks like crawling, hunting, grabbing, and fleeing [4-8]. Adhesion is not only used
by many animal varieties in nature but also plays an important role in human production
and life. The most typical applications of this organism involve vacuum suckers, which
are widely used in industrial production and people’s daily lives through the adhesion
of different pressures inside and outside the sucker [9-12]. However, vacuum suckers
have high requirements for the adhesion surface and offer good adhesion only on smooth
surfaces. The adhesion effect on non-smooth surfaces is poor or absent. At the same time,
this adhesion effect is prone to leakage failure, resulting in accidents [13-15]. However,
organisms with adhesion capabilities not only adhere to smooth surfaces but also yield
good adhesion effects on non-smooth surfaces. The ability to produce strong adhesion
effects on both smooth and non-smooth surfaces has attracted great interest from relevant
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researchers. These researchers have selected organisms with adhesion capabilities and
observed the structures of their biological suckers in detail. The adhesion capabilities of
biological suckers onto different morphological surfaces have also been measured using
experimental methods. This study seeks to improve the poor adhesion capabilities of
vacuum suckers onto non-smooth surfaces using the method of engineering bionics, thus
facilitating the development of vacuum suckers.

To date, researchers have studied and achieved results related to the adhesion capabili-
ties of some common adhesive organisms such as the octopus, leech, remora, tree frog, and
Northern clingfish. Tramacere et al. studied octopus suckers and found that each sucker
was divided into upper and lower chambers, with the two chambers connected through
an orifice in the center. When the sucker is adsorbed, the lower chamber first adheres to
the surface and then gradually flattens to increase the adhesion area. Finally, the sucker
forms a sealing structure with the surface. The upper cavity of the sucker has a protruding
structure covered by a large number of fibers. The water in the lower chambers of the
sucker is extruded through the orifice into the upper cavity via the gradual extrusion of
the lower chambers of the sucker. At the same time, the protruding structure of the upper
cavity and the orifice form an effective seal, ultimately producing vacuum pressure that
enables the sucker to adhere to the object’s surface. The fiber structure on the surface of the
protrusion can improve the sealing ability between the protrusion and the orifice [16-18].
Ditsche et al. observed the abdominal suckers of Northern clingfish, which have adhesion
capabilities, and found that the suckers’ surfaces were composed of numerous micron-sized
fibers with different size grades. When Northern clingfish adhere to a surface using their
suckers, these fibers ensure that a sealed structure is produced regardless of the roughness
of the surface, enabling the adhesion of Northern clingfish to different surfaces in nature.
Adhesion experiments showed that the Northern clingfish has good adhesion (30-40 kPa)
and adaptability to non-smooth surfaces [19,20]. Chuang et al. observed the abdominal
sucker of the Pulin river loach (Sinogastromyzon puliensis) with adhesion capabilities and
found that its surface was composed of many radial fins. The surfaces of the radial fins also
had micron-sized fiber structures. When the Pulin river loach adhere to a surface, the radial
fins and fiber structure of the abdominal sucker enable the adhesion of the organism to
non-smooth surfaces [21]. Kampowski et al. observed the suckers of leeches with adhesion
capabilities with scanning electron microscopy and found that a large number of pores
were distributed on the surfaces of the suckers in front of and behind the leech. When
the leech engages in adsorption, the small holes on the sucker can secrete mucus to fill
the unevenness of the adhesion surface, improving the sealing performance of the leech
sucker when the surface roughness is larger. This mechanism increases the adhesion force
of the sucker. Abalone is an adhesive organism in the ocean whose abdominal foot has
strong adhesion capabilities [22-24]. According to reports, an abalone with a body length
of about 15 cm has an adhesion force of up to 200 kg, highlighting the organism’s strong
adhesion force [25]. Due to the strong adhesive properties of abalone, researchers have
conducted extensive studies on the adhesion of the organism’s muscular foot. Lin et al.
studied the American red abalone and found that its abdominal foot surface is composed
of fibers with two sizes. This multi-level fiber structure enables the abdominal foot sucker
to form an interlocking structure on surfaces with a variety of roughness types, effectively
improving the adaptability of abalone to different adhesion surfaces [26]. Li et al. tested
the adhesion force of abalone in both water and air using various force measuring plates.
The authors found that the adhesion force of the abalone’s abdominal foot primarily comes
from vacuum adhesion force, van der Waals force, and capillary force [27]. Xi analyzed the
measurement results of abalone’s adhesion force on different force measuring plates and
determined that the vacuum adhesion force plays a significant role in the total adhesion
force of abalone [28].

To date, research on abalone has mainly focused on the adhesion capabilities of
the organism’s abdominal foot on smooth surfaces, as well as the composition of the
adhesion force and the surface structure of abalone’s abdominal foot. However, there
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are few studies on the adhesion capabilities of abalone’s abdominal foot on non-smooth
surfaces. To fill this gap, the present study offers a new direction for the bionic design
of vacuum suckers by studying the abalone’s adhesion capabilities and modes of action
on non-smooth surfaces. The specific research contents are as follows. Firstly, abalone
samples of basically the same mass and size were selected for feeding, and then the
surface morphology of the abalone’s abdominal foot was observed macroscopically and
microscopically. Force measuring plates with different surface morphologies were then
selected, and the adhesion force of the abalone’s abdominal foot on force measuring plates
with different surface morphologies was measured via tensile testing. The corresponding
adhesion stress was obtained according to the area of the abalone’s abdominal foot. The
effects of force measuring plates with different surface morphologies on the adhesion
of the abalone’s abdominal foot were compared, and the mode of action between them
was explored. This paper provides a reference for studying the adhesion capabilities of
other organisms with adhesion capabilities on non-smooth surfaces and the interactions
between them.

2. Materials and Methods
2.1. Observation of the Abalone’s Abdominal Foot
2.1.1. Abalone Sample Preparation

The abalone used in this experiment was Haliotis discus hannai, which was acquired
from an aquatic market and promptly transferred to a laboratory aquarium for feeding.
The aquarium measured 1500 x 1000 x 600 mm and was equipped with a filtration system
and water circulation system. The water temperature in the tank was maintained between
15 and 20 °C, with a salinity of 30% and a water depth of 0.5 m. The abalone samples
were nourished with wakame to ensure their survival in the aquarium [29,30]. The abalone
samples weighed between 50 and 65 g and were acclimated in the aquarium for a minimum
of 10 days before the experiment to mitigate errors stemming from individual variations.

2.1.2. Observations of the Abalone’s Abdominal Foot Surface Morphology

The main structure of abalone is shown in Figure 1a,b and is composed of a hard
shell with soft abdominal feet. Figure 1c presents the positional relationship between the
abdominal foot and the shell. The abdominal foot serves as the primary organ responsible
for abalone’s adhesion and crawling. To facilitate further research on abalone adhesion,
the surface morphology of the abdominal foot was examined using a stereomicroscope
(Stemi 2000-C, ZEISS, Oberkochen, Germany). The surface morphology of an abalone’s
abdominal foot is shown in Figure 1d, with the abdominal foot surface segmented into
three layers: the outer layer, the middle layer, and the inner layer. The inner layer, which
encompasses the majority of the abdominal foot area, displays numerous striped folds on
its surface, as shown in Figure le. The abdominal foot has a certain degree of elasticity
and stretch through the different areas of the abdominal foot’s striped folds, generated by
driving forward movement.

2.2. Adhesion Test
2.2.1. Preparation of the Force Measuring Plate

Using a tensile test, we measured the adhesion of the abalone’s abdominal foot to
force measuring plates with different surface morphologies. Due to the good adhesion
and adaptability of the abalone’s abdominal foot to the glass plate, this surface enabled
us to observe changes in the abalone’s abdominal foot. Thus, the glass plate was selected
as the force measuring plate for the tensile test. In this paper, six types of glass plates
with different surface morphologies were selected: (1) a smooth glass plate; (2) a fine
frosted glass plate, roughness Ra = 0.86 um; (3) a coarse frosted glass plate, roughness
Ra = 480 um; (4) a quadrangular conical glass plate with a side length of 1.5~5 mm and
a height of 1 mm, as shown in Figure 2b; (5) a block pattern glass plate with a block side
length of 10~20 mm and height of 0.5 mm, as shown in Figure 2¢; and (6) a small lattice pit
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glass plate with a pit length of 0.8 mm, as shown in Figure 2d. The surface morphologies of
the six force measuring plates are shown in Figure 2a.

Middle layer
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) ;
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Figure 1. (a) Abalone shell; (b) abalone abdominal foot (crouching state); (c) the positional relationship
between the abdominal foot and the shell; (d) abalone abdominal foot surface; (e) three layers and
striped folds of the abalone’s abdominal foot.

2.2.2. Design and Processing of the Hook

To measure the adhesion force of the abalone, we had to detach the abalone in its
adhesion state from the force measuring plate, as the adhesion force of the abalone’s
abdominal foot is notably strong. Moreover, abalone shell shapes present certain differences
between individuals. For this purpose, we designed a type of hook that could hook the
shell without affecting the adhesion of the abalone. The 3D design model of the hook and
relevant design details are shown in Figure 34, as follows: (a) a hole diameter of 5 mm;
(b) a concave design to avoid contact with the abalone shell; (c) a certain radian designed
to adapt to the abalone shell; (d) a shallow groove design conveniently able to catch the
abalone shell; (e) a chamber structure designed to prevent scratching the abalone; and (f) a
wedge structure designed for easy insertion into the abalone shell while increasing strength.
Then, the hook was processed via 3D printing (UP! three-dimensional printer) with PLA
used as the printing material. The 3D-printing process of the hook is shown in Figure 3B,
and the solid machined hook is shown in Figure 3C.

2.2.3. Abalone Abdominal Foot Adhesion Test

The universal testing machine (WSM-500N) used in the tensile test was controlled
with a computer. Before the test, six force measuring plates were placed at the bottom of
each leaching basin. Then, one abalone (purchased and kept in the aquarium, as shown
in Section 2.1.1) was placed on each force measuring plate. Finally, the leaching basin
was placed at the bottom of the aquarium together with the abalone samples on the force
measuring plates, which were left to slowly adhere. In each test, the force measuring plate
and abalone adhering to its surface were placed together on the testing machine for the
tensile test. In this test, the force measuring plate was fixed first, and then the left and right
sides of the abalone shell were hooked with two self-made hooks. Next, the tensile test was
carried out. Figure 4 presents a schematic diagram of the tensile test. In this test, the lifting
speed of the tensile testing machine was 100 mm/min. As the abalone became subjected
to increasing upward tension, the abdominal foot was gradually separated from the force
measuring plate. The test ended when the abalone’s abdominal foot was completely
detached from the force measuring plate. Then, the maximum tensile force on the abalone
during the whole tensile process was recorded and taken as the adhesion force of the
abalone’s abdominal foot. The time interval between each tensile test was 24 h to ensure
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that the adhesion force of the abdominal foot did not increase with extended time. Five
tests were performed for each force measuring plate.

Figure 2. (a) The six force measuring plates used for the tensile test; (b) the quadrangular conical glass
plate and the specific quadrangular conical morphology; (c) the block pattern glass plate and block
pattern’s specific morphology; (d) the small lattice pit glass plate and the pit’s specific morphology.

Figure 3. (A) Hook three-dimensional model and design details; (B) 3D-printing process of the hook;
(C) 3D-printing hook entity.
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Figure 4. Tensile test schematic diagram.

3. Results and Discussion
3.1. Calculation and Analysis of Test Results

Table 1 presents the adhesion force of the abalone on the six force measuring plates
along with the corresponding mass values. To analyze the ability of the abalone’s abdominal
foot to adhere to a surface, the relevant adhesion stress (f) must be determined. The
adhesion stress (f) is defined as

f=F/A 1)

where F represents the adhesion force of the abalone on the force measuring plate, and A is
the corresponding abalone’s abdominal foot area. Since an abalone is a living creature, it
was not possible to artificially unfold the abalone’s abdominal foot and force it to adhere
onto the force measuring plate. Indeed, each abalone’s abdominal foot was generally curled
up, as shown in Figure 1b, making it difficult to measure the area of the abdominal foot
when adhered onto the force measuring plate immediately after each tensile test. Due
to the challenges in directly measuring the abdominal foot area during adhesion in this
experiment, we instead measured the mass of the abalone and calculated the corresponding
abdominal foot area. Ten abalones used in the experiment were randomly selected. The
mass (g) of each abalone and the corresponding area (mm?) of its abdominal foot were
measured separately. The ratio (S) of the abdominal foot area (mm?) to mass (g) was
calculated separately for each abalone based on measurements, and then the average of
ratio (S) for 10 abalones was calculated as Sayg. The average Sayg value was 43.15. Thus,
the abdominal foot area (A) of the abalone was calculated in this experiment by measuring
the abalone’s mass and multiplying the ratio, Sayc.

Table 1 presents the tensile test results and corresponding abalone mass. The calculated
corresponding adhesion stress value (f) of the abalone’s abdominal foot on the six different
force measuring plates is shown in Table 2.

Figure 5 presents a box plot of the average adhesion stress (f) of the abalone’s ab-
dominal foot on different force measuring plates. It can be seen from Figure 5 that the
average values of adhesion stress (f) on the smooth glass plate, fine frosted glass plate,
coarse frosted glass plate, and quadrangular conical glass plate were basically the same,
whereas the stress value on the block pattern glass plate was slightly larger. The stress
value on the small lattice pit glass plate was largest.
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Table 1. Adhesion force and corresponding mass of the abalone on the six force measuring plates.

Maximum
Adhesion Type of Force Measuring Plate
Force/N
. Coarse .
Test Times Smooth Glass Fine Frosted Frosted Glass Small Lattice Quadrangular Block Pattern
Plate Glass Plate Plate Pit Glass Plate  Conical Glass Plate Glass Plate
1 80.5 110.9 105.2 176.1 61.17 126.6
Abalone 49.1 67.5 54.9 56 574 60.2
mass/g
2 89.13 95.92 89.46 149.5 175.6 125.1
Abalone 483 67 515 57.2 65.3 60.3
mass/g
3 116.9 1429 103.2 204 108.2 113.3
Abalone 59.7 58.1 56.9 56 56 63.6
mass/g
4 96.9 114.6 112.7 1449 94.7 129.4
Abalone 574 60.3 54.7 56 59.4 515
mass/g
5 101.6 102.5 92.64 191.6 114.5 116.1
Abalone 60.1 60.3 53.8 58.5 58 51.5
mass/g
Table 2. Adhesion stress (f) of abalone on the six force measuring plates.
Adhesion .
Stress/kPa Type of Force Measuring Plate
Test Times Smooth Glass Fine Frosted Coarse Frosted Small Lattice Quadrangular Block Pattern
Plate Glass Plate Glass Plate Pit Glass Plate Conical Glass Plate Glass Plate
1 38.00 38.08 44.41 72.88 24.70 48.74
2 42.77 33.18 40.26 60.57 62.32 48.08
3 45.38 57.00 42.03 84.42 44.78 41.28
4 39.12 44.04 47.75 59.97 36.95 58.23
5 39.18 39.39 39.91 75.90 45.75 52.24
Average 40.89 4234 4287 70.75 42.90 49.72
value
90 - 70.75
80 t
g 70 r 42.90
g 60 | 4234 49.72
. 40.89 42.87
g so
b
£ 40 t
g 30 |
p=
20 |
10
0 i " . .
Smooth Fine frosted  Coarse frosted Small lattice pit Quadrangular ~ Block pattern
glass plate glass plate glass plate glass plate conical glass glass plate

plate
Type of force measuring plate

Figure 5. The average adhesion stress of the abalone’s abdominal foot on the six different force

measuring plates.
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3.2. Adhesion Mechanism Analysis

The adhesion stresses of the abalone on five force measuring plates with different
roughness types and surface morphologies (Table 2) were analyzed for significance (a
significance level of 0.05) to comparatively analyze the effects of the plates on the adhesion
of the abalone’s abdominal foot. A rank sum test was used to compare the values of five
abalone adhesion stresses on a fine frosted glass plate, a coarse frosted glass plate, a small
lattice pit glass plate, a quadrangular conical glass plate, and a block pattern glass plate
with those on a smooth glass plate, respectively. The results are shown in Table 3.

Table 3. The significance analysis results of the abalone’s adhesion stress on the six different force
measuring plates.

Type of Force Measuring Plate p Value Explanation
Fine frosted glass plate 0.917 Comparison with smooth glass plate
Coarse frosted glass plate 0.251 Comparison with smooth glass plate
Small lattice pit glass plate 0.009 Comparison with smooth glass plate
Quadrangular conical glass plate 0.754 Comparison with smooth glass plate
Block pattern glass plate 0.028 Comparison with smooth glass plate

The significance analysis results in Table 3 show that the adhesion stress (f) of abalone
on the fine frosted glass plate, coarse frosted glass plate, and quadrangular conical glass
plate was not significantly different from that on the smooth glass plate (p > 0.05). The
adhesion stress on the glass plate with small lattice pits and that on the block pattern glass
plate were significantly different, indicating that the adhesion stress (f) of the abdominal
foot on these two force measuring plates was significantly different from that on the smooth
glass plate (p < 0.05).

The adhesion stress of abalone on the block pattern glass plate was significantly
different from that on the smooth glass plate, primarily because the surface morphology of
the block pattern glass plate changed slowly, with blunt corners. This slow rate of change
better enabled the abalone’s abdominal foot to exert its stretching capabilities. The abalone
abdominal foot can completely adhere to the morphology surface of the block pattern force
measuring plate, as shown in Figure 6a. The adhesion area of the abalone was larger than
the area of the abdominal foot upon complete attachment to the morphological surface
of the block pattern glass plate, thereby increasing the adhesion force and the adhesion
stress of the abalone on its surface, as shown in Figure 6b. The shape of the quadrangular
conical glass plate did not have a significant impact on the adhesion of the abalone’s
abdominal foot, primarily because the quadrangular cone itself in the quadrilateral conical
glass plate and the shape between the quadrangular cone changed rapidly; i.e., the rotation
angle was sharp, and the ridges were too numerous. As a result, it was difficult for the
abalone’s abdominal foot to exert its stretching characteristics and completely adhere to
the morphological surface of the quadrilateral conical glass plate, as shown in Figure 7a.
As can be seen from Figure 7a, there are not many clear quadrangular conical imprints
on the surface of the abalone abdominal foot, indicating that the elasticity and stretching
capabilities of the abalone abdominal foot does not allow it to adhere well to the surface
of the quadrangular conical glass plate. The adhesion area of the abalone to the force
measuring plate was essentially the same as the size of the organism’s abdominal foot area.
Thus, the adhesion stress of the abalone on the plate’s surface did not change significantly,
as shown in Figure 7b.
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Figure 6. (a) The adhesion of the abalone’s abdominal foot to the block pattern glass plate; (b) The
adhesion area of the abalone was larger than the area of the abdominal foot upon complete attachment
to the morphological surface of the block pattern glass plate.
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Figure 7. (a) The adhesion of the abalone’s abdominal foot to the quadrangular conical glass plate;
(b) The adhesion area of the abalone to the quadrangular conical glass plate was essentially the same
as the size of the abdominal foot area.

The adhesion stress of abalone on the small lattice pit glass plate was significantly
higher than that on the smooth glass plate because, under normal circumstances, the
abalone formed a sucker structure on the smooth force measuring plate, as shown in
Figure 8a. Because an abalone is a living creature, according to the experiment, the degree
of the vacuum between the abdominal foot and the force measuring plate was far less than
100% (about 40%) when adhering to the smooth force measuring plate. When the abalone
adhered to the force measuring plate with small, shallow lattice pits, the abdominal foot,
which has certain elasticity, wrapped around the small lattice pit and excluded some of the
gas in the pit. Figure 8b shows the adhesion state of the abalone abdominal foot on the
small lattice pit glass plate, and it can be seen that there are a lot of small squares on the
surface of the abdominal foot, which is formed by the abalone abdominal foot due to the
elastic deformation squeezed into the small pits. In this way, each small lattice pit formed
a separate sucker structure, as shown in Figure 8c. As a result, the vacuum degree of the
whole abdominal foot on the force measuring plate with small lattice pits was significantly
increased, so the adhesion stress of the abalone on the force measuring plate with small
lattice pits was greater than that on the smooth force measuring plate.

The results on the various measuring plates (Table 2) along with the significance
analysis results (Table 3) showed that the adhesion stress of the abalone’s abdominal foot
did not change significantly with an increase in the roughness of the force measuring plate
(i.e., the smooth glass plate, fine frosted glass plate (Ra = 0.86 um), and coarse frosted glass
plate (Ra = 480 um)). This result shows that the elasticity and stretch of the abdominal foot
sucker create difficulties in adhering to small surface morphologies of roughness dimension
levels (micron-sized). The adhesion area of the abalone on the force measuring plate was
essentially the same as the size of the abdominal foot. Thus, the increase in the roughness
of the force measuring plate did not yield an increase in the adhesion of the abdominal foot.
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Figure 8. (a) The abalone formed a sucker structure on the smooth force measuring plate; (b) The adhesion
of the abalone’s abdominal foot to the small lattice pit glass plate; (c) Each small lattice pit of the small
lattice pit glass plate formed a independence sucker structure with the abalone’s abdominal foot.

In this paper, the mechanism analysis of abalone adhesion only considered the effect
between the elasticity of the abdominal foot and the surface morphology of different force
measuring plates, and other factors were not considered. Therefore, the analysis of the
adhesion mechanism of abalone on different force measuring plates is only a hypothesis,
which needs further experiments to confirm.

4. Conclusions

Through observations and tensile tests, we studied the effects of using force measuring
plates with different surface morphologies on the adhesion of the abalone’s abdominal foot,
and corresponding conclusions were drawn.

(1) There was no significant difference in the adhesion of the abalone to the fine frosted
glass plate, coarse frosted glass plate, quadrangular conical glass plate, or smooth
glass plate. However, adhesion to the small lattice pit glass plate and block pattern
glass plate was significantly different.

(2) The quadrangular conical shape in the quadrangular conical glass plate changed
rapidly, making it difficult for the abalone’s abdominal foot to fully adhere to the
morphological surface of this plate. Conversely, the surface morphology of the block
pattern glass plate changed slowly, enabling the abalone’s abdominal foot to fully
adhere to this plate’s surface. When the abalone adhered to the small lattice pit glass
plate, each small lattice pit was enclosed, excluded some of the gas in the pit, forming
an independent sucker system due to the stretching characteristics of the abdominal
foot and resulting in a significant increase in the adhesion of the abdominal foot.

(3) Changes in the stretching of the abdominal foot created difficulties in achieving
small morphological size changes based on the roughness, leading to no significant
differences in the adhesion of abalone to force measuring plates with different types
of roughness.
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Abstract: Organisms in nature have evolved a variety of surfaces with different tribological properties
to adapt to the environment. By studying, understanding, and summarizing the friction and lubrication
regulation phenomena of typical surfaces in nature, researchers have proposed various biomimetic
friction regulation theories and methods to guide the development of new lubrication materials and
lubrication systems. The design strategies for biomimetic friction/lubrication materials and systems
mainly include the chemistry, surface structure, and mechanics. With the deepening understanding of the
mechanism of biomimetic lubrication and the increasing application requirements, the design strategy of
multi-strategy coupling has gradually become the center of attention for researchers. This paper focuses
on the interfacial chemistry, surface structure, and surface mechanics of a single regulatory strategy and
multi-strategy coupling approach. Based on the common biological friction regulation mechanism in
nature, this paper reviews the research progress on biomimetic friction/lubrication materials in recent
years, discusses and analyzes the single and coupled design strategies as well as their advantages and
disadvantages, and describes the design concepts, working mechanisms, application prospects, and
current problems of such materials. Finally, the development direction of biomimetic friction lubrication
materials is prospected.

Keywords: friction control; lubrication regulation; chemistry; surface structure; mechanics

1. Introduction

Friction, the process of energy dissipation when two surfaces slide relative to each
other, can be found everywhere in daily life and industrial manufacturing. On the one hand,
friction plays a vital role in everyday life and production; on the other hand, friction causes
severe wear and tear phenomena and requires colossal energy consumption. Therefore, it
is necessary to develop various lubricant materials to regulate interfacial friction in specific
situations. People have studied friction extensively and intensively for sustaining industrial
production, conserving energy, and improving the quality of life, which has continued to
drive the development of mechanical and materials science. However, with the improve-
ment of people’s quality of life and rapid technological innovation, traditional lubrication
materials sometimes find it challenging to meet the requirements of specific friction systems,
which requires us to propose new strategies for controlling interfacial friction.

The diversity of life in nature showcases the beauty and functionality of matching form
and purpose across all scales. The unique structures that have evolved in organisms due to
common materials or specific physiological processes can inspire us to design materials,
devices, or processes with desirable functions, which is the fundamental concept behind
“bionics.” Over 3.8 billion years, a wide range of natural organisms have evolved organs
and structures that can be adapted to complex operating conditions, including a wide range
of ingenious friction and lubrication systems. Many of these organisms realize a wide
range of tribological properties through different interfacial chemistry, surface structures at
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various scales, and mechanical properties of the biological structures to achieve the desired
lubrication effect in a long-lasting and efficient manner. By further understanding how the
complex functionalization and modulation of biological structures can be achieved, we can
optimize the performance and realize the intellectualization of materials.

Humans have long noticed the excellent tribological properties of various organisms
internal and external physiological structures and have conducted a series of related studies.
From the perspective of solid surface lubrication, organisms in nature exhibit three main
types of friction regulation strategies (Figure 1). One is the particular chemical nature of
the surface, which realizes lubrication through the macromolecular layer on the surface of
organisms with unique functions or the secretion of chemical substances with lubricating
effects, such as the mucus secreted by the plant [1] and the synovial fluid and cartilage layer
of mammals [2]. The second is the formation of structures on surfaces at various scales,
such as the arrays of gecko feet [3] and the grooves on the surface of shark skin [4]. The
third is to change the mechanical properties of the surface or subsurface to drastically alter
the friction state at the interface, such as the hardening of the dermis of the sea cucumber
and the contraction of fish muscles [5,6]. In the face of complex environmental conditions,
it is often challenging to design biomimetic lubrication materials based on a single strategy
to cope with the wide range of influencing factors in real situations, so researchers usually
need to couple multiple strategies for material development.

‘ Interfacial %})
“ Chemistry &/

Multiple
Strategies

7

I i

Surface Surface

Mechanics

Structure

Figure 1. The schematic shows the three biomimetic strategies for achieving friction control.

This paper introduces the common forms of bio-lubrication modulation in nature and
the corresponding application of biomimetic materials in friction systems from the standard
lubrication systems in nature. This paper introduces the mechanisms of biomodulation of
interfacial friction from three perspectives, namely, interfacial chemistry, surface structure,
and surface mechanics, respectively, and analyzes the advantages and disadvantages of
various biomimetic strategies, discusses the possibilities and superiority of multi-strategy
coupling, and looks forward to the direction of the development of biomimetic interfacial
friction modulation and the prospects for its application.

2. Surface Chemistry-Dominated Friction

It has long been noted that many plants and animals in nature can achieve lubrication
effects through good hydration of their secretions or soft tissue surfaces. Jacob Klein, a
famous tribologist, proposed the concept of hydration lubrication, described the role of
the hydration layer in water lubrication, and explained the principles of many biological
lubrication systems [7]. The water molecule appears to be electrically neutral. However,
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due to the dipoles caused by residual charges on the hydrogen and oxygen atoms, the water
molecules will form a hydration layer around the polar groups (Figure 2). The hydration
charges will repel each other when they are close, making it difficult for the hydration
layer to overlap [8,9]. During aqueous lubrication, the charged groups at the interface can
immobilize the oppositely charged hydrated groups during sliding via strong electrostatic
interactions, meaning that the hydrated layer also reduces interfacial friction under high
normal pressures, which is consistent with the working conditions in many cases in living
organisms [10,11].

(a) e .. \
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Figure 2. (a) The large dipole of water and the formation of hydration shells about charges. (b) The
mechanism of hydration lubrication between charged surfaces across trapped hydrated ions [7].
Copyright Permission from Springer Nature, 2013.

Researchers have studied biological structures with good lubricating properties and
found that the mucus or surface with lubricating functions in plants and animals usually has
a special chemical composition. For example, the components of plant secretions that play
a lubricating role mainly include well-hydrated macromolecules such as polysaccharides
and cellulose. One of the strategies for developing new lubricants is to analyze the mucus
by extracting specific components or designing based on its composition. The mucilage
in aloe vera is a suitable polysaccharide water-based bio-lubricant. Aloe leaves are rich
in mucilage, whose main component is polysaccharides. Xu et al. [12] investigated the
tribological properties of aloe mucilage and found that the mucilage can exhibit friction
consistent with thin-film lubrication. Hakala et al. [13] extracted mucilage with a lubricating
effect from fresh papaya fruit (Figure 3a—c), and the combination of nanofibers and water-
soluble polysaccharides can form a gel-like structure. Arad et al. [14] evaluated the sulfated
polysaccharide obtained from the red microalga Porphyridium sp., which showed good
lubrication properties in rheological studies. Li et al. [15] reported the excellent lubricating
properties of Brasenia schreberi mucilage (Figure 3d—f), in which there are a large number of
polysaccharide cross-linked nanosheets, which can be combined into a solid polysaccharide
layer on the glass surface through hydrogen bonding and the adsorption of a large number
of water molecules during the lubrication process, and they form a hydration layer between
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the layers in order to effectively reduce the friction. The plant secretions mentioned in this
paragraph and their tribological properties have been summarised in Table 1.

(b) mucilage

seed
surface

substrate

Figure 3. (a) Photograph of gel-like mucus obtained from papaya seeds, (b) gel-like layer formed
on the surface of the seeds after being dissolved for 20 min using calcium fluoride solution, and
(c) AFM morphology image of fresh papaya mucus aggregated on a mica sheet [13]. Copyright
Permission from Elsevier, 2014. (d) Brasenia schreberi mucilage and its lubrication, (e) SEM image of
Brasenia schreberi mucilage after treatment by the vacuum freeze-drying method, and (f) schematic
of polysaccharide nanosheets in mucilage during lubrication [15]. Copyright Permission from
ACS, 2012.

Table 1. Friction-reducing properties of the secretions of natural plants.

Creature/Tissue Friction Substitutes and Velocity COF Reference
Aloe mucilage WC ball/DLC flat; 150 mm-s~1 0.04 [12]
Papaya seed mucilage Polyethylene flat/stainless steel flat; 100 mm-s~ 0.03 [13]
Red microalga secretion Si3Ny ball/alumina flat; 0.2 mm-s~1 0.003 [14]
Brasenia mucilage Glass flat/glass flat; 0.01 mm-s~! 0.005 [15]

Compared to the limited lubricating properties of plant mucus, the lubrication system
in animals usually maintains a lower COF and efficient lubrication under more complex
and demanding conditions, as required for the proper functioning of various functions. In
the human body, biological lubrication plays a role in almost every organ and tissue in the
body all the time, such as the blinking lubrication by the tear fluid between the cornea and
the eyelids [16], the lubrication of the esophagus by mucus containing biomolecules when
swallowing food [17], the boundary lubricant film formed by salivary proteins in the oral
cavity [18], and the synergistic lubrication of synovial fluid and cartilage in the joints [19].
Among them, the human joint lubrication system has been widely studied because of its
close correlation with people’s quality of life and its excellent lubrication performance,
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which can work normally with a very low COF under high load conditions and shows
excellent lubricating and anti-wear properties [20]. The synergistic effect of synovial fluid
and structurally specialized cartilage in the joint system contributes to the excellent and
stable lubricating properties.

The main components of synovial fluid include hyaluronic acid (HA), polyproteogly-
cans, and lubricin (Figure 4) [21]. HA is a high-molecular-weight linear polysaccharide that
can bind many water molecules and separate the cartilage on both sides of the joint during
sliding, which is essential for increasing synovial fluid viscosity [22]. At the same time,
HA binds to phospholipids to anchor to the vesicle surface, and the combination of the
two dramatically improves the hydration properties of synovial fluid. Polyproteoglycans
have a natural hierarchical bottle-brush structure, with a backbone capable of forming
interconnections or adsorbing onto the cartilage surface and hydrophilic glycan side chains
capable of binding to water molecules [23]. Lubricin is also a glycoprotein with a bottle-
brush structure that can act as a protective agent for chondrocytes. Klein et al. [24,25]
explained the mechanism in detail for the specific form of action in polymer brush joint
lubrication. Hydrophilic macromolecules contract in the dry state, ionize to form high
osmotic pressures when hydrated, and maintain a stretched and swollen morphology,
which prevents interfacial contact and resists applied loads [26,27]. At the same time, the
hydration of polymer brushes causes them to aggregate at the sliding interface to form a
boundary lubrication layer, further reducing friction [28].
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Figure 4. (a) Illustration of the natural articular cartilage system and the functional biomolecules in
it: HA (blue), polyproteoglycan (red bottle-brush molecule), and lubricin (green) [21]. Copyright
Permission from AAAS, 2009. (b) Highly hydrated phosphorylcholine groups are a highly effective
lubricating element, and the figure illustrates the hydrated phosphorylcholine headgroups exposed
on the surface of the liposomes as they slide relative to one another [27]. Copyright Permission from
ACS, 2015.

Researchers have discovered or synthesized many macromolecular bio-lubricants with
excellent properties based on understanding the lubrication mechanism of synovial fluid.
Natural chitosan is a naturally available cationic glycan that functions similarly to HA
and can act as a bio-lubricant for treating arthritis. The clinical lubrication properties of
KiOmedine® CM-chitosan, a non-animal carboxymethyl chitosan, have been evaluated
by Vandeweerd et al. [29]. In vitro tribological experiments showed that this chitosan
significantly reduced the COF due to the lubricating ability of the cross-linked HA formula-
tions. In addition, chondroitin sulfate with glucosamine has also been used as a biological
lubricant, which is commonly used clinically for arthritis relief and treatment [30,31]. Syn-
thetic bio-lubricants have also shown good performance in terms of the lubrication and
therapeutic effects. Through the ring-opening disproportionation polymerization of methyl
5-oxonorbornene-2-carboxylate, Wathier et al. [32] synthesized a polyanionic bio-lubricant
(Figure 5). Friction experiments have shown that the polymers with low molecular weight
showed a lower COF and significantly enhanced the viscosity of synovial fluid compared
to saline, Synvisc, and bovine synovial fluid (BSF). Inspired by the bottle-brush structure
possessed by biomolecules, Hartung et al. [33,34] prepared a series of brush lubricants with
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poly-L-lysine (PLL) or polyallylamine (PAAm) as the main chain and flexible PEG as the
side chain, and their lubricating properties were also related to the length of the PEG chain
and the grafting density. The PLL or PAAm can be bonded to negatively charged surfaces
by electrostatic interactions to form a boundary lubrication layer [35]. Pettersson et al. [36]
copolymerized PEO4;s MEMA with methacryloxyethyl trimethyl ammonium chloride to
obtain a new type of bio-lubricant, which can also form a boundary lubrication layer on
the substrate surface through electrostatic interaction, and the lubrication performance is
mainly determined by its chain density.
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Figure 5. (a) Structural formula for Poly(7-oxanorbornene-2carboxylate) and (b) schematic diagram
of its lubrication test model. (c) Polymer 3a with the lowest molecular weight has the lowest COEF,
(d) and exhibits lubricating properties superior to those of BSF [32]. Copyright Permission from
ACS, 2013.

While synovial fluid provides good lubrication as a fluid environment, the articular
cartilage plays a more critical role in lubrication. The synovial joints of the human body
are covered with a thin layer of articular cartilage (1-3 mm thick), which has a sponge-
like macromolecular network structure. The synovial fluid’s water will penetrate the
network during the sliding process, while charged water-soluble biomolecules can be
assembled onto the cartilage surface to realize boundary lubrication [37]. The surface of
the cartilage is also covered with HA, polyproteoglycans, and lubricin. The size of these
macromolecules creates a site-barrier effect, and their strong hydration capacity allows
them to freely extend into the solution and form a hydration layer [38]. This stable and
dense layer has good adhesion and hydrated fluidity, allowing it to withstand high loads
while maintaining a low friction factor. Inspired by the human joint lubrication mechanism,
polymer brushes have been utilized to obtain superior tribological properties and good
biocompatibility by grafting them onto desired surfaces to achieve functional mimicry of
the joint lubrication system. Surface-grafted biomimetic polymer brushes mainly refer to
the grafting of polymers from or onto surfaces by physical adsorption or covalent bonding,
with the hydrophilic portion at the other end having no or only weak forces with the
substrate. When the polymer chains are densely distributed, spatial repulsion causes
the polymer to elongate and form a dense polymer brush layer of a certain thickness on
the surface of the substrate [39]. In aqueous environments, the polymer brushes have
a high penetration pressure and thus exhibit excellent lubricating properties with high
load carrying.
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Based on the inherent lubricating properties of natural polymers in living organisms,
natural polymers were first modified, and their tribological properties were investigated. By
functionalizing the natural macromolecules present in synovial joints, such as hyaluronic
acid [40-42], polysaccharide [43-45], and phospholipid [46-48], researchers well modeled
the tribological properties of mammalian joint lubrication systems. Based on the promoted
understanding of the hydration lubrication mechanism of articular cartilage surfaces, the
researchers further synthesized various types of cartilage-mimicking surface lubrication
materials by various methods, such as surface-grafted polymer brush layers, surface-
adsorbed polymer brush layers, and gel matrices with intrinsic surface lubrication [49].

In addition to the use of polymer brushes to achieve efficient lubrication, by adjust-
ing the external conditions to apply stimuli to the lubrication layer, such as solvent [50],
light [51], temperature [52], pH [53], electric field [54], and shear stress [55], the conforma-
tion of some polymers can be changed accordingly to achieve further modulation of the
interface lubricating properties. For example, based on the mimicry of the lubrication per-
formance of fish skin, Wu et al. [56] further introduced the pH-sensitive monomers sodium
methacrylate (NaMA) and 2-(dimethylamino)ethyl methacrylate into the temperature-
sensitive graphene-pNIPAM gel system, obtaining a hydrogel with the dual responsiveness
of the pH and temperature (Figure 6a—d). The hydrogel has an ultra-low COF (~0.05), which
can be gradually varied from 0.05 to 1.2 by sequentially adjusting the pH and temperature of
the solution reversibly, without structural damage to the gel. Wang et al. [57] prepared semi-
transformable hydrogels with reversible photo-responsive supramolecular lubrication prop-
erties by integrating a responsive supramolecular system of x-cyclodextrin/poly(ethylene
glycol) (x-CD/PEG) and a competing guest, 1-[p-(Phenylazo)benzyl]pyridinium bromide
(AzoPB), into the frameworks of poly(vinyl alcohol) (PVA) and PAAm. Upon irradiation
using UV and visible light, respectively, the competitive host—guest interactions between
the «-CD/PEG supramolecular network and AzoPB led to the repeated formation and dis-
appearance of sol-gel layers on the surface of the hydrogels, whereas the PVA and PAAm
were unaffected and maintained their backbone properties, thus providing a reversible
photo-responsive lubrication capability with variable toughness (Figure 6e,f). Inspired
by the mechanism of transition from lubrication to astringency in the oral environment,
Deng et al. [58] simulated this transition from ultra-low friction to a high friction state
by combining mucin with PVA and achieved a large span of lubrication state switching
(1~0.009 to u~0.47) by the interactions between mucin and tannic acid (Figure 6g—i).

Inspired by the lubrication mechanism in living organisms, the modulation of friction
through the chemical properties of surfaces, as exemplified by polymer brushes, can
fundamentally regulate the lubricating properties by controlling the degree of hydration to
change the molecular state of the surface and achieve a significant reduction or reversible
modulation of the COF in aqueous environments, which has brought great convenience
and manipulability. However, most of the strategies for modulating interfacial interactions
through interfacial chemistry find it difficult to take into account the surface roughness,
hardness, deformability, and other factors that may result in a non-ideal contact state under
real conditions, which may lead to a significant reduction in the lubricating performance
of the material under real conditions. In addition, for friction modulation systems with
stimulus-response capability, the surface’s molecular state or the response layer’s size limits
the magnitude of the lubrication regulation. In addition, the actual application environment
is far less stable than in the laboratory, and the required conditions imposed in the response
process may be difficult to realize precisely in real use.
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Figure 6. (a) Images of catfish skin under different conditions and the corresponding COF, (b) pH
and temperature changes induce a reversible swelling—collapse cycle, (c) the COF curves of the
PNIPAM;;-NaMA;j; gel at pH =7 and 2, rt, and pH = 2 at 32 °C, and (d) the switchable COF of
the pNIPAM;;-NaMAj gel with the stimuli of the pH and temperature [56]. Copyright Permission
from Springer Nature, 2014. (e) Schematic of the possible photo-responsive lubrication mechanism
of PSCHis, (f) images of the sol-gel transition in UV and visible light [57]. Copyright Permission
from Elsevier, 2021. (g) Schematic representation of the switchable lubrication behavior in the oral
cavity, (h) interaction of mucin solution and PVA /mucin hydrogel with tannins, (i) COFs of pristine
hydrogel (black line), TA-treated hydrogel (red line), and TA-treated and incubated hydrogel in
mucin solution (blue line) [58]. Copyright Permission from Elsevier, 2023.

3. Surface Structure-Dominated Friction

The successful application of the surface structure in tribological performance opti-
mization dates back to the 1940s, and surface geometry has also been extensively studied as
an essential influence in tribology, in addition to interfacial chemistry [59,60]. Researchers
have long noted that many organisms in nature have evolved various types and scales of
surface structures to significantly change the tribological properties to adapt to complex
living environments. We can find many examples in nature, such as lotus leaves [61],
gecko toe pads [3], shark skin [62], and snake skin [63], where the structures of different
surfaces confer different tribological properties (Figure 7a—f). Accordingly, researchers have
designed a variety of surface-structured arrays to modulate the contact condition at the
interface, thus obtaining tribological properties similar to those of biological surfaces.

For example, the lotus, one of the most famous organisms with superhydrophobic
surfaces in nature, has attracted the attention of biologists and materials scientists since the
last century and has been extensively studied in the field of drag reduction at solid-liquid
interfaces [64]. The surface of the lotus leaf is rough and randomly distributed with many
microcapillaries with branching nano-stratified structures at the top of the papillae. Thus,
an air-lubricated membrane layer can be formed between the solid phase surface and the
liquid phase due to the combined effect of the micropapillary structure and epidermal
waxes [65]. The lubrication reduces the frictional resistance at the air-liquid interface,
which allows the water droplets to roll easily on the surface of the leaf [66]. Bidkar et al. [67]
further demonstrated the drag reduction capability of this type of hydrophobic surface by
preparing randomly textured surfaces on flat plates and performing turbulence experiments.
The skin-friction resistance was reduced by 20~30% in the experiments. Inspired by the
surface structure of the lotus leaf, researchers have also prepared various surfaces with
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micro- and nano-graded structures, which have been widely used in waterproofing [68],
ice-proofing [69], and self-cleaning [70,71].

Shark skin is also a rough surface capable of providing less frictional resistance, with
oriented ribs of ordered size and space covering the shark’s dermis [72]. The rib-like teeth
of the skin are present as grooves along the direction of the water flow, which reduces the
friction between the water and the surface of the shark’s skin by decreasing the intensity of
the turbulence [4]. At the same time, the interstices between these grooved structures also
reduce the adhesion of the surface, making it difficult for tiny aquatic organisms to adhere
to the shark’s body. Inspired by the shark skin structure, researchers have conducted a series
of studies on this type of drag-reducing surface. Berchert et al. theoretically investigated the
effect of several types of rib geometries on drag reduction, providing theoretical guidance
for subsequent designs [73]. Shark skin-inspired rib structures have been demonstrated to
reduce drag by up to 9.9% [74]. Xing et al. [75] prepared bionic shark skin textures with
DLC coatings on Si3gNy ceramic. The sample exhibited a COF of 0.21 at 300 °C, which was
37.26% lower than that of the blank ceramic. Qin et al. [76] investigated the friction behavior
of soft materials by preparing a bionic shark texture on polydimethylsiloxane (PDMS).
Based on the synergistic effect of the bionic aligned texture and plasma treatment, the
friction on the PDMS surface was effectively reduced. In addition, this type of structure has
also been used in various applications, such as fluid drag reduction and antifouling [77].

As alimbless reptile with an elongated body covered with scales, snakes rely on friction
between their body and the ground for locomotion [78]. This type of locomotion requires
that the scales on their body surfaces generate sufficient friction to support the forward
movement of the body but also provide a low coefficient of friction when the body is sliding.
Researchers have studied the tribological properties of snakes” body surfaces in different
locomotion states and found that snakes exhibit significant anisotropy when moving in
other directions. The COF was higher when the snake moved in the other direction and
1/4 to 1/2 of the other direction when moving forward [79,80]. The snake’s scales have
a multiscale surface structure, with fibrous structures constituting micrometer-scale fiber
waves with asymmetric tips. During changes in a snake’s state of locomotion, the interface
between the fibers and the ground constantly changes between the tips and the lateral,
causing the contact area to change, resulting in the snake’s body surface displaying different
friction coefficients in different motion directions. The regulation mechanism of the snake’s
skin originates from the variations brought about by the multilayers of the surface structure
and asymmetries in the contact interfaces. The researchers have already achieved drag
reduction and the lubrication effect by mimicking and optimizing this microstructure in
the wet and dry state and on various organic and inorganic surfaces [81-84].

Figure 7. Cont.
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Figure 7. Images of a (a) lotus leaf, (b) shark, and (c) snake and the corresponding surface structures.
(d) Papillae on the surface of the lotus leaf [85]. Copyright Permission from ACS, 2004. (e) Grooves
on the scales of the shark [86]. Copyright Permission from Wiley, 2013. (f) Periodic structures on the
body surface of the snake [83]. Copyright Permission from Springer Nature, 2023.

With the wide variety of plants and animals in nature, researchers have developed a
variety of biomimetic lubrication materials with unique tribological properties inspired by
various surface structures, either through alternative approaches or by focusing on their
strengths. For example, based on the microstructure of the head of the dung beetle, You
et al. [87] developed a structured surface that reduces friction by decreasing the contact area
and trapping abrasive particles, and its resistance to cutting decreased by 30.41% compared
with conventional materials. The gill covers of water snails continuously rub against their
hard shells without significant wear. Xu et al. [88] revealed the fluid lubrication mechanism
by observing and numerically analyzing the microgroove structure on the gill cover surface,
which provides a COF as low as 0.012 in a liquid environment. Gregory et al. [89] studied
the low resistance structures of rice blades and butterfly wings and coated nanostructures
with the lotus effect onto polyurethane products with shark skin structures. The composite
surfaces successfully mimicked the functions of rice blades and butterfly wings, advancing
the understanding of surface design elements of biomimetic structures.

Currently, the means of obtaining the surface structures of materials include 3D
printing technology and photolithography, which are greatly affected by the manufacturing
cost, process precision, and time required. A large part of the material is still in the stage
of laboratory preparation in small quantities, making it difficult to realize large-scale
industrial preparation. For rigid substrates, the excessive load in the loading, friction, and
unloading process is prone to cause severe damage to the structure, which leads to a decline
in tribological performance and to lubrication failure; for soft substrates, the deformation
after loading will also have an impact on the actual state of the surface structure during
the friction process. Especially for systems that require the adaptive adjustment of the
tribological performance, it is often difficult to achieve satisfying and continuous lubrication
in complex working conditions by relying on only the surface structure to reduce friction.

4. Mechanics-Dominated Friction

Many organisms in nature have evolved surfaces with unique tribological properties
and, at the same time, functional organs with specific or adjustable mechanical properties
to maintain the adaptive working status under extreme conditions or to switch working
states rapidly [90,91]. For example, sea cucumbers can escape danger by hardening the
dermis to achieve sudden changes in surface stiffness, and many fish can escape from their
captors by contraction hardening and deformation of the muscles [92,93] (Figure 8a,b).
The mechanical properties of material surfaces greatly influence the contact state of the
surface interface and directly affect the total friction force [94]. Researchers have long
been concerned with deformation due to differences in the surface mechanical properties
when studying elastomers such as rubber and the significant effect of hysteresis and
loss on the total friction. In studies on the tribological behavior of human skin, friction
brings about a large amount of lateral deformation, and the contribution of deformation
friction to the total friction can be close to 50% at high speeds [95,96] (Figure 8c). For the
mammalian joint system, the orderly hierarchical fibrous structure of nano/micro-collagen
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fibers endows the articular cartilage with excellent mechanical properties, which allows
the shear forces in joint motion to be well carried and dispersed, thus cooperating with
the synovial fluid and hydrophilic polymer layer on the cartilage to provide long-lasting
adaptive lubrication [97,98] (Figure 8d).

(a.) Soft state Stiff state (b} Red Muscle White Muscle Mucus
(relaxtre‘d) (threatened)

e
52

*!
o (+
—
B Chemical factors
S DU—
< )
F, "
(c) (d) Cartilage
/ ] Superficial layer
Vv = . (Parallel orientation)
e /
R Intermediate layer
T p— M D (Random orientation)
lateral - =5
displacement & - ¥_vertical Deep layer
‘ » displacement (Perpendicular orientation)
—
F o
skin

Figure 8. Schematic representation of (a) a sea cucumber [92] and (b) a fish [93]. The sea cucum-
ber reversibly transforms its dermal hardness when threatened, while the fish escapes by strug-
gling with epidermal mucus. Copyright Permission from Wiley, 2022; Copyright Permission from
Springer Nature, 2022. (c) Schematic representation of the deformation of the skin surface during
friction [95]. Copyright Permission from Elsevier, 2009. (d) Layered and organized structure of
articular cartilage [98]. Copyright Permission from Wiley, 2017.

In the friction lubrication system described above, the surface mechanics of the ma-
terial greatly determine the contact state between the biological surface and the target
substrate. If we can further modulate the mechanical properties based on considering the
chemical properties and structure of the surface, further optimization of specific tribologi-
cal properties or inducible switching of lubrication states can be achieved. Materials that
change surface/subsurface stiffness in response to stimuli have been used in soft actuators
and soft robotics research [99-101]. Modulating friction and lubrication performance via
changes in the surface mechanical properties is easier for engineering applications than
materials that modulate friction through interfacial chemistry. However, obtaining good
friction and lubrication properties is difficult when relying on only a single change in
mechanical properties without structuring or chemically treating the material’s surface.

5. Multiple Strategies Coupling-Dominated Friction

Many lubricating materials and devices based on a single biomimetic design strategy
have been reported. However, obvious functional limitations still make it difficult to fully
meet people’s production and life needs. Some of the materials remain at the stage of
conceptual design and laboratory validation, and it is not easy to advance to the level of
actual technological transformation. Therefore, it has become a hotspot and a challenge to
study and understand the friction control mechanism of biological organs in nature from
multiple perspectives and to develop high-performance or intelligent materials by coupling
the design strategies of interfacial chemistry, surface structure, and surface mechanics.

5.1. Surface Chemistry Coupling Structure

The strategy of coupling the interfacial chemistry and surface structure enables friction
reduction by reducing the contact area through the surface structure and further enhancing
the lubrication effect through chemicals on the surface. For example, plants such as the
Nepenthes pitcher plant use the structure on the surface to lock in the mucus it secretes [102].
Through an excellent match of solid and liquid surface energies, coupled with the roughness
due to the microstructure, the surface can form a stable and effective liquid film that allows
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errant insects to slide down [103,104]. Wong et al. [105] were the first to introduce the
concept of a slippery liquid-infused porous surface (SLIPS) and prepared surfaces with
excellent stability, liquid repellency, and adhesion resistance using inexpensive materials
such as Teflon. Ma et al. [106] used a simple nanosecond laser treatment method to prepare
SLIPSs on carbon steel substrates. In addition to excellent hydrophobicity and corrosion
resistance, the tribological properties of the smooth surfaces were improved, with the COF
decreasing from about 0.52 to about 0.13 for the base steel. Tong et al. [107] further prepared
a smart SLIPS coating inspired by the mucus-secreting behavior of the blind eel. Based on
the responsive supramolecular interactions between azobenzene and «-cyclodextrin, the
surface could achieve self-replenishment of the lubricant on the surface by contraction of
the polymer chains under visible light or thermal stimulation.

The epidermal friction reduction of earthworms is also based on the synergistic
effect of mucus secreted by their epidermal glands and annular grooves on the body
surface [108,109]. The mucus secreted by the glands forms a lubricating layer on the earth-
worm’s body, while the grooves store the mucus and keep the lubricating layer stable while
forming a gap between the body and the soil. Zhao et al. [110] mimicked the lubrication
mechanism of earthworms and introduced textured structures onto the liquid-releasing
polymer coatings, and the lubricants were stored as discrete droplets in a supramolecular
matrix prepared from urea and polydimethylsiloxane copolymers. When the rough surface
is subjected to localized pressure, the lubricant is released from the matrix and covers the
corresponding area, achieving self-replenishing lubrication. Ruan et al. [111] combined the
advantages of porous polyimide and phase change materials by impregnating paraffin wax
into the porous material. They constructed smart lubrication materials with the ability to
self-repair the lubrication layer. The material can release the internal lubricant under ther-
mal stimulation and form a new paraffin lubrication layer on the surface quickly after the
original layer is worn out. This type of coupling strategy can optimize the contact condition
of the interface to some extent and improve the interfacial interaction, as well as optimize
the stability and continuity of the lubrication layer. However, for solid lubrication, most
interfacial chemical interactions are complicated to regulate and require specific means to
immobilize the corresponding molecules onto the structured surface, making it difficult to
achieve stable and rapid preparation in practical applications.

5.2. Surface Chemistry Coupling Mechanics

Combining the surface chemistry with the surface mechanics can lead to materials
with outstanding performance through specific surface modification and substrate stiffness
selection, as well as realize large-span lubricating state switching through the change
in mechanical properties. The superior lubrication performance of mammalian articular
cartilage is attributed to the dense and stable hydrophilic macromolecular layer on its
surface and the well-organized layered structure with excellent adaptive load-bearing
capacity. Inspired by the lubrication mechanism of articular cartilage, researchers have
designed and synthesized a variety of high-performance propriety polymer lubrication
materials [112-114] and surface-modified polymer lubrication materials [115-118], aim-
ing to realize the effective combination of surface lubrication and propriety load-bearing
of real cartilage. In addition, researchers have also achieved substantial tuning of the
lubricating properties by hydrating the lubrication layer with a responsive substrate.
Liu et al. [119] reported a temperature-responsive layered material prepared by brush-
grafting the poly(potassium salt of 3-sulfopropyl methacrylate) onto the sub-surface of an
initiator-embedded, high-strength hydrogel [poly(N-isopropylacrylamide-co-acrylic acid-
co-initiator/Fe3*)] [P(NIPAAm-AA-iBr/Fe®*)]. The soft hydrogel/brush on the top layer
provides hydration lubrication, and the temperature-sensitive hydrogel layer at the bottom
provides adaptive load-bearing capacity, exhibiting tunable mechanical properties in re-
sponse to temperatures above or below the lower critical solubilization temperature (LCST)
(Figure 9a,b). Fish exhibit unique locomotion and lubrication mechanisms based on a highly
hydrated body surface with modulus-adaptive muscle enhancement. Zhang et al. [93] pro-
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posed a modulation strategy for interfacial lubrication control based on modulus changes.
The modulus-adaptive lubrication hydrogel (MALH) consists of a hydrophilic lubrication
layer at the top and a thermally hardened phase-separated layer at the bottom, in which
the bottom hydrogel can change from a soft state (20 °C, modulus of elasticity ~0.3 MPa) to
a rigid state (80 °C, modulus of elasticity ~120 MPa), which enables the material to achieve
switchable lubrication states in water when heated (COF from ~0.37 to ~0.027) (Figure 9c—g).
The researchers further designed the Modulus Adaptive Switching Lubrication Device
(MASLD) and demonstrated the promising application of this regulatory strategy in flexi-
ble devices and smart lubrication systems. The above strategy optimizes the lubrication
performance through further knowledge and understanding of the lubrication mechanism
of biological organs. The coupling of the two possible means of responsive modulation
makes substantial tribological performance tuning possible. However, most of the materials
studied so far are limited to single-component externally stimulated modulation, and it is
not easy to realize synergistic modulation between the lubrication layer and the substrate
material, which makes it difficult to realize a wide range of applications.

(C) LBy A Sl al ¢ A

Low [
density
¢

Low ‘
modulus 4

Soft & Low Lubricant Density

(b)

Mechanical
Shrinkage

a0 500

@

Easy lo calch
Moderate slip

.
i || | Muscle Stiffen '
7

! ™Y gon_L

) 1 geforms
1 B | Muscle Relax . ', De 8| ]
| '
i i
) '

300

401

N 0 ‘ 0 500
V Artificial arm |
: iy foor = 3
% 4 ey
Aot “t\ . - ;~ S
—————————————————— < =

i C | 4 “ao =

H I I I ) x “"'\

1 ' L =

I i

d ' h Capture & Escape
I Pressure ejector H

Figure 9. (a) Schematic representation of adaptive mechanically controlled lubrication in the joint
during unloading and loading; (b) schematic representation of the change in density of the top
hydrogel/brush composite layer and the change in the mechanical strength of the underlying
hydrogel layer as the material network shrinks during heating; (c) improvement of the interfacial
lubrication of this hydrogel during the heating process, which exhibits dynamic adaptation [119].
Copyright Permission from ACS, 2020. (d) Struggling behavior of a fish during capture and its skin
muscle modulus versus COF; (e) evolution of the COF during in situ heating and cooling of the
MALH; (f) demonstration of the MALH as a smart bullet; (g) schematic diagram of the underwater
in situ capture device of the MASLD [93]. Copyright Permission from Springer Nature, 2022.

5.3. Simultaneous Coupling of Three Strategies

Considering the advantages and disadvantages of the above two design strategies, we
can combine the three previous single strategies to develop novel biomimetic lubricating
materials. Interfacial chemistry provides specific interaction force properties and regulatory
mechanisms, surface structure provides optimized contact states, and surface mechan-
ics provide the desired load-bearing capacity and dynamically tunable response states.
Zhang et al. [120] proposed a method to synthesize a large-span viscous-slip switchable
hydrogel by combining dynamic multiscale contact and coordinate regulation, which can
achieve temperature-responsive viscous-slip switching. The responsive process mainly
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consists of molecular-scale chemical modulation that mimics the adhesion mechanism of
mussels and mesoscale modulation based on surface roughness and modulus changes
(Figure 10a—c). This smart hydrogel (DMCS-hydrogel) with dynamic multiscale contact
synergistic modulation can be applied to various substrate surfaces and exhibits fast switch-
ing capability. Considering the coupled design of the three factors, Liu et al. [121] created a
biomimetic high-strength anisotropic layered lubrication hydrogel (ALLH) with an ultra-
low COF by coupling a hydrophilic polyelectrolyte brush, an anisotropic surface microstruc-
ture inspired by scallion leaf, and a high-mechanical-strength substrate mimicking human
cartilage (Figure 10d—g). The artificial scallion leaves exhibit low friction (COF < 0.01) in
different sliding directions under a wide range of contact stresses (0.2 to 2.4 MPa, corre-
sponding to loads of ~5 to 60 N) and ultra-low friction (COF = 0.006) along the microstrip
structure. For high contact pressure and long-term durability tests, the material achieves
almost zero surface wear, which mimics human cartilage’s physiological function.
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Figure 10. (a) DMCS-hydrogel based on dynamic multiscale contact synergy originating from the
dynamic meso-topography and micro-conformation to realize the stick-slip switching; mobile device
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at low (b) and high (c) temperatures in the images and time-distance curves of crawling on a vertical
metal plate, and infrared images showing the heat transfer process from the substrate to the DMSC-
hydrogel [120]. Copyright Permission from Springer Nature, 2022. (d) Oriented distribution of
substrate fibers and well-hydrated mucilage on the surface; (e) SEM images and schematic diagrams
of the surface structure of scallion leaves; (f) schematic diagrams of ALLH samples; (g) the COF
curves of the ALLH sample in the entire 50,000 sliding cycles under the normal loads of 10 N (contact
pressure = 0.4 MPa) and 60 N (contact pressure = 2.4 MPa) in two perpendicular directions with
water as the lubricant [121]. Copyright Permission from Wiley, 2024.

By coupling the three strategies, the problems of the single chemical property of the
material itself and the unsatisfactory interfacial contact state are improved. However, the
more factors that are combined, the more complicated the process links that need to be
considered and the more parameters that to be regulated during the material preparation.
Considering the laboratory operation limitations, most current materials and devices are
multi-material composites, and the performance differences between different materials
and the weak interfacial bonding remain to be solved. In the future, integrating the advan-
tages of various materials and developing propriety functional materials with excellent
performance or easy modification to realize the on-demand design and manufacturing of
bionic lubrication materials will remain a significant challenge.

6. Summary and Perspective

With people’s deepening understanding of the mechanism of biological lubrication,
a variety of biomimetic lubricating materials with better design strategies have been
reported one after another. The single biomimetic lubrication strategy has been widely
used in developing practical and functional lubricating materials. Polymer brush systems
inspired by articular cartilage have made a big splash in water lubrication systems and bio-
lubrication, while structuring processes based on animal and plant surface structures have
been widely used in self-cleaning, fluid drag reduction and antifouling. The comprehensive
influence of surface mechanics on the friction or lubrication performance of materials has
also been gradually emphasized by researchers.

However, most of the development of bionic lubrication materials and devices is still
limited to the laboratory stage. It is difficult to meet the harsh conditions of use, which
puts forward new practical requirements. Given the inadequacy of a single biomimetic
strategy, researchers have begun to develop biomimetic materials by coupling multiple
factors. Surface modifications such as hydrophilicity /hydrophobicity can further optimize
the properties of structured surfaces produced by conventional processes. In contrast, the
surface structure, in turn, improves the contact state of the host material or optimizes the
durability and stability of tribological properties. In addition, by introducing the factor of
the surface/subsurface mechanical properties, the lubrication state is expected to be further
optimized and drastically regulated.

Coupling strategies can compensate for the shortcomings of a single strategy to a cer-
tain extent while highlighting its advantages and maximizing the utility of each mechanism.
However, multiple regulatory factors often bring about more complex design strategies
and manufacturing processes, and researchers often need to integrate and regulate the
performance of multiple functionalized systems. The differences in properties of various
materials can easily bring about insufficient bonding power and difficulties in regulation.
In this case, how to reasonably couple the advantages to obtain a responsive propriety
functionalized material that is easy to regulate or develop a composite material with better
performance is still a great challenge. From the engineering point of view, to ensure the
efficient, continuous and reliable lubrication performance of materials or devices under
complex and harsh conditions, realizing adaptive lubrication performance under real
and variable working conditions is also a major focus and difficulty. With the deepen-
ing research and understanding of the interfacial lubrication mechanism in the biological
movement process and the continuous innovation of the material synthesis process, the
development of new biomimetic friction lubrication materials with the ability to adapt
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to the working conditions or environment will become one of the critical development
directions in the field in the future, with a focus on the adjustable interfacial contact state,
through the combination of polymer design and synthesis, multiscale surface structuring,
surface mechanical property regulation and mechanical deformation, and so on. In the
future, these materials are expected to shine in biomedicine, intelligent electronic sensor
devices, soft robots, and precision manufacturing.
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Abstract: In reported experiments, a steel indenter was pressed into a soft elastomer layer under
varying inclination angles and subsequently was detached under various inclination angles too.
The processes of indentation and detachment were recorded with a video camera, and the time
dependences of the normal and tangential components of the contact force and the contact area, as
well as the average contact pressure and average tangential stresses, were measured as functions of
the inclination angle. Based on experimental results, a simple theoretical model of the indentation
process is proposed, in which tangential and normal contacts are considered independently. Both
experimental and theoretical results show that at small indentation angles (when the direction of
motion is close to tangential), a mode with elastomer slippage relative to the indenter is observed,
which leads to complex dynamic processes—the rearrangement of the contact boundary and the
propagation of elastic waves (similar to Schallamach waves). If the angle is close to the normal angle,
there is no slipping in the contact plane during the entire indentation (detachment) phase.

Keywords: adhesion; simultaneous normal and tangential contact; elastomer; friction; adhesive
strength; work of adhesion; experiment; simulation

1. Introduction

Mechanical contacts involving adhesion are very common in biological systems. Ad-
hesive interactions occur both at the microscopic level (the surface adhesion of living cells,
viruses and bacteria) and macro level (the ability of certain animals to move on vertical
surfaces and ceilings) [1-5]. Different animal species may use different mechanisms of
adhesion for their motion abilities. For instance, certain species exhibit attachment to the
surface by means of capillarity or by direct adhesive contact or a combination of both
mechanisms [6].

Among the most popular examples that illustrate adhesive contacts in nature is the
attachment and detachment of the feet of gecko lizards to surfaces that can be smooth
or rough. The extraordinary ability of geckos to walk on ceilings is ensured by many
keratinous hairs, called setae, on their pads, where each seta is 2-10 pm wide and about
100 pm long. At the submicron level, setae consist of numerous protruding structures
known as spatula (=200 nm wide and long) [6,7]. Thus, in general, the attachment of the
gecko foot to the surface can be considered as a large number of the much smaller discrete
contacts. Complex structures that consist of setae are also found in other animals. For
example, abalones have setae with an average diameter of around 1 pm [8], which is similar
to the size of a gecko’s setae.
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The strength of the mechanical contact, which must be strong enough to hold the
weight of the animal, and their ability to quickly switch between attachment and detach-
ment are also of big interest. It is known that this feature is ensured by different angles at
which the animal places and detaches its foot to and from the surface [7,9].

Directly studying the adhesive contacts involving biological objects is a difficult
challenge even in laboratory conditions as it typically involves experiments with animals [9].
As was mentioned above, one of the distinct features of the adhesive contacts between the
feet of certain animals and a surface is the hierarchical structure of the pads, which firmly
covers the surface roughness, providing a larger contact area. Therefore, one possible
way to mimic these contacts in laboratory conditions without using animals is to study
the indentation of the elastomer substrate with a rigid indenter. The soft surface of the
elastomer can also fill the small asperities at the rigid indenter because a soft substrate can be
significantly deformed and can fill gaps between asperities, especially in adhesive contacts.

It is worth noting that the problem of the tangential contact and detachment of the
soft surface involving adhesion arises not only in the biological environment; it is also an
important topic among many scientific groups working in the fields of tribology, contact
mechanics, engineering and even modern robotics [10]. Classical adhesion theories such as
JKR, DMT and Maugis theory [11-13] cannot provide exact general solutions even in the
easiest case of pure normal contact, and these theories cannot describe significant differences
between the indentation and detachment phases, which are detected in real contacts [14,15].
Much more complicated tangential adhesive contacts are often described within various
computational approaches. During recent decades, several techniques for studying the
tangential contacts of elastomers involving adhesion that focus on numerical simulations
and modeling of the contact phenomena were developed. For example, in [16], the authors
use finite element analysis (FEA) to study the adhesion strength of the sliding contacts,
taking into account the surface roughness. Moreover, FEA was successfully applied to study
adhesion in living cells in [17], where the authors also used atomic force microscopy in their
experiments. In [18], the authors developed a model for mixed lubrication that includes
adhesion, plastic deformation and surface topography by using the finite element method.
Besides FEA, a boundary element method (BEM) is another powerful computing tool that
is frequently used to study mechanical contacts. Recently, it was applied to study the effect
of adhesion and surface roughness on friction hysteresis [19]. Computational studies of
friction and adhesion between polymers at the nanoscale are typically performed within
the framework of molecular dynamics (MD) simulations where special approaches for
tangential contacts were also developed (see, for example, [20,21]). As another illustrative
example of the modeling of tangential adhesive contact, we can refer to the model based
on traction—separation laws developed in [22], the n-point asperity model proposed in [23],
the fracture mechanics model [24] and many others (see, for example, [25,26]).

Besides theoretical studies, tangential contacts are also investigated experimentally.
For this purpose, special laboratory facilities were developed. A famous example of experi-
mental techniques for simultaneous measurements of both the normal and tangential forces
between soft surfaces is the special version of the classical surface force apparatus [27]. In
a more recent study, a rotary shear apparatus was used to study the tangential adhesion
strength between clay and steel in [28]. Important examples of laboratory equipment
developed to measure tangential adhesion are special tribometers (see, for instance, [29,30]).
There are many studies in which the authors use relatively simple self-developed ex-
perimental setups. As a rule, that is enough for the investigation of adhesive contacts in
biological macroscopic organisms (animals) [8]. But, despite the large number of experimen-
tal and theoretical works, adhesive tangential contact is still the object of hot discussions in
various scientific groups. This is due to complex processes during contact area restructuring
at tangential motion (attachment of new contact areas, peculiarities of detachment, adhesive
hysteresis at changing of motion direction, partially sliding, elastic waves propagation,
pores formation during motion, etc.) and importance for practical applications.

68



Biomimetics 2023, 8, 477

Here, we present a series of experiments and mathematical simulations concerning
both indentation of the rigid indenter into soft elastomer and also withdrawal of the inden-
ter from elastomer simultaneously in normal and tangential directions. Also, we propose a
simple model for normal and tangential contact within the method of dimensionality reduc-
tion (MDR) for adhesive contact [31]. We believe that the performed study can bring new
insights into understanding of formation and detachment of the biomechanical contacts.

2. Experimental Set-Up

To perform described below experiments a special type of laboratory equipment, that
is shown in Figure 1 was designed and assembled.

Figure 1. (left panel) Photo of the whole experimental facility; (right panel) enlarged photo of the
contact area between a spherical indenter 4 and elastomer 5 with all-sides LED lighting 9.

The left panel of the figure shows a general view of the designed facility, whereas the
right panel demonstrates only the area of the contact. Both photos of the facility depict
the main parts of the experimental device. The spherical indenter made of steel (denoted
as (4) in the figure), mounted onto three-axial force sensor ME K3D40 (denoted as (3)).
During the experiment, the force sensor measures all three components of normal force.
Electric signal from the sensor (3) is amplified by 4-channel amplifier GSV-1A4 SubD37/2
with three out of four active channels for each component of the force. Outputs of the
amplifier paired with desktop PC through the 16-bit analogue to digital converter NI
USB-6211. Indenter is capable of moving in both normal and tangential directions as it
is driven by two high-precise motors PI L-511.24AD00 (1) and (2), respectively, that are
governed by USB controllers PI C-863. For more precise positioning, the mentioned motors
are equipped with a feedback mechanism that automatically measures and corrects (if
needed) the coordinate after movement. With the presence of the feedback, the accuracy of
positioning may reach values up to £0.2 um. Another important option of the drives that
are used in the facility is a lack of hysteresis of coordinate after changing the direction of
motion. Such a type of hysteresis almost always exists in devices without feedback due
to the inevitable backlash in the mechanical converters of rotary motion into translational
motion, even in devices with more accurate and expensive ball-screw gears.

Sheet of transparent rubber TARNAC CRG N3005 with thickness = 5 mm was used
as an elastomer substrate (5), and almost perfect transparence of this rubber ensures the
possibility of direct observation of the contact area. This type of rubber is characterized by
elastic modulus E = 0.324 MPa and Poisson’s ratio v ~ 0.48, which were estimated in [32]
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by generalizing a large amount of experimental data. Elastic modulus of the indenter
material (steel) is 5 orders of magnitude higher and equals E ~ 2 x 10° MPa, therefore
in experiments the indenter can be considered as absolutely rigid and deformations only
occur inside the rubber substrate.

Observation of the contact area in experiments is performed from the bottom part of
the device through the rubber sheet by digital camera Ximea 2.2MP MQ022CG-CM with
FUJINON HF16SA-1, 2/3" lens. In Figure 1 the position of the camera is denoted by (7),
whereas the camera itself is closed from the observer by an aluminum plate. Tilt mechanism
(6) can be used to manually change the position of the elastomer in the horizontal plane,
which is critically important for experiments with tangential motion. Motorized rotation
stage SMR190-90-4247-MEn1 (8), governed by 8SMC5-USB-B8-1 USB-controller, is typically
used for the rotation of elastomer; however, in the described experiments, it is idle. The
facility shown in Figure 1 was described in detail in our recent work [33], and the provided
therein “Supplementary Video” shows the performance of the device in real time.

Here, we describe a series of experiments performed according to scenarios (A) and
(B), which are shown in Figure 2. In both cases, in the first phase of experiment during
the movement of indenter with radius R in normal direction, the point of the first contact
between indenter and rubber was detected, and a related normal coordinate was considered
as zero indentation depth dy = 0 mm. Then, in scenario (A), indenter was immersed into
the depth dmax = 0.3 mm at an angle « to the elastomer surface (see Figure 2). Movement of
the indenter at a certain angle was performed by its simultaneous displacement, driven by
the motors (1) and (2) (see Figure 1) with different velocities v, and vy. Velocities v, and
vy were chosen in such a way that the absolute value of the resulting velocity in each case
was the same v = /02 + vZ = 1 um/s (see Figure 2). Thus, at a given indentation angle
absolute values of velocities can be determined as v, = v cosa and v, = v sina. Note that at
such a small velocity of indenter motion, the contact can be considered as a quasi-static
(viscoelastic effects do not appear or are very small) as it was experimentally shown in
our previous work [34]. It means that the obtained experimental data can be described by
classical theories of adhesion of elastic bodies as JKR-type theories.

Figure 2. Schematics of two experiments: (A) immersion of the indenter into elastomer, and its
withdrawal (B). In both experiments indenter moves with velocity v that has normal v, and tangential
vy components. Figure shows the configuration with thickness of an elastomer /, indentation depth d,
normal and tangential components of contact force Fjy and Fy, and indentation angle .

In scenario (B), the indenter was initially immersed into the elastomer to the depth
dmax = 0.3 mm at motion in a normal direction, and then it was withdrawn from the
substrate at an angle « to its surface up to full detachment of the contact. Vectors of velocities
for both scenarios (A) and (B) are shown in the Figure 2. Several series of experiments
were performed with two different indenters of radius R = 30 mm and R = 100 mm and at
angles « = 10°, 20°, 30°, 40°, 50°, 60°, 70°, 80°, 90° (angle & = 90° related to normal contact).
Separately, experiments with pure tangential movement of an indenter were performed
(at & = 0°), where prior to tangential shift indenter was immersed into elastomer to the
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depth dmax = 0.3 mm. In this case, the conditions of the experiments differ from both
scenarios (A) and (B).

3. Experimental Results

Movement of the indenter at an angle « to the elastomer surface includes both normal
and tangential shift. Therefore, prior to analyses of the data obtained from indentation at an
angle, it is necessary to have an insight of what is happening in simpler cases of pure normal
and tangential contacts. In several of our previous works, various aspects concerning
normal [32-36] and tangential [33,37,38] contact were considered. However, due to the
complexity of the considered phenomena, here we will not only cite our previous works,
but additionally will conduct experiments on both normal indentation and tangential shear
(the descriptions of the experiments are given in the next two subsections). It is worth
noting that these experiments were performed with the same elastomer and indenter, as
the experiments with the indentation at an angle a. This will help to obtain additional
information about the studying system.

3.1. Normal Contact

Figure 3 shows results of experiments where indenter was moved at an angle & = 90°
to elastomer plane (see schematics in Figure 2). As it was mentioned above, this situation
relates to the indentation in pure normal direction. The figure shows five full indenta-
tion/detachment cycles. Overlapping of the curves, corresponding to different cycles,
indicates good reproducibility of the experiments.

Fy, N

L\w'ri('ul /wa'mum.'f

0.3

Figure 3. Dependencies of normal force Fy (a), contact area A (b), size of the contact in vertical Lyeytigg
and horizontal Lyyjsonts directions (c) and ratio Lyepticar / Liorisontal (d) on indentation depth d. Radius
of an indenter R = 30 mm, elastomer (CRG N3005) thickness i = 5 mm. Supplementary Video S1 is
also available.
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As it was observed in various experiments on different scales [32—40], in the inden-
tation phase, adhesion is neglectable and contact can be considered as non-adhesive.
However, in the detachment phase, adhesion significantly affects the properties of the
contact, which results in an additional force (Fy < 0 N at 4 < 0 mm) that must be applied for
complete detachment of the indenter. Mentioned peculiarities lead to adhesive hysteresis
of the second art in the dependencies of the force Fy(d) and the contact area A(d), which is
clearly visible in the Figure 3a,b. Reasons which lead to hysteresis are not completely estab-
lished yet, and in the literature it is explained by the influence of humidity, viscoelasticity or
roughness of the contacting surfaces [39]. The presence of the hysteresis causes additional
dissipation of the mechanical energy in oscillating adhesive contacts [35]. In a situation
where contacting surfaces have a non-uniform distribution of surface energy (which deter-
mines the specific work of adhesion), such hysteresis arises naturally within the framework
of classical adhesion theories, like JKR [35]. If two hard contacting surfaces have surface
energy densities y; and 7y, and <17 is an interfacial energy density for interface between
these surfaces in the contact, the specific work of adhesion can be expressed as [41]

Ay =71+ 72 — 712 1)

In the case if Ay > 0, the contacted surfaces adhere to each other. A simple phe-
nomenological approach to the description of adhesive hysteresis of the second art can
be to introduce two effective values of the specific work of adhesion at the stages of in-
dentation A7y, and detachment Avy,g1, where A1 > A7y,f,0. Such a simple assumption
makes it possible to simulate the normal adhesive contact with a sufficient accuracy of
reproducibility of experimental results [34,36,40]; however, it does not explain the cause of
the hysteresis.

It is worth noting that in a real experiment the shape of the indenter is not absolutely
spherical and the rubber surface is also not ideally smooth. Therefore, the contact area will
deviate from the expected round shape. In this case, one parameter (contact radius) used for
description of the contact geometry becomes insufficient. In this regard, in all experiments
described below, additional dependencies of the “width” in horizontal Lyyyisonte and vertical
Lyertica directions are introduced (see Figure 3c). Here and below mutually perpendicular
“horizontal” Lyyyisontar and “vertical” Lyetiqq directions are chosen from the location of the
camera in the device shown in Figure 1. For experiments with indentation in the normal
direction, these are arbitrary directions that have no geometric meaning. However, if there
is tangential movement, the direction Ly, isontar cOincides with the direction of the tangential
shift of the indenter. At the same time, Lytic;; Will automatically coincide with the direction
perpendicular to the direction of the tangential shift. In the case of a circular contact patch,
its “width” is the same in both directions and reduced to the diameter of the contact.

3.2. Tangential Contact

Figure 4 shows results of an experiment in which the indenter was first immersed
in the normal direction into the rubber to a depth dmax = 0.3 mm, and then shifted in a
tangential direction at a fixed depth dmax. After shifting to a distance Ax = 3 mm, the
indenter was withdrawn from the elastomer until the moment of complete detachment
of the contact. The figure shows time dependencies of the normal force Fy, tangential
force Fy, contact area A, average contact pressure <p> = Fy /A, averaged tangential stresses
<t>=Fy/A, and ratio Lyessicai / Lnorisonta- TWo vertical dashed lines 1 and 2 are present in all
panels of the figure, where up to line 1, indentation in the normal direction is performed
(in this case, the tangential force Fy and corresponding tangential stresses are equal to zero).
Between lines 1 and 2, the indenter is shifted in tangential direction at fixed indentation
depth dmax, and after line 2, the indenter is pulled off the elastomer until the detachment.
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Figure 4. Time dependencies of the normal Fy (a) and tangential Fy (b) forces, contact area A (c),
average contact pressure <p> = Fy/A (d), averaged tangential stresses <7> = Fy/A (e) and ratio
Loertical/ Liorisontar (£)- Radius of the indenter R = 30 mm, elastomer thickness (CRG N3005) /1 =5 mm,
indentation depth during tangential shift dmax = 0.3 mm, velocity of the indenter motion v =1 pm/s.
Supplementary Video S2 is also available.

During the phase of experiment until line 1, the dependencies in Figure 4 relate to
normal indentation, therefore they have the same features as the data in Figure 3. Curves
plotted in Figure 3 relate to the dependencies on the indentation depth d, whereas Figure 4
shows time dependencies of the main measured quantities in the experiment. Nevertheless,
indentation is performed with constant velocity, therefore both figures have the same
peculiarities, such as a linear increase in the size of contact area A in Figures 3 and 4 with
the growth of indentation depth d and time ¢.

A tangential shift of the indenter begins over the line 1 in panels of Figure 4, and after
that, the tangential force Fy first increases to a certain maximum value, then decreases.
After this decrease in the Fy, the stationary sliding mode begins. In all panels of the
figure, except panel (f), immediately after the establishment of the stationary sliding
mode, enlarged parts of the curves (that are bounded by dashed rectangles in the main
figures) are shown for better clearance. In the enlarged regions, it is easier to trace the
relationships between the quantities that are measured in the experiment. For example, in
the insets to the panels of the figure, it is clearly visible that all measured quantities change
nonmonotonically. This is due to the fact that during the sliding, complex processes of
contact propagation occur in the system. These processes are associated with the abrupt
appearance of new contact areas between the rubber and the indenter at the leading edge
of the contact, with more monotonous-like separation of the rubber at the trailing edge,
and also with the propagation of elastic waves in the contact area. These waves are known
as “Schallamach waves” [42-46] and it is one of the least understood effects in adhesive
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contacts. Each subsequent propagation of an elastic wave leads to a decrease in the friction
force and tangential stresses, which increase again with further shear. In our previous
works [33,37,38], these processes are described in detail, especially in the recent work [38],
where we discuss the inhomogeneous nature of slip phase during tangential shear of the
indenter. Moreover, in Supplementary Video S2, features of contact propagation during
tangential motion are clearly visible.

One particular feature, which can be observed in Figure 4, needs additional explana-
tion. As it follows from the figure, in the mode of stationary sliding, normal force Fyy and
contact area A fluctuate around certain average magnitudes, without any radical changes
(either decrease or growth) in time. This means that during tangential movement, the
indentation depth d = 0.3 mm remains constant, i.e., there are no explicit irregularities
on the surface of this particular rubber substrate in the direction of indenter movement.
However, despite constant values of the force Fyy and area A, tangential force Fy decreases
in time (see Figure 4b), together with tangential stresses <7> = F,/A. In the considered case
of adhesive contact in the established stationary sliding mode, the friction force, regardless
of the indentation depth dmax, is determined by expression (without considering friction at
the contact boundary [37]):

Fy = 1A, )

where stationary tangential stresses 7y depend on adhesive forces between contacting
surfaces. In this case, the coefficient of friction y loses its physical meaning as it becomes
dependent on indentation depth diax [38]. According to (2), friction force Fy is proportional
to the contact area A, which has almost constant value <A> ~ 50 mm? in stationary mode
(see Figure 4c). Therefore, the observed decrease in the friction force is possible only due
to the reduction of the stationary stresses 7, which can be observed in the Figure 4e. The
decreasing of stresses occurs due to the degradation of the adhesive properties of the contact,
caused by contamination and oxidation of the indenter surface during the tangential shift.
In this case, the specific work of adhesion decreases, which leads to a decrease in the
adhesive strength in normal contact (by adhesive strength here we assume the normal force
that must be applied to completely detach the indenter from the rubber) [36]. In the case
of tangential contact, as it can be seen, the degradation of adhesive properties leads to a
decrease in the stationary value of tangential stresses T, and, as a result, to a decreasing of
friction force Fy.

Decrease in the adhesive strength of the contact makes comparative analysis of exper-
imental data more difficult, since each individual experiment will have its own value of
the specific work of adhesion, on which all other characteristics of the contact such as its
radius, contact forces, etc., depend. In further analysis of the experimental data concerning
indentation at different angles &, we will neglect the changes in the adhesive strength of
the contact. In the case considered below, such constraint is relevant, since a change in the
angle « at which the indentation is performed has a much stronger effect on the contact
properties than the observed change in the specific work of adhesion due to degradation of
the contact properties.

3.3. Immersion of the Indenter at an Angle to the Surface, Scenario (A)

Figure 5 shows results of experiments on indentation of the metallic spherical indenter
with radius R = 30 mm into elastomer sheet TARNAC CRG N3005 with thickness & =5 mm,
that was performed according to scenario A (see Figure 2 and related description). The
figure shows time dependencies of the normal Fy (panel a) and tangential Fy (panel b) com-
ponents of the contact force, contact area A (panel c), average normal pressures <p> = Fy/A
(panel d), average tangential stresses <7> = Fy/A (panel e) and ratios Lyetica/ Liorisontal
(panel f). The group of curves, corresponding to experiments on indentation at angles «
from 10° to 90° with 10° increments, are plotted. Dependencies corresponding to the same
experiment (the same angle «), plotted in different panels of the figure in the same color.
Moreover, each panel contains nine curves, except for dependencies of the tangential force
F,(t) and tangential stresses <7>(t) (panels (b) and (e)), where the results of the experiments
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with & = 90° are not shown, because under pure normal load the tangential force and
related stresses T do not occur.
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Figure 5. Time dependencies of the normal Fy (a) and tangential Fy (b) forces, contact area A (c),
average contact pressure <p> (d), tangential stresses <7> (e) and ratio Lyeptica1/ Lyorisontal (£)- Radius
of the indenter R = 30 mm, elastomer thickness (CRG N3005) 7 = 5 mm, maximal indentation
depth dmax = 0.3 mm, in the experiment according to scenario (A) (see Figure 2). Dependencies
corresponding to the experiment with the same angle « (from 10° to 90°), plotted in different panels
of the figure in the same color. Supplementary Video S3 is available.

In all experiments, presented in Figure 5, after the appearance of the first contact
point between the indenter and the rubber, the indenter was pressed into the elastomer at
an angle « to its surface until reaching the indentation depth dmax = 0.3 mm. As soon as
the depth dmax was reached, the indenter was withdrawn from the elastomer in a normal
direction until the complete detachment of the contact. As it follows from the figure, during
the indentation phase, magnitudes of normal Fy and tangential F, forces as well as contact
area A and contact pressure <p> are increasing. As indentation always continues up to
the depth d = dmax = 0.3 mm, Fy, A and <p> grow to approximately the same maximum
values regardless the magnitude of an angle «. This happens because the quantities Fy;,
A and <p> characterize a normal contact, which is mainly determined by the indentation
depth dmax. The main difference between curves Fy(t), A(t) and <p>(t), corresponding to
different angles «, consists of different rates of growth, since with an increasing of the angle
« indenter reaches the maximal depth dmax faster.

After reaching the maximum values, Fy, A and <p> begin to decrease, as the phase of
indentation at an angle is replaced by the phase of the detachment, where indenter moves
in the pure normal direction (detachment in all cases occurs at & = 90°).
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Let us note some peculiarities of contact propagation during indentation at different
angles. As it was observed in previous works, stationary sliding mode is established
in the studied system during pure tangential motion. In stationary mode, regardless of
the value of the indentation depth d, tangential stresses g = Fy/A occur over all contact
area of magnitude from 30 to 50 kPa in different experiments (see Figure 4e, and also
experimental data reported in [37,38]). Magnitudes of 7 vary in different experiments as
T¢ strongly depends on the current state of the contacting surfaces, namely, on the presence
of chemical and physical contaminations, roughness, etc. As it follows from the Figure 5,
only in the case of indentation at a minimum angle & = 10°the indenter is shifted in the
tangential direction on the distance enough for tangential stresses T to reach the critical
value 7 ~ 40 kPa, above which tangential slip begins. After the stresses reach the value
T, it does not increase with further tangential shift, although the friction force Fy and
contact area A continue to increase. These parameters grow due to the fact that when
indenting at an angle « to the surface, shift in tangential and normal directions is performed
simultaneously, and, due to the increasing of the indentation depth 4, the contact area A
growth together with friction force Fy ~ 19 A (2).

In the stationary sliding mode, contact propagation has certain features that can be
traced on the dependencies A(t), <p>(t) and <7>(t) in Figure 5. To explain these features, let
us return to the case of solely tangential shear, which is shown in Figure 4. Here, during
the contact propagation, smooth detachment of the rubber from the indenter occurs on the
back front, so the boundary of a contact on the back front practically does not change its
shape. At the leading age of the contact, new areas of rubber are involved in the contact
with the indenter’s surface in an abrupt manner (see Supplementary Video S2), therefore
contact area A(t) also increases abruptly. Since the new parts of the rubber that have just
come into contact are not loaded in the tangential direction, they do not contribute to
the friction force Fy immediately after contact. Therefore, such an increase in the contact
area A without corresponding growth of the friction force Fy leads to a sharp decrease in
the average tangential stresses <7> = F,/A. With further shifting, the tangential stresses
<T> increase again due to the loading of the “new” areas of the rubber, at the same time
the contact area A monotonically decreases. The described contact propagation process
is repeated cyclically, which can be seen in the dependencies plotted in Figure 4 and in
Supplementary Video S2 (for more details, please see related description in [38]).

In experiments on indentation at an angle « to the surface of the elastomer, a mode
similar to the tangential shift is established in the system at small angles «. In this mode,
there is also a jump-like mechanism of contact propagation, so dependence A(t) in Figure 5c
at & = 10° exhibits regions with sharp growth of the area A. However, in contrast to a pure
tangential shift, new contact areas appear in an abrupt manner not only at the leading
edge of the contact, but along the entire contact boundary, which is clearly visible in
Supplementary Video S3. The reason for such behavior is the fact that along with the
tangential movement, there is a constant increase in the indentation depth d. As in the case
of a pure tangential shift, immediately after the appearance of “fresh” areas of contact, they
appear to be unloaded in the tangential direction, which is verified by the absence of abrupt-
like changes in the tangential force F after the attachment of new areas of rubber (see
Figure 5b at « = 10°). As it follows from Figure 5, abrupt growth of the contact area A does
not lead to sharp changes in the normal force Fy also. Therefore, after the following act of
contact propagation, both calculated values of the averaged tangential stresses <t> = Fy/A
and contact pressure <p> = Fy/A decrease. For an adequate description of the evolution of
these parameters, it is necessary to take into account the spatial distribution of stresses, as
it was discussed in our previous work [38].

Above we described the case of indentation at an angle « = 10°, which is close to
tangential sliding. In this case, the tangential stresses reach a critical value tg ~ 40 kPa
during the tangential shift, after which the elastomer slips over the surface of the indenter.
In all other experiments with « > 10°, as it follows from the Figure 5e, tangential stresses <>
did not reach a critical value throughout the entire indentation up to the critical indentation
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depth d = dpax. Therefore, in these experiments, global slippage as well as abrupt-like
expansion of the contact area were not observed, during indentation. As it follows from
the data plotted in Figure 5 and from the Supplementary Video S3, at « > 10° all main
parameters, such as both components of contact forces Fy and Fy, contact area A, as well as
contact pressure <p> and tangential stresses <> increased smoothly and monotonously
during the whole indentation phase.

3.4. Pull-Off of the Indenter at an Angle to the Surface, Scenario (B)

In the experiments, the results of which are shown in Figure 6, the indenter was
first immersed into the elastomer to a depth dmax = 0.3 mm (moved in the normal direc-
tion) and then was withdrawn from the elastomer at an angle « to its surface until the
complete detachment.
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Figure 6. Time dependencies of the normal Fy (a) and tangential Fy (b) forces, contact area A (c),
average contact pressure <p> (d), tangential stresses <7> (e) and ratio Lyetica1/ Lyorisontal (£)- Radius
of the indenter R = 30 mm, elastomer thickness (CRG N3005) # = 5 mm, maximal indentation
depth dmax = 0.3 mm, in the experiment according to scenario (B) (see Figure 2). Dependencies
corresponding to the experiment with the same angle « (from 10° to 90°), plotted in different panels
of the figure in the same color. Supplementary Video S4 is also available.

Here, the case with « = 90°, as in previous Figure 5, relates to only normal indentation.
Therefore, analogously to Figure 5, in the panels (b) and (e) of Figure 6 there are no
dependencies related to the case with a = 90°.

Vertical dashed lines in all panels of Figure 6 show the point of time when indentation
in the normal direction ends and the indenter is pulled off of the elastomer when it moves at
an angle « to its surface until the complete detachment of the contact. It is worth noting that
all dependencies Fy(t), plotted in Figure 6b, have maximums. Two main factors affect the
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friction force Fy during the pull-off of the indenter. First, friction force F, growth due to the
increase in the tangential stresses T, as the tangential movement is performed. The second
factor that causes the reduction of the tangential force is the decreasing of the contact area
A due to the detachment of the indenter in normal direction. Moreover, stresses T, and
contact area A equally affect the friction force, as it is defined by the expression Fy ~ <7>A
(2). Based on the fact that in all cases the force F, first increases and then decreases, we
can conclude that at the beginning stresses T grow faster than area A decreases. However,
with further movement of the indenter, at certain moment the stresses reach a critical value
T ~ 45 kPa, after which slip occurs in the system, and the shear stresses no longer increase
(see Figure 6e). However, in the sliding mode, the contact area A continues to decrease
due to the pull-off of the indenter in the normal direction, which leads to the reduction of
tangential force F,.

The behavior of the system in the case shown in Figure 6, has a significant difference
comparing to the series of experiments described above and presented in Figure 5. In
experiment, shown in Figure 6, movement in the tangential direction begins only after the
indenter reaches its maximum indentation depth. The contact area in this case is maximal.
Therefore, the subsequent tangential movement loads the entire contact at once, while
simultaneously moving the indenter in the normal direction. In this case, there is no contact
propagation when attaching “new” regions that are non-loaded in the tangential direction,
which were observed during indentation according to the scenario (A) (see Figure 5).
Dependencies shown in Figure 6, as well as in Supplementary Video 54, show a smooth
decrease in the contact area regardless the angle «, at which the indenter is pulled off.
Therefore, in this case, we can assume that during the entire process of withdrawing of the
indenter, new contact regions between the rubber and the indenter are not formed, and
only the destruction of the existing contact at its boundary occurs. Such an assumption
significantly simplifies the understanding of the processes occurring in the system. If there
is only destruction of the contact without its propagation and corresponding rearrangement
of the contact boundary, a simpler numerical model can be used for the description, such
as the method of dimensionality reduction (MDR) or method of the boundary elements
(BEM). Note that these methods give the exact solution of the contact problem for normal
contact with adhesive interaction of a JKR type [31,32].

Let us note one important feature. The assumption that during the withdrawing
of the indenter there is no contact propagation, but only its destruction, will fail in two
cases. The first case is when indenter is pulled off at a very small angle «, as at small «,
contact approaches a completely tangential motion mode, in which the rubber slips and
contact inevitably propagates during movement (see Figure 4). The second case is weak
adhesive interaction between contacting bodies. Such contacts are characterized by small
magnitudes of critical stresses T, at which slips that are always associated with the spread
of the contact in the tangential direction, occur. Therefore, at weak adhesion, when moving
at an angle, after a relatively small shift of the indenter, the sliding mode will occur, and
the accurate description of this mode requires a serious modification of existing models
(see, for example, [38]).

4. Simulation of the Indentation/Detachment Process
4.1. Formalism of the Model

In this section, we describe the simulation of the indentation at an angle in an adhesive
contact that is developed from experimental data provided in the previous sections of the
article. Simulation setup is based on the method of dimensionality reduction (MDR [31]),
the schematics of which for normal adhesive contact are presented in Figure 7.
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Figure 7. Schematics of the method of dimensionality reduction (MDR) for normal adhesive contact—

initial three-dimensional profile (a) and corresponding one-dimensional configuration (b).

Within MDR for an axially symmetrical indenter with three-dimensional profile f(r)
an equivalent one-dimensional profile g(x) must be found according to Abel transform:

||
= I / L0 ar ©

In our experiment, we use a spherical indenter, which, at small indentation depths d,
can be replaced by a paraboloid f (r) = r? /(2R) with sufficient accuracy, thus, according to
the procedure (3) we obtain:

g(x) = % 4)

Then, the elastic half-space is replaced by an array of non-interacting springs (see
Figure 7b), each of them has both normal Ak, and tangential Ak, stiffness:

Ak, = E*Ax, Aky = G*Ax, (5)

where Ax determines the discretization of the space (the numerical solution does not

depend on Ax). In the considered case of contact of a rigid indenter with a soft elastic

material, effective elastic E* and shear G modules are defined by the expressions
E _ 2E*(1—v)

E*:i *_
1—1/2'G 2—v

(6)

where E and v—elastic modulus and Poisson ratio of the material being indented. When
profile g(x) is immersed into an array of non-interacting springs to a depth d, compression
of an individual spring with coordinate x in the normal direction is

x2
uy(x) =d—g(x) :d_f' (7)
If there is an adhesion in the system, the outer springs are “pulled” to the indenter. As
it can be seen from the Figure 7b, these “adhesive” springs reduce the value of the normal
force and increase the contact radius a4, which is calculated according to the Hess rule [31]:

2maAy

Almax = — £~

®)
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where Almax is a magnitude of the enlargement of border springs, and A+ is an adhesion
specific work. As it follows from (7) and (8) with account of Alnax = u(a)

) = T - ©)

Normal contact force Fy is defined as a sum of the forces from individual springs in
contact (both stretched and compressed):

a a 2 * .3
X 4E*qa
_ r* _ * _ — _ 3x
Fy=E / uy(x)dx = 2E /(d R>dx— R \/8maBE* Ay (10)
0

—a

The results (9), (10) are exactly the same as the relations from JKR theory [11], con-
cerning the normal contact force Fy, indentation depth d and contact radius a in the case of
adhesive contact. A distinct feature of the experiment, schematically shown in Figure 2, is
the indentation at an angle « to the elastomer surface where a tangential shift of the indenter
is also present together with normal motion. Therefore, after the contact, the springs shown
in the Figure 7b undergo a tangential shift. The experiment shows that complex processes
of contact boundary restructuring, propagation of elastic waves, etc., occur during the
tangential shift. Moreover, the contact becomes asymmetrical (see Videos 52-54). As we
have already noted above, various descriptions of these processes exist in the literature;
however, there is still no complete understanding of what happens in adhesive contact
during tangential shift. Here, we propose a simple model that neglects the effects of elas-
tic wave propagation and the jump-like reconstruction of the contact boundary, but at
the same time allows us to describe the evolution of such quantities as both components
of the contact force and the contact area during the process of indentation at an angle
precisely enough.

As it follows from numerous experiments [37,38], during tangential shear in the
stationary sliding mode, shear stresses preserve their values at almost constant level
79 = Fx/A and do not depend on indentation depth d. The model will be developed from
this assumption. The following assumptions should be considered not as a rigorous MDR
model but as an estimation of the sliding conditions. Let us consider the stationary sliding
mode, with corresponding experimental data shown in Figure 4. Estimation for the average
tangential stress can be made using the parameters of the MDR model as

E Ak, Et 1y (x;)
_ con
=2 a2 ’ (1

where tangential shift of all springs u,(x;) in contact is accumulated in sum. Here, a is a
radius of a contact, which within a discrete model is defined as a = (n/2)Ax, where n is the
total number of springs in contact, and Ax is the space discretization step defined above,
which can also be interpreted as a width of the spring or the distance between them. In the
case of stationary sliding, when all springs in contact have the same shift u,(x) = u$'", with
respect to (5) and (6), we have

* crit % Crit
G*Ax-n-uf"  2G*uf

= 12
T2Ax? /4 ma (12)

Ty =

Expression (12) sets the maximum tension of the springs during tangential shear in

the form
TaTy

it
u;ﬂ (a) = ZG* N (13)
When exceeding this value, springs begin to slide. At this point, we would like to
stress again that this is a condition of an “adhesive-like” sliding criterion, which is not valid
for the considered system, but will provide a correct estimation of the critical tangential
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stress. It is worth noting that u¢"" depends on the contact radius a. Hence, with an increase
in the indentation depth, the maximum tangential tension of the springs also increases.

Let us consider the simulation procedure using an example according to scenario
(A) that is shown in Figure 2. At a given angle « the indenter moves in the normal and
tangential directions with velocities v, = vsina and vy = vcosx, which specify its normal and
tangential displacements as functions of time ¢:

d = vtsina, x = vtcosa. (14)

During the indenter motion, profile g(x) is immersed at depth d. At the same time, at
every iteration, according to Hess rule (8) the springs that are in contact are determined,
which defines the contact radius a = (n/2)Ax. According to (7), the strain of the individual
spring in normal direction can be found. Shifts of the springs in tangential direction 1 (x;)
are the same as the shift of the indenter after the moments of the contact of these springs
with an indenter, while u,(x;) < u$"(a).

For those springs where tension uy(x;) exceeds critical value u<"(a), the tension mag-
nitude is set to be equal uy(x;) = u$(a). Normal Fy and tangential Fy forces are calculated
as a sum of all forces in contact:

Fy = E*Ax ) uz(x;), Fr = G*Ax ) ux(x;). (15)

cont cont

After the indenter reaches the maximum indentation depth dmax, it is pulled out of the
elastomer in the vertical direction with the velocity components v, = —v, vy = 0. In this case,
all the above described actions are performed. Another feature of the simulation is that
when new springs come into contact (in the indentation phase), the value of the specific
work of adhesion A7y is assigned to them, while during the detachment (pull-off phase), a
different value A7y, is used. When the condition Ay > A is true, the developed model
reproduces experimentally observed secondary adhesive hysteresis [34,39].

Since in the pull-off phase the value Ay is applied only to those springs that have
already come into contact, when changing the direction of movement of the indenter,
the size of a contact area A is preserved for some time, which is clearly observable in
experiments on normal indentation (see Figure 3).

The model reported in this subsection, describes the contact between a rigid indenter
and an elastic half-space, where the tangential and normal contacts are considered inde-
pendently of each other. In fact, MDR makes it possible to take into account the thickness
of the elastomer being indented [47], as well as the relation between normal and tangential
contact, as it was carried out, for example, in [48]. A simpler model was deliberately
chosen by us in order to show the main patterns of indentation at an angle, which are
described in the next subsection of the work. Description of more subtle effects, such as
the effect of tangential shear on contact strength in the normal direction, propagation of
elastic waves, friction at the contact boundary, loss of contact area symmetry, etc., requires
the construction of more complex models and is not the aim of this work. Some of the
abovementioned effects were described in the framework of a dynamic model, proposed
by us in [38].

4.2. Results of the Simulation

Figure 8 shows the dependencies of the main parameters, obtained from the simulation
of indentation according to scenario (A), the schematics of which are shown in Figure 2.
The dependencies, shown in Figure 8, relate to the conditions of a real-life experiment with
the experimental data presented in Figure 5.
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Figure 8. Time dependencies of the normal Fy (a) and tangential Fy (b) forces, contact areas A (c),
average normal pressure <p> (d) and average tangential stresses <7> (e), obtained in MDR simulations
for indentation according to scenario (A), that is explained in Figure 2. Dependencies corresponding
to the experiment with the same angle « (from 10° to 80°), plotted in different panels of the figure
in the same color. Parameters of simulations: elastic modulus of the half-space E = 0.324 MPa, its
Poisson ratio v = 0.48, specific adhesion work during indentation Avyg = 0.01 J/m?, and during
pull-off Ay; =0.15]/ m?, stationary tangential stresses in the sliding mode 7y = 42 kPa, space
discretization parameter Ax = 10~ m. All other parameters such as indenter radius R, its velocity of
movement v, maximal indentation depth dmax, as well as indentation angle « are exactly the same as
in the experiment.

Figure 8 does not show the case with pure normal indentation at &« = 90°. Additionally,
the panel (f) that shows relation Lyeicai / Liorisontal in €xperimental Figure 5 is also absent
in the Figure 8 due to the fact that in MDR simulations the contact area is considered as
circular and ratio Lyertica / Liorisontal 1 always equal to one.

As it follows from the Figure 8, the simulation results reproduce performed experiment
qualitatively correct (see Figure 5). The most important differences between the experiment
and simulation, as well as possible explanations for such differences and suggestions for
further improvement of the model, are described below.

(1) As Figure 5a shows, the adhesive strength of the contact in the normal direction
decreases with decreasing of the angle value a. Here, by adhesive strength we mean the
absolute value of the normal force | Fyy min | during pull-off phase at Fiy <O N, i.e., the force
caused by adhesion, because the same external force must be applied to completely destroy
the contact. The maximum adhesive strength is observed in a purely normal contact (see
dependence Fy/(d) in Figure 3a for pull-off phase). At the presence of tangential shift, the
strength of the contact in the normal direction decreases. In the simulation, we considered
tangential and normal contact independently, therefore, for all angles « magnitudes of
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| FN,min | are the same (see Figure 8a). Moreover, independent consideration of normal
and tangential contact leads to the situation where dependencies A(t) in Figure 8c at the
beginning of the pull-off phase exhibit intervals with the constant size of the contact area
A. Tangential force Fy also does not change within these time intervals of constant contact
area A, due to the absence of the tangential movement during the indenter pull-off in
the pure normal direction. This constrain can be avoided by introducing the coupling
between normal and tangential contact as it was carried out in [48] for instance. However,
application of the criterium, proposed in [48], in our simulation did not lead to the expected
results and therefore additional studies on this matter are needed.

(2) Maximum values of the normal Fy and tangential F, forces, as well as the size of
a contact area A and average contact pressure <p> obtained in experiments exceed those
from simulations. The reason for this is that in the experiment, indentation was performed
in an elastomer layer with a limited thickness /# = 5 mm, while simulation was carried
out for a half-space, for which h — co. In the case of an elastic layer, the stiffness of the
contact is significantly higher (especially for elastomers) [32], which leads to increased
values compared to the half-space case. To take into account the limited thickness of the
layer, it is possible to use the generalized MDR proposed in a recent work [47], which,
however, contains a description of the modeling procedure only for normal contact.

(3) In the pull-off phase of the detachment of the indenter from the elastomer in the
normal direction the tangential stresses in all cases increase to the maximum stationary
value T = 42 kPa (see Figure 8e) in the simulation, while in the experiment stresses <7>
in the pull-off phase are characterized by a rapid growth (see Figure 5e). In simulations,
the limit for 7 values caused by the use of the springs sliding criteria (12), (13)—during
the pull-off phase contact radius a decreases, therefore, according to (13), there comes a
moment when all the springs in contact begin to slide due to a decrease in the value of their
critical tension 1<, and thus providing constant tangential stresses T( over all contact area.
The rapid growth of stresses 7, observed in experiments during pull-off, may be related to
contact strengthening in time, and also to the viscoelasticity of the elastomer. Strengthening
of the contact leads to the fact that the value 7( increases as well as adhesive strength in
normal direction | Fy min |. At the same time, viscoelasticity leads to a decrease in the
velocity of rubber slip over the indenter, and, as a result, to the growth of 7y during the
indenter motion. In the used estimation based on MDR, it is possible to take into account
both contact strengthening (by increasing the value of the specific work of adhesion A7y
with time) and viscoelasticity (by using Kelvin-Voigt elements instead of springs shown in
Figure 7b). However, before such a modification of the model, it is necessary to find out the
true causes of the described behavior first, which requires additional experiments that are
beyond the scope of the proposed work.

(4) The experiment shows the moments of abrupt increase in the contact area A when
new regions of rubber are attached to the indenter, and the rearrangement of the contact
boundary develops in different ways on the front and back sides of the contact. It is clearly
observable in the experimental dependencies A(t), <p>(t) and 7(t) presented in the Figure 5
for an angle & = 10° (see also Supplementary Video S3), at conditions close to tangential
shear, as well as during pure tangential contact (see Figure 4 and Supplementary Video S2).
In the simulation, the contact area grows smoothly, since its increase occurs only due
to indentation in the normal direction (adhesive JKR contact). This simplification of the
model is related to the paragraph (2) above, when the normal and tangential contact are
considered independently.

Note that mentioned simplifications of the model lead to visible differences between
experiment and simulation only when the angle at which the indentation is performed
deviates significantly from the value & = 90°, that is corresponding to normal contact. In the
case of indentation at angles close to 90° (for example, 80°, 70° and 60°), the experiment and
theory give almost qualitatively identical results, since at such angles, in the indentation
phase newly attached rubber regions move together with the indenter without slipping.
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Taking into account the spring slip criterion (13), and assuming that indenter trajectory
is known (14), the conditions when slippage of the springs begins can be easily determined.
Now, we consider indentation according to scenario (A) in the phase of indentation, when
the specific work of adhesion A7 is small, therefore, with sufficient accuracy, the contact
can be considered as non-adhesive in the normal direction. At this, the contact radius is

defined as [49]
a=VRd. (16)

According to (13) and (14), sliding of springs in contact in the phase of immersion of
the indenter at an angle & occurs when the general displacement of the indenter x = vtcosa
becomes equal to critical displacement u§" i*(a) (13). If the contact radius is defined according
to (16), it can be determined that slippage will start if the indentation depth d exceeds a

critical value:
2.2

Ty R
it = ﬁ tan® a, (17)
which depends on the indentation angle «. According to (17), at indentation angles & < 90°
slipping will occur anyways (with the growth of « slipping appears at larger indentation

depth d). Dependence dt(«) is shown in Figure 9a in solid line.
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Figure 9. Dependences of the critical indentation depth dj;, at which slip begins, on the indentation
angle «. Panel (a) shows dependencies for indentation scenario (A), panel (b) for scenario (B), both
indentation scenarios are shown schematically in Figure 2.

Figure 9a represents a diagram with two regions, the “sliding-ind” (here "ind” denotes
indentation) region, characterized by sliding of the springs, and the “no-sliding-ind” region,
where during the entire indentation phase, new springs move in the tangential direction
together with the indenter without slipping after attachment. The solid curve in the figure
shows the dependence di;(«), defined by the expression (17). According to this dependence,
at maximal indentation depth dmax = 0.3 mm sliding in the indentation phase takes place
if & < aeppertz = 23.59°. However, main disadvantage of estimation (17) is the definition of
the contact radius a (16) obtained for non-adhesive contact. At small magnitudes of the
specific work of adhesion A, such an approach is precise enough. However, if Ay is not
necessarily small, for example in the pull-off phase, adhesion plays a crucial role. When
the simple definition (16) is not adopted, dependence di(«) is defined by the solution of

the system of equations:
d TaTy tan
crit 2G* ’

g — ﬁ_ [2mtalAy (18)
crit — R Ex
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where first equation follows from (13) and (14) at x = u"(a), while second equation is a
relation (9), needed for contact radius a determination. Obtained from (18) dependence
deit(t), calculated at Ay = 0.01 J/m? for the indentation phase (see parameters in the
caption of Figure 8), is shown in Figure 9a in dashed line and located slightly above the
“non-adhesive” dependence (17). Thus, taking into account adhesion widens the diagram
region related to the absence of sliding (“no-sliding-ind”), at the same time at the maximum
indentation depth dmax = 0.3 mm slips occur at smaller, comparing to non-adhesive case,
angle xR ~ 22.87°.

Dependencies shown in Figure 8, automatically relate to the above analysis of the
slippage criterion, since they are obtained from the simulations. However, experimental
data presented in Figure 5 also show the absence of the slipping mode at large angles «,
that confirms Equations (17) and (18). Note that the above-mentioned complex dynamic
processes take place within the slip mode, associated with a jump-like increase in the
contact area, the propagation of elastic waves, etc. Qualitatively, these processes were
described in our recent paper [38], where the influence of the indentation depth dmax on
the tangential contact in the presence of adhesion was studied. In [38], an experiment was
also conducted and a numerical model was proposed.

Figure 10 shows the results of the simulation according to scenario (B), shown in
Figure 2. Thus, results presented in Figure 10, should be compared to the experimental
data shown in Figure 6. As it follows from the comparison, the simulation results and
experimental data differ similarly to the scenario (A), therefore we will not discuss them in
detail again. Let us discuss, however, the sliding criterion, similar to the above described
expressions (17) and (18), that were obtained for scenario (A). In scenario (B) after the
indentation to the maximal depth dmax = 0.3 mm, the indenter is shifted along the trajectory
that is defined by equations:

d = dmax — vEsina, x = vicosa, (19)

where f is time, measured from the moment when the indenter stopped to immerse,
i.e., from the beginning of the tangential shift. Expressions (13), (16) and (19) together lead
to the quadratic equation for critical value of the indentation depth d,it, at which springs
start to slip:

d2

T tan 2
crit

oG derit + dimx =0 (20)

2dmax + R (

with two positive roots.

The smaller root duit < dmax defines the slip condition when pulling-off the indenter
according to the scenario (B). In Figure 9b, this root relates to the lowest solid line dit(«),
that divides the diagram region d < dmax = 0.3 mm into two parts: “sliding-det” with sliding
(here “det” denotes detachment) and “no-sliding-det” without sliding. The diagram region
at d < dmax relates to the performed experiment (see Figure 6) and simulation (see Figure 10).
As it follows from Figure 9b, during the indenter pull-off from the initial indentation depth
dmax at an angle «, if & < 90° springs begin to slip in a certain moment of time.

Moreover, the smaller the angle, the earlier the slip begins, since the depth of indenta-
tion d in the experiment decreases, starting from the value of dmax (see the first equation
in (19)). Note that with a purely tangential movement (¢ = 0°), slippage on the diagram
occurs already at d = dmay, since the indentation depth d in the experiment is equal to the
maximum value dmax and does not change (case with the absence of normal movement of
the indenter, is shown in Figure 4). When the indenter is pulled-off in the normal direction
(a = 90°), there is no slippage (case with the absence of tangential movement, is shown
in Figure 3). The above conclusions are confirmed by the experiment, in which a region
T = const is observed within whole range of angles « (see Figure 6e). The length of this
region, however, significantly decreases with the growth of an angle «. Similar behavior is
also observed in simulations (see Figure 10e).
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Figure 10. Time dependencies of the normal Fy (a) tangential Fy (b) forces, contact areas A (c), average
normal pressure <p> (d) and average tangential stresses <7> (e), obtained from the MDR simulations
for the scenario (B), schematics of which are shown in Figure 2. Dependencies corresponding to the
experiment with the same angle « (from 10° to 80°), plotted in different panels of the figure in the

same color.

Dependence dit(«), which is located above the value d = dpax = 0.3 mm in the
Figure 9b, relates to the situation when the indenter is not withdrawing from the elastomer
after reaching the critical indentation depth, but continues to immerse into elastomer, mov-
ing at an angle « instead of indentation in the normal direction. This curve also divides the
area of the diagram at d > dpmax = 0.3 mm into two parts with (”sliding-ind”) and without
(“no-sliding-ind”) sliding. Plotted together by solid lines in the Figure 9b, both dependen-
cies dqit(«) define a complete diagram of indentation modes, for the cases of indentation
and pull-off of the indenter at an angle « from the initial value d = dmax = 0.3 mm.

The refined dependence d(«) with taking into account the adhesion in the normal
direction is given by the solution of the system of equations (compare with (18))

TaTy tan
2G* 7

a? 2maly
derit = - PR
R E

where in first equation sign relates to the scenario (B), when the trajectory of the
indenter is defined by Equation (19). The choice of the “+” sign in this equation describes a
situation in which the indenter after reaching the maximum indentation depth dmax during
the indentation in the normal direction continues immersing into the elastomer at an angle
«. Dependencies, defined by Equation (21), are shown in the Figure 9b by dashed lines.

dcrit = dmax +
(21)

"oy
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The upper dashed curve was obtained at a smaller value of the specific work of adhesion
A7y = Ay = 0.01 ]/m?, because it relates to the indentation phase. Therefore, the difference
between the “adhesion-free” curve (solid line) and the curve with adhesion in the normal
direction (dashed line) is not significant here. However, for the pull-off phase (curves below
dmax value), the difference is more significant, since the pull-off phase is characterized by
a significantly larger value Ay = Ay = 0.15 ] /m2. Moreover, the dashed curve, obtained
by taking into account the adhesion in the normal direction, in a certain range of angles «
located below the d = 0 mm axis, since due to adhesion contact it also exists at d < 0 mm.
Besides the experiments described above performed with an indenter with a radius of
R =30 mm, we conducted a similar series of experiments with an indenter of a larger radius
R =100 mm. In order to not overload the article, we do not describe these experiments here,
but they are available as video files in the Supplementary Materials (Videos S5-58), which
show the evolution of the contact area and main parameters. The difference between the
corresponding experiments with indenters of different radii is only the value of the radius
R, all other conditions of the experiment were the same. In addition to the video files, the
Supplementary Materials contain a file named “Figures S1-54” with the dependences of
the main parameters of the system obtained for the indenter with the radius R = 100 mm.
Presented dependencies are similar to the data described above for the case R = 30 mm.

5. Conclusions

We performed two series of experiments, in which a steel indenter is indented into a
soft elastomer at an angle « to its surface. In the first series of experiments, the indentation
is carried out at an angle, i.e., the indenter immerses into the elastomer, and the contact area
increases. The second series relate to the pull-off phase, when the indenter that is immersed
to a certain depth is pulled out of the elastomer when moving at an angle the contact area
thereby decreases. With the aim to obtain the full picture, experiments were separately
conducted for cases with normal (¢ = 90°) and tangential (x = 0°) contact. Experiments
in which the indenter is immersed at an angle are of particular interest, since in this case,
during the entire indentation, new areas of the substrate that are not loaded in the tangential
direction are involving in the contact, which leads to an inhomogeneous distribution of
tangential stresses in the contact zone. The case where the indenter is pulled-off at an angle
is a simpler situation, since the movement occurs from a fixed depth of the elastomer, while
the entire contact is loaded during tangential movement.

For both cases, a simple numerical model based on the method of dimensionality
reduction (MDR) was developed. The model makes it possible to obtain the dependences
of the main parameters that are also were measured in the experiment (both components of
the contact force and the contact area) on the angle a at which indentation was performed
and on the displacement of the indenter in the tangential and normal directions. Although
the model is simple, it produces correct dependencies that are also in good agreement
with the experimental results. The simulation allowed us to build an indentation regime
diagram, which contains areas with the presence and absence of slippage. In the presence
of slip, complex dynamic effects such as the propagation of elastic waves and the constant
rearrangement of the contact boundary are observed. The description of such effects is
impossible within the framework of the proposed quasi-static contact model. Due to the
complexity of these processes, additional research is needed, which is, however, beyond
the scope of the presented study. In the no-slip (stick) mode, the simulation shows a
much better agreement with the experiment, since the dynamic effects mentioned above
are absent.

The performed study may help to better understand what happens when a contact
occurs and when it is destroyed if the contacting objects move at an angle to one another.
Such a situation is typical for biological organisms that use adhesion to move along inclined
surfaces. An important feature of our work is that we separately consider the cases of
contact occurrence (when indenting into an elastomer) and its destruction (pulling an
indenter out of an elastomer), as these two phases are necessary for animals to complete
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their movement. Even though animals were not used in the presented study, the considered
system of contact of a rigid object (indenter) with a much softer elastomer is very close to
the contact of the adhesive surfaces of animals (for example, the paws of some frog species)
and hard surfaces along which they successfully move (stone, wood, etc.). In this case, the
soft material, due to its good ability to deform, is able to fill up existing roughness in the
solid body during contact even with the application of small forces. Due to such filling,
there is a significant increase in the real contact area and, as a consequence, the adhesive
strength at detachment. These features allow animals to form a strong adhesive contact
that can hold their weight on inclined and even vertical surfaces.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /biomimetics8060477 /s1, Video S1: An experiment concerning
indentation in the normal direction of a steel indenter with a radius R = 30 mm into a layer of
TARNAC CRG N3005 rubber with a thickness # = 5 mm. The video shows the evolution of the contact
zone, as well as the dependence of the normal force Fyy and the contact area A on the indentation
depth d, where the regions of the dependences corresponding to the indentation and the pull-off phase
are shown in red and blue, respectively. The velocity of the indenter movement in the indentation
and pull-off phases v = 1 um/s. The upper left corner shows the real time ¢ from the beginning
of the experiment in seconds (from the moment of the first contact between the elastomer and the
indenter). Video relates to Figure 3 in the article. Video S2: An experiment: concerning tangential
shift of the indenter. Initially steel indenter with R = 30 mm immersed into a layer of TARNAC
CRG N3005 rubber with a thickness h = 5 mm to the depth dmax = 0.3 mm. Then, the indenter is
shifted to a distance x = 3 mm in the tangential direction at a fixed indentation depth dmax, after
which it is pulled out until the complete detachment of the contact in the normal direction. Indenter’s
velocity in all phases of the experiment v = 1 um/s. The video shows the evolution of the contact
zone, as well as the time dependencies of the normal force Fy;, tangential force Fy and contact area
A. The top left corner shows the current indentation depth 4 and tangential shift x. Video relates to
Figure 4 in the article. Video S3: An experiment performed according to the scenario (A), schematic
of which is shown in Figure 2 in the article. Indenter with the radius R = 30 mm was immersed to
depth dmax = 0.3 mm into a layer of TARNAC CRG N3005 rubber with a thickness /1 = 5 mm. In the
indentation phase, the indenter was shifted at an angle « to the elastomer surface with the velocities
v, in normal and vy in tangential direction, where vy = vcosw, v, = vsing, and v = +/ vZ + 92 =1um/s.
The video shows the series of experiments with angles &« = 80°, 70°, 60°, 50°, 40°, 30°, 20° and
10°. After the indentation to the depth dmax indenter was pulled off the elastomer in the normal
direction with the velocity v =1 um/s. Separate panels in video show time dependencies of the
normal Fy and tangential Fy forces, contact area A, average contact pressure <p> = Fy /A and average
tangential stresses <> = Fy/A. In addition, the lower left panel shows the evolution of the contact
zone, it also shows the current values of the indentation depth d, the tangential shift of the indenter
x, and the time ¢ that has passed since the beginning of indentation (since the first contact between
the rubber and the indenter). Video relates to Figure 5 in the article. Video S4: An experiment
performed according to the scenario (B), schematics of which is shown in Figure 2 in the article.
First, indenter with the radius R = 30 mm was immersed to the depth dmax = 0.3 mm into a layer
of TARNAC CRG N3005 rubber with a thickness 1 = 5 mm at motion in normal direction with the
velocity v = 1 um/s. After this indenter was pulled off from the elastomer at an angle « to its surface
with the velocities v, in normal and v, in tangential directions, where vy = vcosa, v, = — vsing, and
v = /02 +v2 =1 um/s. The video shows the series of experiments with angles « = 80°, 70°, 60°,
50°, 40°, 30°, 20° and 10°. Separate panels in the video show time dependencies of the normal Fy
and tangential Fy forces, contact area A, average contact pressure <p> = Fyy/A and average tangential
stresses <T> = Fy/A. In addition, the lower left panel shows the evolution of the contact area, and it
also shows the current values of the indentation depth 4, the tangential shift of the indenter x, and the
time ¢ that has passed since the beginning of indentation (since the first contact between the rubber
and the indenter). Video relates to Figure 6 in the article. Video S5: Same as the Video S1, but for the
indenter with radius R = 100 mm. Video relates to Figure S1 in Supplementary Materials. Video Sé:
Same as the Video S2, but for the indenter with radius R =100 mm. Video relates to Figure S2
in Supplementary Materials. Video S7: Same as the Video S3, but for the indenter with radius
R =100 mm. Video relates to Figure S3 in Supplementary Materials. Video S8: Same as the Video S4,
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but for the indenter with radius R = 100 mm. Video relates to Figure 54 in Supplementary Materials.
Figures S1-54: Experimental dependencies of the main parameters obtained for the indenter with the
radius R = 100 mm. Figures S1-54 similar to Figures 3—6 presented in the article (In the article these
dependencies are obtained for the indenter with the radius of R = 30 mm).
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Abstract: Attachment to the substrate is an important phenomenon that determines the survival of
many organisms. Most insects utilize wet adhesion to support attachment, which is characterized by
fluids that are secreted into the interface between the tarsus and the substrates. Previous research has
investigated the composition and function of tarsal secretions of different insect groups, showing that
the secretions are likely viscous emulsions that contribute to attachment by generating capillary and
viscous adhesion, leveling surface roughness and providing self-cleaning of the adhesive systems.
Details of the structural organization of these secretions are, however, largely unknown. Here, we
analyzed footprints originating from the arolium and euplantulae of the stick insect Medauroidea
extradentata using cryo-scanning electron microscopy (cryo-SEM) and white light interferometry
(WLI). The secretion was investigated with cryo-SEM, revealing four morphologically distinguishable
components. The 3D WLI measurements of the droplet shapes and volumes over time revealed
distinctly different evaporation rates for different types of droplets. Our results indicate that the
subfunctionalization of the tarsal secretion is facilitated by morphologically distinct components,
which are likely a result of different proportions of components within the emulsion. Understanding
these components and their functions may aid in gaining insights for developing adaptive and
multifunctional biomimetic adhesive systems.

Keywords: Phasmatodea; tarsal secretion; evaporation rate; adhesion; cryo-scanning electron microscopy

1. Introduction

Attachment to the substrate is an important phenomenon influencing the everyday
lives of most insects, as it is used to accomplish different tasks, such as locomotion [1],
resisting predators [2], supporting copulation [3], etc. Different attachment devices have
evolved, which all follow various combinations of certain basic principles, to fulfil the
function of attachment [4-6].

To generate attachment, most insect tarsi utilize adhesion supported by lateral shear
(friction) [7]. Two types of tarsal attachment systems emerged in insects: hairy ones and
smooth ones [6,8,9]. Both maximize the contact area with the substrate to increase the
contribution of different physical forces (e.g., Van der Waals forces, capillary interactions,
and viscous forces) and, consequently, adhesion [7,10-12]. In a smooth attachment system,
the contact surface maximization is caused by the soft material of adhesive pads. It is
hierarchically organized internally towards the pad surface with progressively splitting
fibers or integral foams, resulting in a rather smooth and flexible surface, and enabling the
replication of the substrate profile and the maximization of the actual contact area [7,13].
To support the performance of the adhesive system, most insects utilize wet adhesion,
meaning they secrete a tarsal fluid into the contact interface [7].

Besides insects, other animal groups also produce a fluid onto the substrate to support
the adhesion process [14-16]. However, the mechanisms can largely differ from those
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employed by insects. Tree frogs similarly, but convergently, produce an adhesive liquid in
their mucus glands to strengthen their attachment [17,18]. Geckos do not produce large
amounts of tarsal secretion, but it has been shown that a nanometer thin lipid film covers
the surface of their adhesive setae [19]. Especially in marine environments, other depletion
mechanisms are found: Echinoderms, for example, secrete a two-phase secretion, where the
first phase generates the adhesion and the second phase dissolves the first phase [20-23].
Freshwater polyps (Hydra spp.) can achieve temporary adhesion based on their adhesive
secretion, which consists mainly of fibers [24]. The fluid depletion of stick and leaf insects,
in contrast, works differently: it is most likely a passive delivery mechanism of tarsal fluid
from the adhesive pads onto the substrate that is facilitated by pressure and intermolecular
forces [12].

A histological investigation of the smooth tarsal adhesive organs of Gromphadorhina
portentosa (Blattodea) revealed that the tarsal secretion is produced by exocrine cells into a
storage volume underneath the outer part of the endocuticle. It is then released through chan-
nels onto the substrate [25,26]. The chemical compositions and functions of the tarsal fluids of
insects have been investigated in several studies during the past decades (e.g., [2,27-35]). A
chemical analysis of the tarsal secretion was conducted for representatives of different insect
groups, such as Diptera [36], Hymenoptera [37,38], Coleoptera [39-46], Orthoptera [28,47],
and Blattodea [34]. These analyses show that the chemical composition of the secretion
differs between insect groups. The components found in the tarsal secretion include a
water-soluble part and a lipid-soluble part. The water-soluble substances include alcohols,
glucose and other saccharides, amino acids, unipolar carbohydrates, polar proteins, and
peptides. The lipid-soluble substances include hydrocarbons, fatty acids (saturated and
unsaturated with a chain length between C16 and C20 in both free and glyceride forms),
and true waxes [28,34,42,47]. Based on the chemical analysis conducted by Votsch et al.,
(2002), it was concluded that the tarsal secretion of Locusta migratoria (Orthoptera) is a
highly viscous emulsion consisting of lipid droplets in a water-like solution [28]. The
identified differences in the composition suggest that the functions of the tarsal fluids and
their mixtures can also differ in detail.

Experiments investigating the functions of tarsal secretions in several insect groups
demonstrated that the fluid could support three main functions as follows:

(I) It can increase the adhesion to a broad range of substrates. Experiments on the attach-
ment performance of Phasmatodea [48] and Coleoptera [49], where the volume of the
tarsal secretion was diminished through consecutive steps or by porous substrates,
showed that the attachment forces were enhanced on smooth surfaces, but were
reduced on rough surfaces, indicating that the fluid is a crucial part of attachment
generation on rough surfaces [48,49]. This effect was additionally supported by exper-
iments on the bioinspired micropatterned samples [50]. These results indicate that
the secretion can fill the asperities of non-smooth substrates, thus increasing the real
contact area and thereby the attachment forces [32,48,51-53]. The immersion of nano-
metric beads in the accumulated tarsal secretions of the beetle Coccinella septempunctata
and the fly Calliphora vicina indicated different viscosities of 21.8 and 10.9 mPa x s,
respectively, showing that the physical properties of the fluid diverge between the
species [33]. The presence of the liquid in contact is expected to provide capillary
forces that increase adhesion [4,7]. Additionally, the high viscosity of the fluid likely
implements viscous forces and thereby increases attachment [54].

(I) It contributes to decontamination. Contaminating the adhesive pads of the stick insect
Carausius morosus with polystyrene beads and manipulating the amount of adhesive
fluid showed that a high amount of fluid led to a faster recovery rate of adhesion than
a low fluid amount. Thus, it is an important part of the self-cleaning mechanism of
smooth adhesive pads [30,31].

(III) It can compensate for different surface chemistry of substrates. Chemical analyses
of the fluids allow for the interpretation of the interaction with different surfaces.
Due to the presence of two phases (water-soluble and lipid-soluble phases), the
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emulsion should improve the attachment to hydrophilic and hydrophobic surfaces, as

it acts as a coupling agent between the pad and substrates with different free surface

energies [7,28,52,55].

Some of the components of the tarsal secretion resemble those found on the surface of
the insect cuticle, potentially helping to reduce the evaporation rate of water through the
adhesive pad and assisting in communication [38,56]. An investigation of the ultrastructure
and frictional properties of the smooth pad of Tettigonia viridissima (Orthoptera) revealed
that the fluid within the pad contributes to its viscoelastic behavior and the frictional forces
subjected to the substrate [57,58]. As highlighted by these experiments and chemical analy-
ses, it is evident that the tarsal secretion supports and affects locomotion and attachment,
and therefore insect behavior. It is also apparent that these results show that the physical
and chemical properties of the tarsal fluids differ greatly between species.

Despite considerable insights into the compositions and functions of tarsal secretions,
approaches to investigate the details of fluid depletion in insects are scarce. Particularly,
details of the interactions of the tarsal fluids with the substrates and between different
components of the fluid on the surface of the attachment pads and on the substrate remain
unexplored. Insects with large smooth attachment pads possess large areas that need to be
covered by these secretions and are particularly prone to contamination.

We therefore analyzed the morphological characteristics of the footprint residues of
the stick insect Medauroidea extradentata. Stick insects are among the largest insects [59] and
they possess smooth adhesive pads [13,60-62], which are rather voluminous [55,63], and
therefore should produce a significant volume of tarsal secretion. Stick insects have two types
of smooth adhesive pads: the arolium and the euplantulae [13,64,65]. The arolium is situated
on the pretarsus between the two claws and is mainly used to generate an adhesion force
(force perpendicular to the surface), whereas the euplantulae are situated on the tarsomeres
and contribute to friction (force horizontal to the surface) (Figure 1) [6,62,65-67]. We used
cryo-scanning electron microscopy to analyze frozen footprints at a high magnification
in their quasi-native (frozen) states. In addition, white light interferometry was used
to measure the change in the volume of individual liquid components over time and
quantify their evaporation rates. Through this combination of approaches, we aimed to
investigate the structural and physical properties of the footprints left by both types of
smooth attachment pads of this species. The findings may provide useful information (1) to
understand adhesion in stick insects and (2) to enhance advances in the field of biomimetic
multifunctional adhesives.
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Figure 1. Experimental setup. (A) Adult female Medauroidea extradentata. (B) Overview of the tarsus
of M. extradentata; Ar = arolium, Cl = claw, Eu = euplantulae. (C) The sequence of footprint generation:
round glass coverslip is cleaned (1), glass cover slip is mounted on a cryo-SEM stub (2), cover slip is
sputtered, tarsus of living insect is positioned on top, and pressure is applied (arrow) (3), footprint
remains on the glass (4), footprint under a light microscope (5). (C) Reproduced with permission
from Thomas et al. (2023) [55]. Copyright: The Company of Biologists.

2. Materials and Methods
2.1. Animals

We used the phasmid species Medauroidea extradentata (Brunner von Wattenwyl, 1907)
(Figure 1A) because of the presence of a broad range of data on the functional morphology
and biomechanics of its tarsal attachment system [13,55,62,68].

The morphology of arolium and euplantulae represents the most common and least
derived setup among phasmids with smooth adhesive microstructures on both attachment
pads, without micro-ornamentation [63] (Figure 1B). Individuals were obtained from the
laboratory cultures of the Department of Functional Morphology and Biomechanics (Kiel
University, Kiel, Germany). The insects were fed with blackberry leaves ad libitium and
kept in a regular day and night cycle. Only adult individuals with clean and intact legs
were selected. The insects were kept with blackberry leaves in clean hard plastic boxes to
reduce contamination of the adhesive pads.

2.2. Footprint Collection

Microscope slides (76 x 26 mm) and glass coverslips (12 mm) (Thermo scientific,
Budapest, Hungary) were used as sampling substrates for investigation using white light
interferometry (WLI) and cryo-scanning electron microscopy (cryo-SEM). The glass sur-
faces were thoroughly cleaned with the following protocol prior to sampling footprints
(Figure 1C1): (1) 15 min in an ultrasonic bath with distilled water and soap (neutral in-
tensive cleaner); (2) 15 min in an ultrasonic bath with distilled water; (3) 15 min in an
ultrasonic bath with 100% pure ethanol; and (4) 1 h in vacuum in a desiccator.

To obtain a footprint, the insects were first anaesthetized with CO, for 20 s. The tarsus
was placed on a carefully cleaned glass slide or glass coverslip within a marked area. Glass
slides for cryo-SEM investigation were previously sputter-coated with a 20 nm layer of
gold—palladium (Figure 1C2). A second cleaned glass slide was placed on the dorsal side
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of the tarsus and pressed for 5 s with even pressure, and the leg was simultaneously pulled
to generate some shear forces (Figure 1C3). Lastly, the second glass slide and the foot
were carefully removed, and alteration of the footprint was avoided (Figure 1C4). The
footprints were immediately used for investigation in WLI and cryo-SEM (Figure 1C5). The
glass slides were stored in a closed glass chamber at 20.6-22.9 °C room temperature and
43.2-51.4% ambient humidity (measured within the chamber).

2.3. Cryo-Scanning Electron Microscopy

Fresh footprints were sampled on cleaned glass coverslips that were previously sputter-
coated with 20 nm gold—palladium (Figure 1C).

The glass coverslips with the fluid footprints were mounted on aluminum stubs and
carefully immersed in liquid nitrogen for 5 s. The footprint was then transferred into the
cryo-preparation chamber (Gatan ALTO-2500 cryo-preparation system, Gatan, Abingdon,
UK) at —140 °C of the SEM Hitachi S-4800 (HitachiHigh-Technologies, Tokyo, Japan). The
frozen footprints were then observed in the SEM at —120 °C at an accelerating voltage of
3 kV without sputter coating. Subsequently, each sample was sputter-coated with gold—
palladium (layer thickness 10 nm) in the preparation chamber at —140 °C and observed
again at —120 °C with 3 kV accelerating voltage. Sputter coating was used to enhance
the visualization of the surface structure of the footprint components. For some frozen
samples, sublimation (freezing-drying) at —80 °C in the prechamber was performed prior to
observations. Contrast adjustment and image cropping were performed using the software
Photoshop CS6 (Adobe Systems Inc., San Jose, CA, USA).

2.4. White Light Interferometry (WLI)

The glass slides with the footprints were examined in the white light interferometer
New View 6000 (Zygo, Darmstadt, Germany) and analyzed using the software MetroPro
(Zygo, Middlefield, CT, USA). The glass slides were placed under the WLI and measured
at 20.6-22.9 °C room temperature and 61-64.3% ambient humidity. Areas of interest, where
enough of the fluid accumulated to form a measurable droplet, were selected with the
build-in-mask function (Figure 1C5). The droplet volume and its change over time (rate
of evaporation) were measured. The droplet volume was measured at the beginning and
afterwards and was remeasured every day for at least 14 days. If the drops still showed
measurable volume after 14 days, the measurements were continued. Each measurement
series consisted of three measurements, which were performed at an interval of about three
minutes; for the analysis, the mean value of the three measurements was subsequently used.
In the case of strong changes in volume, the respective mask was adjusted accordingly. In
some rare cases, it was observed that water vapor likely accumulated in the footprints and
thereby increased their volumes. Footprints with an accumulation of water were excluded
from the analysis.

To determine the evaporation rate of the droplets, the initial volume (day 0) was
considered to be 100%, and the change in volume percentage over minutes (%/min) and
days (%/day) was determined (for raw data see Supplementary Data S51). The data were
statistically analyzed using R (R version 4.2.3, R Core Team, Vienna, Austria). For statistical
analysis, the evaporation rates were compared with a Kruskal-Wallis one-way analysis
of variance (ANOVA) on ranks, followed by Dunn’s post hoc test, since they were not
normally distributed (Shapiro-Wilk test) and showed no homoscedasticity (Levene’s test).

2.5. Temperature and Ambient Humidity Measurements

Temperature and the ambient humidity were measured with a Tinytag Plus 2
TGP—4500 (Gemini Data Loggers, Chichester, UK) and analyzed using the software Tiny-
Tag Explorer 6.0 (Gemini Data Loggers, Chichester, UK). For the measurements in the
closed glass chamber, 250 measurements at intervals of 30 min were conducted, and for the
measurements at the WLI 200, measurements at intervals of 1 min were conducted.
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3. Results
3.1. Analysis of Frozen Footprints

We analyzed the appearance of the fluid and solid residuals resulting from the contact
of the tarsus with the glass surface. Cryo-SEM enabled us to visualize the components in
their frozen state at —120 °C with a high magnification. Immediate freezing with liquid
nitrogen after deposition allowed us to investigate the footprints in the condition just after
fluid depletion. The micrographs, hence, show a temporary impression of the footprint at
the time of its application (Figure 2).

Droplets Thin film

J

30 um

20 pm

Flakes Thick film

200 lm

Figure 2. Footprint overview containing the four main components. (A) Arolium footprint of
M. extradentata. Examples of droplets (B), flakes (C), thin films (D), and thick films (E).

The grey scale on the cryo-SEM images is influenced by two factors: the distance
of the footprint to the detector and the electron density of the secretion. Both factors are
affected by the thickness and conductivity of the secretion itself. The electron density is
additionally influenced by the fluid’s composition. Accordingly, thin liquid layers with
a low electron density are displayed brighter than the background, as well as the thick
layers with a high electron density that appear dark (Figure 2). After sputter coating,
the differences in electron density (conductivity) vanished due to the coverage by the
gold—palladium sputtering (see Supplementary Figure S1). An observation of the frozen
footprints revealed distinct components, which differed in their morphology and the site
of occurrence. These can generally be divided into four groups that can be distinguished
based on their shape, size, surface structure, and site of occurrence. In Figure 2A, an
overview of the imprint of an arolium of M. extradentata is shown with representations of
all four components (Figure 2B-E). The footprint components include droplets (Figure 2B),
flakes (Figure 2C), thin films (Figure 2D), and thick films (Figure 2E). These components,
their exact distribution within a footprint, as well as the characteristics shared between the
groups, will be described in detail below.

3.2. Distribution of the Tarsal Secretion and Solid Bodies within the Footprints

Footprints are characterized as all structures that are found in the vicinity of the appli-
cation site of the adhesive pads and are morphologically different from the sputtered glass
surface. They include the putative components of the secretion that support attachment,
known as solid bodies, which presumably originate from the solidified tarsal secretion
and environmental contaminations. The attachment pads of the tarsus and pretarsus leave
distinct imprints in terms of their position and shape (Figure 3) in most cases, which enable
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differentiation of the origin of the residuals. The arolium usually leaves large, single-surface
impressions, which comply with the shape of the adhesive pad with diameters between
500 um and 1 mm (Figure 3A,B). The imprints of the euplantulae generally possess di-
ameters between 100 and 200 pm and are situated 100-200 um apart from one another
(Figure 3C,D). Additional imprints were often observed between the two pad imprints that
had an elongated form with lengths of around 400 um (Figure 3D).

1 mm

500 um » 200 U

Figure 3. M. extradentata footprints from different pads. (A) Arolium imprint visible in the top
half and imprint of first euplantulae in the lower half, with an additional imprint between them.
(B) Arolium imprint. (C) Two euplantulae imprints below one another. (D) Euplantulae imprints
with an additional tarsal secretion imprint between them. Outlines highlight the edges of the imprint.
ai = arolium imprint, lei = left euplantulae imprint, rei = right euplantulae imprint, adi = addi-

tional imprint.

A footprint generally consists of a mixture of all four morphologically distinct com-
ponents as well as contaminants (Figure 2). Usually, the thin film is the most common
component, followed by thick films and droplets, while the flakes are the least frequently
observed. Contaminants are usually covered by a film, which, in the case of small contami-
nants, causes them to aggregate with others to form large clusters (see below). The largest
amount of residues were found at the edge of the adhesive pads’ imprints, which was
especially noticeable in the footprint areas left by the arolium (Figure 3A,B). It was observed
that some imprints can consist of only one or two components (Figure 3D imprints mainly
consist of thin and thick films).

98



Biomimetics 2023, 8, 439

3.3. Droplets

Droplet components have a round, compact, and voluminous shape (Figure 4). Droplets
were observed as single components (2-10 um) (Figure 4C,F), as well as in larger complexes
(30-100 pm in diameter) (Figure 4A,B). Different surface structures were observed on
droplets. These can be either smooth, rough, or covered with nano-droplets (Figure 4C,E
(smooth), F (rough), and D (nano-droplets)). When sputtered, no layered surface is visible
in contrast to the other footprint components (see Supplementary Figure S1). These compo-
nents were found throughout the whole footprint and were unrelated to the position of the
attachment pad.

SO

<+—d

30 um ‘ R~ 100

10 pm

Figure 4. Droplets in the secretion. (A) Overview of an imprint, which mainly consists of droplets
and thin films. The box displays the location that image (B) originates from. (B) Droplets can occur
as single droplets, or they can accumulate into complexes. (C) Droplets with nano-droplets on and
around them. The box displays the location where image (D) originates from. (D) Single droplet
with magnified view on the nano-droplets. (E) Single droplet with a smooth surface structure and an
absorbed contamination particle. (F) Single droplet with a rough surface and aggregated thin film
around it. sd = single droplet, dc = droplet complex, ag = thin film aggregate, nd = nano-droplets,
¢ = contamination, sms = smooth surface, rs = rough surface, tnf = thin film.
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3.4. Flakes

Flakes are components that can be observed individually (Figure 5A) and have a length
between a few um (Figure 5F) and 50 um (Figure 5B). They have compressed (Figure 5C) or
elongated shapes (Figure 5D). After sputtering, the flakes show a structured surface consist-
ing of several parallel thin layers with a thickness of a few nanometers, which do not have
a uniform shape (Figure 5E,F). Flakes were more frequently found in the arolium imprints
than in the euplantulae imprints. In the imprints of both types of attachment structures,
they were deposited at the edges of the majority of observed footprints (Figure 5A). Flakes
were less often observed compared to the other tarsal footprint components.

Figure 5. Flakes in the tarsal secretion. (A) Distribution pattern of the flakes in an arolium imprint.
(B-F) Exemplary shapes, sizes, and surface structures of the flakes. (B) Elongated sputtered flake
with adsorbed contamination. (C) Compressed unsputtered flake. (D) Elongated unsputtered
flake. (E) Sputtered flake with layered surface structure. (F) Small and sputtered flake with layered
surface structure. Outlines highlight the edges of the imprint. Images marked with “sp” show
sputtered samples. ai = arolium imprint, f = flake, ¢ = contamination, sl = surface layer, rs = rough
surface structure.
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3.5. Thin Films

The components that are displayed brightly in the cryo-SEM images, either because of
their low volume or low electron density, and that cover large surface areas are classified as
thin films (Figure 6). These components were observed in each imprint of the arolium and
euplantulae (Figure 6B,C). The structures of the thin films differed depending on whether
they were situated close to the other components or not. When the films were near the
other components, we observed that the thin films formed a structure that covers a large
area (Figure 6A—C). With an increasing distance to the other components, the thin films
increasingly aggregated into smaller circles down to a few nanometers (Figure 6C,D,F). The
thin films covered the largest areas in the observed footprints, with areas between 100 pm
and 1 mm in diameter (Figure 6A,B). The surface structure was not discernible without sput-
tering (Figure 6E,F). Sputter coating of the thin films covered them completely and made
them invisible, as the thickness of the coating was likely higher than the films themselves.

500 um

<+— nf sl 195w

Figure 6. Thin films in the tarsal secretion. (A) Overview of a large imprint with a high proportion
of the thin film. (B) Imprint with thin film and thick film components. The thin film forms small
aggregates in the periphery of the other components. (C) When the thin film is closer to other
components, it forms a uniform surface, whereas when it is distant to other components, it forms
progressively smaller aggregates. (D) In absence of other components, small round aggregates are
formed. (E,F) Higher magnification of a uniform thin film (E) and a small aggregate (F). tnf = thin
film, d = droplet, tkf = thick film, tnf-sd = thin film small droplet, ¢ = contamination.
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3.6. Thick Films

Thick films are components that are dark in the cryo-SEM images and thus have
either a large volume and/or a high electron density (Figure 7A). They were found in the
majority of footprint samples studied. In addition, these components exhibit a smooth
surface structure before sputtering (Figure 7C) and form a coherent coverage of up to
100 pm in diameter, which resembles a thick liquid film (Figure 7B). These films can
be uniform or show some gaps (Figure 7D,E). Individual isolated portions, possessing
the above-mentioned appearance, were also observed and are classified as part of the
thick film. These single units possessed no gaps and covered areas of only a few pm
(Figure 7F). When sputtered, some thick films showed rough or granular surface structures
(Figures 7B and 8C,F).

50 pim

Figure 7. Thick films in the tarsal secretion. (A) Imprint mainly consists of thick film components.
(B) Uniform sputtered thick films with rough surfaces. (C) Uniform imprint with a smooth surface
structure. (D) Thick film imprint with gaps and a smooth surface. (E) Transition between uniform
thick film and thin film residuals. (F) Thick film with smooth surface structure. Images marked with
“sp” show sputtered samples. rei = right euplantulae imprint, tkf = thick film, sms = smooth surface
structure, ¢ = contamination, tnf = thin film, rs = rough surface structure.
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500 nim

Figure 8. Different surface structures of tarsal secretion components. (A) Thick film component
covered by a mesh of frozen water. (B) Thick film component with multiple single patches consisting
of ice crystals. (C) Close-up of a sputtered thick film with rough and granular surface and enclosed
contamination. (D) Thick film with ice formation on its smooth surface. (E) Droplet component with
nano-droplets. (F) Rough surface of sputtered thick film. Images marked with “sp” show sputtered
samples. cw = crystallized water (ice), tkf = thick film, rs = rough surface structure, gs = granular
surface structure, smooth surface structure, ¢ = contamination, nd = nano droplets, d = droplet.

In some samples, iced water was observed close to the thick film components. The
crystalline water could envelop the thick film (Figure 8A), form individual circles on the
surface (Figure 8B), or cover the surface as a network (Figure 8D). Thick films were observed
in both the arolium and euplantula imprints. While they seemed to be evenly distributed
in the euplantulae (Figure 7A), they were found more frequent at the edges in the arolium
impressions (Figure 3B).

3.7. Contaminations

A wide variety of contaminations were found in the phasmid footprints, ranging
from large contaminations (around 100 um in width) (Figure 9A) to small 3 pm wide
particles (Figure 9B). Usually, they were covered by the tarsal secretion (Figure 9C,D).
The contaminations were mostly observed at the edge of the impressions. We detected
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that large contaminations were often isolated from the others (Figure 9A), whereas small
contaminations were combined into large clusters by the tarsal secretion (Figure 9B-D). In
addition to the contamination being coated by the adhesive secretion, it was also observed
that they adhered to the surface of residuals (Figure 9E,F).

P

e

100 um 40 ym

Figure 9. Fluid interactions with contaminants. (A) Large contamination covered and surrounded
by tarsal secretion. (B,C) Multiple contaminants clustered by the tarsal secretion (unsputtered (B)
and sputtered (C)). Box in (B) displays the magnified region of (D). (D) Close-up of contaminants
clustered by tarsal secretion. Single contamination adhered to the surface of a droplet (unsputtered (E)
and sputtered (F)). Images marked with “sp” show sputtered samples. ¢ = contamination, d = droplet,
cc = contamination cluster, sms = smooth surface structure, rs = rough surface structure.

3.8. Evaporation Rates

A measurement of the change in volume over time (evaporation rate) of 68 fluid
droplets from 25 footprints was performed over a period of up to 75 days (Figure 10). The
change in the droplet volume over the period of measured days and the evaporation rate
(in %/min) of the three droplet types are visualized in Figure 11A,B.

The droplets revealed evaporation rates with different slopes. Based on their evap-
oration behavior and rates, we distinguished three different types of droplets indicated
by different colors in Figure 11A. These three types are (1) the non-evaporating droplets
(yellow), whose volume did not change over the entire measured period; (2) the slowly
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evaporating droplets (blue), which showed a slow evaporation rate over the measured
period; and (3) the fast-evaporating droplets (red), which displayed a fast evaporation rate
and completely evaporated after a few days, or at maximum, 32 days.

non-evaporating .

Volume (%)
3 8
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75+
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Volume (%)
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Figure 10. WLI measurements of droplet evaporations. Examples of non-evaporating (yellow) (A),
slowly evaporating (blue) (B), and fast-evaporating (pink) droplets (C). On the left side, droplets are
shown at three different measurement days for each droplet type. For every droplet, a microscopy
image of the droplet taken with the WLI microscope (left) and the corresponding 3D heatmap
showing its volume (right) are given. Graphs show measurement curves of the corresponding
curves. The colors of the 3D images represent the relative height of the droplets: red = highest part;

blue = lowest part.

The non-evaporating droplets showed an evaporation rate, which is the change in
the droplet volume over the measured days, that was lower than 0.34%/day. In to-
tal, 14 droplets were assigned to this type, which showed mean evaporation rates of
0.0531 £ 0.283%/day and 0.0000369 =+ 0.000196% /min (Figures 10A and 11).

The slowly evaporating type included all droplets with an evaporation rate between
0.34%/day and 3.2%/day. The group contained 12 droplets and displayed mean evapora-
tion rates of 1.075 % 0.479%/day and 0.000747 £ 0.000333% /min (Figures 10B and 11).

The fast-evaporating type showed a faster volume loss and included all droplets
with an evaporation rate higher than 3.2%/day. This type was present in 44 droplets and
exhibited mean evaporation rates of 8.629 £ 7.503%/day and 0.00599 + 0.00521% /min
(Figures 10C and 11).

A statistical comparison between the evaporation rates of the three types showed that
the evaporation rate of the fast-evaporating type was significantly higher than that of the
other types (Dunn’s post hoc test, p < 0.001), whereas there was no significant difference be-
tween the evaporation rates of the slowly evaporating and non-evaporating types (Dunn’s
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post hoc test, p = 0.326) (Kruskal-Wallis one-way ANOVA on ranks, H =50.912, d.f. =2,
N (fast-evaporating) = 44, N (slowly evaporating) = 12, N (non-evaporating) = 14).
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Figure 11. Change in droplet volume (in %) during 78 days of experiment (A) and evaporation rates
(in %/min) (B). (A) Change in droplet volume. Droplet types are color-coded (non-evaporating
droplets = yellow; slowly evaporating droplets = blue; fast-evaporating droplets = pink) and the
regression lines of the boundaries to the three evaporation rate types are represented with corre-
sponding linear regression equations. (B) Evaporation rates (in %/min) of non-evaporating droplets
(yellow, n = 14), slowly evaporating droplets (blue, n = 12), and fast-evaporating (pink, n = 44)
droplets. The values correspond to the mean evaporation rate (in %/min) of each individual droplet.
Groups with different lowercase letters are statistically different (Kruskal-Wallis one-way ANOVA
on ranks, p < 0.001 with Dunn’s post hoc test, p < 0.05). Boxes indicate the 25th and 75th percentiles,
whiskers are the 10th and 90th percentiles, and the line within the boxes shows the median.

3.9. Light Microscopy Observations

Randomly selected glass slides with deposited footprints were observed and filmed
at different time intervals under an inverted microscope. During the observation, a fine
needle was carefully pulled through individual droplets and the different behaviors of
the droplets were observed and filmed (Supplementary Videos S1 and S2). Two different
droplet responses were observed: (1) droplets that appeared to be liquid and were split into
smaller droplets by the needle (Supplementary Video S1) and (2) droplets that appeared to
be more viscous, whereby the needle scratched their surface (Supplementary Video S2).

4. Discussion

The investigations of the tarsal secretion of Medauroidea extradentata using cryo-SEM
and WLI revealed that the fluid contains morphologically more diverse components than
previously assumed. Previous research on the morphological and physical properties of
the tarsal secretion of species with large smooth attachment pads is rare due to its higher
viscosity when compared to the tarsal secretion of flies and beetles [33,69]. Peisker et al.,
(2014) were able to measure the viscosity of the tarsal secretion of flies and beetles by
using the Brownian motion of micro-beads within the fluid [33]. Their lower viscosity
enabled them to accumulate enough fluid, but this method could not be applied to the
tarsal secretion of phasmids. Firstly, due to the high viscosity, it was not possible to collect
a large amount of tarsal fluid using self-pulled glass needles and a micromanipulator, and
secondly, the tarsal fluid was distributed over the surface in numerous fine droplets, and
thus, there was no sufficient initial volume (own observations). Nevertheless, some results
regarding the physical properties of the tarsal secretion of Phasmatodea were recently
provided in [35]. They measured the contact angle (°) and dewetting speed (um/s) of
the tarsal secretion of phasmids with different body sizes and showed that the surface
tension and viscosity of the fluid on glass are independent of the body size [35]. The high
variance of the contact angle and dewetting speed suggests that the tarsal secretion is
not perfectly homogenous and likely consists of multiple physically distinct components,
which is confirmed by our results.
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We discovered that the fluid consists of at least four morphologically different parts
(droplets, flakes, thin films, and thick films (Figure 2)) including liquid components with
different physical properties (non-evaporating, slowly evaporating, and fast-evaporating
droplets) (Figures 10 and 11). These various constituents could explain the diverse proper-
ties of the tarsal secretions in the smooth attachment devices of Ensifera [58] that likely have
similar secretions to that of the representatives of Phasmatodea. However, differences in the
composition and quantity of the components may account for the differences in the fluid
properties of different species. The complexity of biological tarsal fluid makes it difficult to
reproduce the properties of this secretion using artificial-hydrocarbon-based components
because the artificial fluid only mimics a part of this complex mixture, which might be
surface-specific. Additionally, the mimicking quality of the other physical properties of
natural secretions in biomimetic adhesive fluids remains unknown [70].

Sometimes, an additional imprint with a similar composition as those from the pads
appeared between the imprints of the two euplantulae (Figure 3A,D). This is an interesting
observation, which deserves mentioning here. Since there are fields of setae situated
between them (Figure 1B), there are two possible origins of this imprint. First, the fluid
potentially originates from the adhesive pad and is transported onto the hairs. Second, the
hairs themselves secrete the fluid and therefore contribute to attachment.

4.1. Possible Origin of the Flake Component

The cryo-SEM allowed us to observe the tarsal fluid at a high resolution and thus iden-
tify four morphologically distinct structures (Figure 2). The stage temperature of —120 °C
affected the behavior of the secretion, causing all of the previously liquid components
to solidify. The solidification allowed us to identify the structural characteristics of each
component. In order to obtain information about the actual behavior of the tarsal fluid, we
included light microscopy observations and measurements of evaporation rates using the
WLI (Figures 10 and 11). The light microscopy observations revealed that the tarsal secre-
tion consists of different parts with varying viscosity, with few droplets hardening after time
passes. The varying viscosities were detected by drawing a fine needle through individual
droplets (see light microscopy observations). In some droplets, a scratching of the surface
was observed, indicating a hardening (see Supplementary Videos S1 and S2) (Figure 1C).
These observations were supported using the WLI, as measurements of the volume of
individual droplets over time revealed three different evaporation rates (Figure 10).

Although no chemical analyses of the tarsal fluid of M. extradentata are readily avail-
able, of the composition of the fluids of other insect species allows us to draw assumptions
on the composition based on the morphological observations (Figure 10).

Previous research on the adhesive fluid of insects with smooth pads (stick insects,
cockroaches, and ants) also showed that it is a two-phase microemulsion, which consists of
a volatile hydrophilic phase and a non-volatile hydrophobic phase [12,71,72].

The fast evaporation rate could be a result of the fraction of the tarsal fluid that has a
potentially high volatile content (e.g., short-chained hydrocarbons and alcohols). A slow
evaporation rate can be indicative of a droplet type that contains a higher proportion of
non-volatile components (e.g., long-chained hydrocarbons and fatty acids) and a lower
proportion of volatile components. The non-evaporating part of the tarsal liquid might
consist of hardening non-volatile components (Figures 10 and 11) [27,28,34,39,40,42,47,73].

Similar measurements were conducted by Peisker and Gorb (2011), where they mea-
sured the evaporation rates of individual tarsal adhesive secretion droplets of the hairy
attachment systems of the fly Calliphora vicina and the beetle Coccinella septempuctata with
an atomic force microscope over a time span of 60 min [73]. Within this time span, they
discovered fast evaporation for the tarsal secretion of the fly and a comparably slower
evaporation for the tarsal secretion of the beetle. The main difference in our findings for
the secretion on the smooth attachment devices of M. extradentata is the presence of a range
of different evaporation rates including both fast and slow evaporation rates in different
droplets from the same footprint. As Peisker and Gorb measured the evaporation in the
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first 60 min, and we observed the evaporation for up to 80 days with larger time spans
between measurements, a more precise comparison within the same time scale would be
necessary for these examples. However, the tarsal secretions from the hairy attachment
systems investigated therein seem to consist of more uniform droplets compared to the
smooth attachment system of M. extradentata.

Our microscopy observations and experiments reported above allow us to make pre-
dictions about the material properties and behavior of the four tarsal secretion components.
We may hypothesize that one part of the tarsal secretion being fluid and solidifying over
time in the light microscope is the same component that shows no evaporation and the
flake-like appearance in the cryo-SEM. The morphological indications for this hypothesis
are the particular layered surface structure of sputtered flakes resembling the structure of
dried fluid (Figure 5B,E,F), and the position of the flakes on the edge of the imprints, since
this is the site where the majority of the other contaminants was located (Figure 5A). Chem-
ical analyses of the tarsal secretion of other insects also found lipid-soluble components
that could solidify over time [28,34]. Also, flake-like structures were previously detected
in the footprints of Locusta migratoria [28]. Therefore, we may assume that the flakes are
hardened and accumulate old parts of tarsal secretion, which are removed via the passive
self-cleaning mechanism to the margin of the pad. The occurrence of flakes indicates that
the adhesive fluid is at least partially composed of non-volatile components.

4.2. Self-Cleaning Mechanism

The passive self-cleaning mechanism of smooth attachment devices is important
for attachment maintenance, as it removes contaminants that would reduce adhesive
performance [30,31]. Contaminants reduce attachment by increasing the distance between
the adhesive pad and the substrate, which, in turn, reduces the actual surface area that
is available for contact with the substrate [31]. Two different kinds of contaminants were
observed in the footprints: the old, hardened tarsal secretion in the form of flakes (Figure 5)
and the contamination from the environment (Figure 9).

Clemente and colleagues described the effect of the tarsal secretion for self-cleaning
in the stick insect Carausius morosus. They discovered that a high amount of tarsal fluid
increases the recovery rate of the adhesion and hypothesized that this is due to the liquid
filling the gaps [30,31]. We can confirm with our cryo-SEM data that the tarsal fluid supports
the self-cleaning mechanism.

We observed that all contaminants were either covered or surrounded by the tarsal
secretion (Figure 9A (surrounded) and B-D (covered)). Small particles are agglomerated
together via the adhesive secretion [74], reducing the ratio of volume to surface area
(Figure 9B-D), thereby enabling an agglomerate to be removed easier. Due to the convex
shape of the adhesive pads, as well as the pressure of the newly produced tarsal secretion,
both types of contaminants are transported further to the edge in subsequent steps during
locomotion and are finally deposited on the substrate via the shearing motions of the tarsus
(Figures 3A,B and 5A).

4.3. Attachment

Various experiments showed that the tarsal secretion has different effects on the at-
tachment force generation, ranging from implementing viscous and capillary forces [4,33]
to leveling the asperities on the substrate surfaces [48,50]. Our observations on the morphol-
ogy of the secretion components provide support for the understanding of the following
effects of the secretion in M. extradentata.

4.4. Viscosity and Capillary Forces

Multiple experiments indicate that the action of the capillary and viscous forces is
important to generate adhesion in wet contacts [32,33,35,54,75]. We observed different
morphological manifestations of the same fluid, which must vary in viscosity, and thus
may affect the viscous and capillary forces to different extents.
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The thick film components display morphological characteristics that can be attributed
to those of viscous fluids, such as covering a large surface area (Figure 5A,E) and possessing
a large volume (Figure 5 (dark grey scale)). We also measured droplets exhibiting a slow
evaporation rate and appearing to be more viscous than others (Supplementary Video S2).
Besides viscosity, the surface tension influences the liquids’ interaction with the substrate
and can contribute to them having similar appearances. However, viscosity and surface
tension are somewhat related [76,77].

Therefore, the thick films are likely rather viscous and/or possess a comparably high
surface tension, which potentially aids in implementing the viscous force at the tarsus—
substrate interface.

The droplet components show different morphology than the films, as they form
individual roughly round shapes that can accumulate into big complexes. We found
droplets in the footprints exhibiting a fast evaporation rate (mean evaporation rate of
8.629 + 7.503%/day and 0.00599 + 0.00521% /min) (Figure 10C). Due to the spectrum of
different morphologies and evaporation rates occurring in the same secretion, the adhesive
fluid can likely adapt to different substrate qualities and thus effectively combine capillary
and viscous forces, enhancing attachment performance.

4.5. Free Surface Energy

For insects, the adaptation to different free surface energies of the substrates is chal-
lenging, as this is a factor that can influence locomotion, which, for example, plants utilize
to either repel or capture insects [78-80]. A chemical analysis of the tarsal fluids of insects
has shown that they are composed of hydrophilic and hydrophobic components in an
emulsion that is capable of adapting to different free surface energies [28,34]. Although
our morphological observations are not sufficient to predict the chemical composition of
the footprints, the different morphological appearances of the fluids in the same footprint
allow us to speculate about the physical properties of the components.

Nano-droplets were found along with the larger droplets (Figures 4D and 8E), sup-
porting the previous findings of a highly viscous emulsion consisting of lipid droplets in a
water-based solution [28]. Different ice crystal shapes were observed on the surfaces of the
thick film components (Figure 8A,B,D), which were likely formed due to the freezing of the
water that was present within these components.

The droplet and thick film components show a range of surface structures, which
can be smooth, rough, or granular (Figure 4C,F (droplets) and Figure 8C,F (thick film)).
This suggests that the chemical composition of these components could differ and that,
overall, the different components consist of a mixture of the same compounds, which
assemble into the morphology we observed. Further evidence for this hypothesis could
be found in the specificity of evaporation rates (Figure 11A). Assuming that the different
components consist of a mixture of the same ingredients with varying proportions within
the composition, it appears likely that the broad spectrum of evaporation rates found
in the droplets is a result of the volatile components” decreasing proportions in droplets
with slower evaporation rates. This would also explain why the evaporation rates of the
non-evaporating and slowly evaporating droplets did not differ statistically (Figure 10B)
in spite of different evaporation behaviors and visual differences under light microscopes
(our own observations). Further evidence of the ability of the tarsal secretion to support
the attachment on surfaces with different surface energies was shown in M. extradentata.
In these experiments, M. extradentata was able to adhere to a highly hydrophobic surface
(Polytetrafluoroethylene (PTFE)) even underwater [55].

Since different compositions of the adhesive fluid should respond differently to the free
surface energy of the substrate, detailed analyses of the chemical composition are required
for a deeper understanding of the functional role of the fluid in the tarsal attachment system
of the stick insect.
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4.6. Leveling Substrate Asperities

An insect’s adhesive secretion is often mentioned as having a function in leveling the
surface roughness in the adhesive contact [32,51,81,82]. Rough surfaces cause a reduced
contact area between the adhesive pad and the substrate. Tarsal adhesive secretions fill up
gaps in the roughness, increasing the contact area and thus the attachment forces [48,49,53].
To fulfil this task, such secretion needs to cover large areas to be available in sufficient
amounts, and their viscosity must be adapted to the corresponding roughness hierarchy.
The presumable fluid components observed in the cryo-SEM showed different dewetting
morphologies. Thin film components cover a wide gap-less area with a thin film (thin
films cover 1 mm in diameter (Figure 6A)). Thick film components cover the surface with
a patchy thick film (thick films cover 2 mm in diameter (Figure 7A,E)), and the droplet
components form single droplets, which can accumulate into larger complexes (droplets
cover ~200 pum in diameter (Figure 4)).

As the surfaces of natural substrates have fractal roughness at different hierarchical
levels [83-85], a mixture of fluids with a range in viscosity would be helpful to quickly
adapt to a range of roughness at once. Thick films are probably more viscous and, hence,
are able to fill large gaps of coarse roughness. Thin films potentially have a lower viscosity,
which is judged on their low volume and wide spreading on the substrates, and likely more
readily fill gaps of finer roughness. The low volume is visible in the lower height of the
latter fluids in imprints, which disappear completely when covered by a 10 nm Au-Pa layer
when sputter-coated (see Supplementary Figure S1). Another indication that the tarsal
fluid of M. extradentata can have an influence on the leveling of the substrate asperities
is the performance of M. extradentata on substrates with varying roughness, which was
reported in previous experiments [62,68].

5. Conclusions

The cryo-SEM enabled an examination of the pad fluid in its frozen state immediately
after deposition. We identified four morphologically different components that originate
from the same tarsal secretion. The measurements of the evaporation rate of individual
droplets indicate that the liquid consists of a spectrum of slowly evaporating to fast-
evaporating components. These observations suggest that the tarsal fluid is a mixture of
volatile and non-volatile components that, working in concert, extend the properties of the
adhesive secretion.

Parts of the adhesive secretion can harden over time into flakes and thus contaminate
the adhesive area of the attachment pads. Contaminations can be glued together via new
adhesive fluid and can be passively removed via tarsal movement during locomotion.
Due to the presence of morphologically and physically different components, the adhesive
fluid can support different phases of attachment, including contact generation, contact
maintenance, and contact breakage, for example, by filling varying degrees of roughness
and generating capillary and/or viscous forces.

With this study, we show how the morphologically and physically diverse tarsal
secretion of Medauroidea extradentata could potentially contribute to the range of functions.
These results allow for several possible ideas to be generated for further investigations.
A detailed chemical analysis of the adhesive secretion would aid in making a correlation
between the morphological features and chemical composition. Histological studies could
provide insights into the structure and distribution of the exocrine cells that are involved in
the production of the secretion. Studies of the composition of the tarsal fluid of different
ecologically specialized taxa can aid in understanding the adaptability of tarsal secretions.
These insights could be valuable for the development of novel biomimetic adhesive fluids.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/biomimetics8050439/s1, Figure S1: Unsputtered and sputtered
structures, Data S1: raw data of the evaporation measurements, Video S1: video of liquid droplet,
Video S2: video of viscous droplet.
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Abstract: The effects of mechanical properties and contact environment conditions on the adhe-
siveness of the biomimetic adhesive mushroom-shaped micro-structure have been experimentally
investigated. The idea is based on the adhesive micro-structures and surfaces inspired by nature after
observing the abilities of some animals. Applications are proposed in various fields of engineering
and technology. However, to enable unconventional uses of these biomimetic adhesion surfaces, such
as in the biomedical field, it is necessary to adjust and optimize their tribological properties (friction,
adhesion, and peeling strength) in contact with soft substrates that can simulate the mechanical fea-
tures of biological tissues. Our work explores the effect of the combinations of the various parameters
on the strength of adhesion. Under dry contact conditions, soft counter-faces lead to lower adhesion
than hard counter-faces, whereas under wet conditions, soft counter-faces lead to higher adhesion
than harder counter-faces.

Keywords: biomimetic; mushroom-shaped microstructure; adhesion; substrate; mechanical proprieties

1. Introduction

Over the few last decades, the field of adhesive sciences has evolved due to the growing
need for reversible and rapid adhesive systems in various fields of technology [1-3]. These
developments were inspired by the biological adhesive systems found in several species
of insects, reptiles, and spiders, which have developed unique biological attachment sys-
tems during their natural evolution. These systems allow them to grip and run on the wide
range of horizontal, vertical, rough, and smooth surfaces that they encounter in their liv-
ing environments [4-6]. Systems based on permanent or long-term adhesion mainly rely
on mushroom-shaped micro-structures, while systems involved in short-term temporary
adhesion mainly rely on the spatula shape of individual contacts [1].

One of the dry biomimetic adhesives developed for real use is based on mushroom-
shaped contact elements [4]. Inspired by the sticky hairs found in male beetles from the
Chrysomelidae family, this microstructure does not present a hierarchical geometry like
that found in the biological attachment system of the gecko; rather, it is simply a surface
covered with mushroom-shaped microstructures. This attachment system is suitable for
creating a long-term passive adhesive force on smooth substrates with almost no pre-load.
The potential of these biomimetic adhesives was first verified using a robot-type device
walking on smooth vertical surfaces that used this microstructure [7]. The tribological
performances of mushroom-shaped adhesive microstructures attracted the attention of
many researchers during the last decade. Research was conducted to investigate their
various properties and the influence of different operational parameters. Pre-load and
contamination have been studied by Gorb et al. [4]. They compared the adhesive properties
of a biomimetic mushroom-shaped fibrillar microstructure to that of a control flat surface
that was made of the same material and operated under the same operational conditions,
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and they proved that the adhesive features of the structured surface were more than twice
as effective as those of thee flat surface.

The influence of pre-load on the adhesion was studied by Varenberg et al. [8]. They
showed that the mushroom-shaped geometry of fibrillar contact elements was responsible
for a stable adhesive attachment. This type of contact element promotes the fast and simple
generation of reliable adhesion. The mushroom-shaped geometry seems to transform
fibrillar contact elements into passive suction devices and makes them tolerant to overload,
thus enhancing their robustness and stability [9]. Additional parameters have been studied,
such as the rule of hierarchy. These works show that the adhesion enhancements are
the result of increased surface conformation [10]. In addition, it is reported that ambient
pressure and suction may contribute up to 10% of the pull-off force measured on the
structured surfaces at high velocities [9], while oil lubrication (wet adhesion) involves
both capillarity- and viscosity-dependent forces [11]. As for performance under different
contact conditions, reversible adhesion has previously been achieved using a mushroom-
shaped microstructure, which is inspired by the beetle’s microbial structure, submerged
underwater [12]. Surfaces with a defined structure have a 25% increase in adhesion
when immersed in water compared to a dry surface. Adhesion of a mushroom-shaped
microstructure via underwater contact is 20 times more effective than that of a flat surface
made of the same material. The Van der Waals interaction that creates adherence is greatly
enhanced via the suction effect that occurs in underwater interaction. The resulting higher
adherence of the substance encourages possible applications in biomedical technologies, as
well as a variety of applications in which mushroom-shaped microstructures are submerged
in fluid environments. Thus, it is important to note that in a wide variety of engineering
applications, biomimetic mushroom-shaped adhesive microstructures are usually used in
dry contact, whereas natural methods usually contains fluid [13].

In fields related to engineering, such as machines and robots, the tribological perfor-
mances (adhesion, friction, and peeling strength) of biomimetic adhesive microstructures
are often evaluated using smooth and hard counter-faces (in general glass). However,
as shown by research into biological or medical applications, it is becoming necessary to
ensure that counter-faces made of soft materials are as close as possible to the mechan-
ical properties of biological tissues. In the light of the above issues, the present study
aims to experimentally investigate the influence of the mechanical properties of different
soft and hard counter-faces on the adhesive strength of biomimetic mushroom-shaped
micro-structures. Their adhesive capacity will also be evaluated under different contact
conditions. The inspiration for modeling our soft counter-faces emanated from a study that
investigated the effect of surface micro-structures on the friction and lubrication properties
of the tongue-based tribological system model [14]. Given that the mushroom-shaped
contact elements are commonly developed to achieve passive long-term adhesion, while
they often fail to generate friction resistance, in this study, only their adhesive properties
will be investigated.

2. Materials and Methods
2.1. Mushroom-Shaped Microstructure and Flat Reference Samples

In this study, the mushroom-shaped microstructure tape used was manufactured by
Gottlieb binder GmbH (Holzgerlingen, Germany) [15]. The manufacturing process con-
sisted of pouring two-compound polymerizing poly(vinylsiloxane) (PVS; Coltene Whale-
dent AG, Altsatten, Switzerland) to 0.3-millmeter thick cast tape with Young’s modulus at
around 3 MPa [16], and the tape that contained the microstructures was then released from
the negative template. The use of such a soft elastomer helped us to obtain very compliant
structures that increase adhesive performance. Indeed, the compliant structures barely
store elastic repulsive energy and, therefore, easily follow the roughness of the counter-face
with which they are in contact, thus increasing the intimate contact area and the resulting
adhesive forces. The obtained mushroom-shaped microstructure consisted of hexagonally
packed pillars of about 100 um in height, bearing terminal contact plates of about 40 pm
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in diameter, and an areal density of the terminal contact plates of around 40%, according
to our calculations. The backside of the cast micro-structured tape was used as a smooth
reference surface, as it was made of the same material.

To prepare samples to fit the customized adhesion test-rig used in this study, the
adopted concept placed six small cylinders (© 2 mm and 1 mm in height) on the same
sample, while all cylinders faces, whether they had either mushroom-shaped or smooth
flat faces, were aligned on the same plane. To complete this step, the process reported
in reference [17] was used. A specific aluminum template was manufactured via a CNC
process. The mold contained a socket with six round holes in the bottom, which were
arranged symmetrically to achieve, as far as possible, an equal load distribution, which
is a necessary condition in tribological characterization. The process consisted of placing
the aluminum mold onto a glass panel, before inserting the six cylindrical models into the
holes of the biomimetic microstructures, meaning that the tested side was in contact with
the glass to enable flattening, thus verifying that the cylinders were aligned in the same
plane. Next, a PVS fixative elastomer was placed on top of the aluminum mold to unite the
six different cylinders into one model. A second flat glass was used to flatten the PVS to
achieve a uniform thickness of the final model. Finally, after polymerization, the resulting
model was released from the aluminum mold (Figure 1).

E 4 Beed 1852

5
l Aluminum mold | Models

| Glass .I PVS

Figure 1. Schematic description of the process of integration of the small biomimetic cylinders into

a single model. (1) the specific mold positioned on a smooth and clean glass; (2) small cylinders
containing the mushroom elements inserted inside the specific mold with textures facing the glass;
(3) a small quantity of PVS gently poured over the backside, which once solidified fixes their position
together; (4) a cover glass used to remove extra PVS and to unify the shape and thickness of the final
sample; (5) release of the final combined sample after PVS solidification.

Following the preparation process described above, two different samples were pre-
pared and tested: a flat reference sample in which all six sub-contract points were cylinders
with flat smooth surfaces (see Figure 2a), and a mushroom-shaped microstructure sample
in which all six sub-contract points were cylinders with mushroom-shaped microstructures
(see Figure 2b). It is important to note that all cylinders (micro-mushroom-shaped and flat)
were randomly placed inside of the aluminum mold due to their isotropic property.

2.2. Counterface (Substrate)

In contrast to previous works, in which only one hard material was used for the
counter-face, general glass, or Epoxy [18-20], in the present study, the adhesion experi-
ments were performed on three different counter-faces, which were duplicated from the
same smooth surface (Microscope slide) using three different materials that had different
mechanical properties, i.e., PVS, SILFLOO©, and Epoxy used in this study as a reference
counter-face material. All counter-face specimens (25 x 20 x 1 mm? in size) were cast via
replicating the same surface (Microscope slide) using a two-step molding technique [21].
PVS (Poly-vinyl siloxane), which is an addition—reaction silicone elastomer, has a Young’s
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modulus of Ep = 3.12 MPa once polymerized [13]. SILFLO® is a brand of silicone im-
pression material that consists of a base and catalyst in a putty consistency. It is a soft
material that has a Young’s modulus of about Es = 1.5 MPa. This material is mainly used
to simulate mechanical proprieties of biological tissues, such as the tongue [14]. Epoxy is
a hard resin used to manufacture adhesives, coatings, and other products and materials.
It has a Young’s modulus about Eg = 3.1 GPa [8]. Epoxy is also used to cast different
counter-faces (substrates) in previous studies [19,20].

Figure 2. Illustration of the (a) flat control sample, (b) mushroom-shaped biomimetic microstructure
sample, and (c) SEM image of the mushroom-shaped pillars.

These counter-face specimens were fully characterized using 3D optical profilometer
(Figure 3) Wyko NT1100 (Veeco, Tucson, AZ, USA). The counter-faces were examined three
times using different areas on the surfaces. The main roughness parameters measured, for
which average values are shown in Table 1, are as follows:
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Figure 3. 3D optical profilometer image of the tested counter-face.

118



Biomimetics 2023, 8, 327

Table 1. Average values of the main roughness parameters obtained using four measurements at
different zones on each tested counter-face.

Surface Wettability
Material Ra um Rg um Rz um Rpknm  Rovk nm Angle
PVS 0.12 0.15 2.22 142.52 201.19 114.5
SILFLO®© 0.59 0.85 13.78 1246.42 1022.09 108.05
EPOXY 0.27 0.35 2.95 366.30 474.30 97.8

Ra—the average roughness calculated over the entire measured array;

Rg—the root-mean-squared roughness calculated over the entire measured array;

Rz—the average of the ten greatest peak-to-valley separations;

Rpk—reduced peak height, i.e., the top portion of the surface that can be worn away
during the run-in period;

Rvk—reduced valley depth, i.e., the lowest portion of the surface that might retain
lubricant during wet contact.

The contact wettability angle was measured via water contact angle measurement.
The measurements were conducted with a droplet of double-distilled water (DDW) using
an Easy Drop contact angle goniometer (FM40Mk2, Kriiss GmbH, Hamburg, Germany) at
room temperature and ambient humidity. The contact wettability angle characterized the
properties of the surfaces in terms of hydrophilicity (6 < 90°) or hydrophobicity (8 > 90°).

We noted that the sample replicated in this study was obtained in a previous work [19]
(Microscope slide), while the roughness parameters obtained are very similar and are
within the measurement error range. Therefore, it can be concluded that the samples were
properly prepared in the present study.

2.3. Experimental Procedure

Adhesion experiments were performed via a customized tribometer that was de-
veloped at the Laboratory of Tribology and Microstructures of the Azrieli College of
Engineering, Jerusalem (JCE). A full description of the used device is given in [17]. Based
on a moving horizontal counter-face, this tribometer allowed us to evaluate the tribologi-
cal properties (friction, adhesion, and peeling) of different materials, including textured
surfaces, under dry or wet contact conditions according to needs. Using this tribometer,
the drive unit consisted of three translation stages (two motorized and one manual) to
adjust the contact location and apply the loads between the friction pair components.
The measurement unit consisted of two load cells (FUTEK’s FSH00092-LSB200) used to
measure force variations at a high resolution (0.1 mN) in both the normal and tangential
directions. The operating and control software were written in a LabVIEW environment.
The measurements were sampled via a multifunctional data acquisition board Lab-PC- NI
USB-6211 (National Instruments Co., Austin, TX, USA) and processed using the LabVIEW
2017 software package (National Instruments Corporation, 11500 N. Mopac Expressway,
Austin, TX, 78759, USA). The current study used a passive self-aligning system to ensure
full flat-on-flat contact between the mating surfaces during the adhesion experiments.

The samples, i.e., flat sample (FS) or mushroom-shaped microstructure sample (MSMS),
were mounted on the holder and connected to the self-alignment system. Next, the selected
counter-face specimen, which was already glued to a microscope slide glass, was mounted
on the moving holder attached to the translating stage. The fixation screws were then
reinforced to prevent any unwanted movement (see Figure 4).

Once the samples were mounted, the measurement and self-alignment systems were
calibrated by resetting the load cells to eliminate the effect of mass gravity. It is important
to note that the same calibration was performed after each sample replacement. Adhesion
tests were conducted as follows: The counter-face specimen was brought into contact with
the patterned microstructure samples at a pre-defined speed, leading to a gradual increase
in the normal load P until the pre-defined value was reached. Next, the translation stage
was withdrawn in the normal opposite direction at a pre-defined constant velocity, while
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the load cell measured the generated pull-off force. The maximal adhesion force at the
separation point was recorded for each test. Each sample or configuration was tested four
times, from which tests the average value of the maximal adhesion force, as well as the
standard deviation, was calculated.

(@)

(b)
Tangential
load cell Self alignment
el e
Y~

7° / Counter

surface

’ Micro-structure model

Tangential S normal
displacement displacement

Figure 4. (a) General view and (b) schematic illustration of the customized tribometer.

The adhesion strength presented in the graphs of the experimental results was com-
puted by dividing the measured adhesion force by the total contact area of the sample
(6 small cylinders, see Figure 2). Next, the obtained value was normalized over the nominal
aspect ratio of contact surface n (Equation (1)). This value was equal to 1 for the smooth
control reference model and 0.4 for the mushroom-shaped microstructure model.

S
= —-100 [% 1
1= 75100 [%] ©
where S is the relative area of the mushroom, and AS is the total equilateral area.
All experiments were performed under the same ambient condition at a room temper-
ature of 23 °C £ 1 °C and a relative humidity of 45% 4= 5%.

2.4. Contact Environment

In the present study, the adhesion experiments were performed under three different
environment contact conditions, i.e., dry (in the air), distilled water, and glycerol. To retain
the liquid on the counter-face (substrate) for the experiments performed under distilled
water and glycerol, a PVS belt of 1 mm height was glued onto the contour of the counter-face
(see Figure 5).

2.5. Tests Operational Conditions

Each model was tested by applying normal loads of 100, 200, 300, 500, 700 and
1000 mN to cover the load range inferred in previous studies [19,20] (giving nominal
contact pressures on the mushroom-shaped microstructure: 0.013 to 0.13 MPa). The loading
and unloading speed was 0.5 mm/s.
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’ Liquid environment

Micro-structure model ‘

Counter surface ‘

Figure 5. Glass slide microscope with a PVS belt during an adhesion experiment under contact when
submerged with glycerol.

3. Results and Discussion

Figure 6 presents the typical behavior of an adhesive contact, which occurs when
the normal load is displayed as a function of the vertical displacement Hmm (distance
between the model and the substrate “counterface”). This behavior can be divided into
five characteristic stages: In stage (1), models approach the opposite models before making
contact with each other, and in stage (2), the models (smooth control reference model or
mushroom-shaped microstructure model) come into contact with the counter-face. In step
(3), the system is loaded until it reaches the desired value of the normal pre-load, and in step
(4), the resistance to detachment is measured as a function of displacement in the opposite
direction at a pre-determined separation speed. When there is no adhesion, disconnection
occurs almost immediately. However, when the contact is adhesive, disconnection does not
occur immediately. The force continues to decline in the negative stage due to resistance
to disconnection. Full disconnection occurs at point Py max (5), which corresponds to the
maximum adhesion force measured for each test. Finally, the system stabilizes after slight
fluctuations.

200

Full-loading
Bl 150

z 100
5 (2} {1} [CPretonans ]
S 2 / /
©
£
|
]8 -3 -2 -1 0 1 2 3 4 5 6 7
Resistance to {4} '
detachment - 100 v\
{5}| Maximal adnesion force
- 150

Displacement, H [mm]

Figure 6. Force—distance curve showing the typical behavior during adhesion test. Loading (blue
line) and unloading (orange line).
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As mentioned above, in this study, we investigated the influence of counter-face
material under different environmental conditions.

3.1. Dry Contact Condition

Figure 7 displays the average values of the maximal adhesion strength obtained using
the three counter-face materials (epoxy, PVS, and SILFLO®) that have almost the same
surface roughness (Ra around 0.1-0.5 um, replicated from a microscope slide) under dry
contact conditions. The maximal adhesion strength is displayed as a function of the applied
normal pre-load. Data presented in (a) were obtained via a smooth control reference model,
while data presented in (b) were obtained via a mushroom-shaped microstructure model
tested under the same operational conditions.
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Figure 7. The average values of the maximal adhesion force under dry contact conditions. (a) The
smooth control reference model and (b) the mushroom-shaped microstructures. All counter-faces are
replicated using the same microscope slide.

The performance of mushroom-shaped microstructures can be seen in Figure 7b. The
trend lines suggest that the maximum adhesion force appears to be unaffected by the value
of the initial normal pre-load. This behavior has already been reported in the literature [20].
Indeed, a certain minimum pre-load value is required to form the maximum contact area
between the mushroom-shaped microstructures and the opposite counter-face, beyond
which no additional contact area can be achieved. As for the current results, it is likely
that the minimum pre-load applied is higher than the requested minimum preload. Under
dry contact conditions, the hard epoxy counter-face gives the highest adhesion strength,
while the softer materials (PVS and SILFLOO) give smaller adhesion strengths that are
close to each other, with a slight advantage for SILFLO®. These results tend to highlight
that, at least in the case of dry contact conditions, the high mechanical properties of the
substrate (counter-face) do not affect negatively the adhesion force when in contact with
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biomimetic adhesive elements such as mushroom-shaped microstructures. This result can
be explained by the stress concentration distribution on each mushroom cap [21]. When
separating a soft micro-mushroom element from a softer counter-face, stress concentration
occurs at the edge of the mushroom cap, leading to initial detachment from the side toward
the center of the mushroom. This behavior leads to relatively fast detachment, reducing
the measured adhesive force [21]. This behavior can be approximated using the model
of mushroom-shaped pillar with a thick plate described in [22], in which the interfacial
stress singularity appears at the cap’s edge, probably due to the diminution of the stiffness
ratio between the mushroom caps and the counter-face. In contrast, when separating a soft
mushroom cap model with optimal plate thickness from a rigid counter-face, the stress
concentration occurs in the center of the mushroom [23]. In this case, the initial detachment
between the mushroom caps and the rigid counter-face begins at the center of the pillar and
propagates under the shape of circumferential peeling, progressively increasing the peeling
line which, when coupled with the resulting artificial suction effect, contributes positively
to increasing adhesion force [12]. Figure 7a is related to the reference smooth control model.
For all three materials, the adhesion strength is lower than that of the mushroom samples
(Figure 7b). SILFLO®, however, gives slightly higher adhesion than the two other materials,
especially when the applied normal pre-load is higher than 300 mN. In Figure 7, it can be
seen that under dry conditions, there is a very limited influence of the pre-load, as was
previously reported in [4].

3.2. Wet Contact Environment—Distilled Water

Figure 8 displays the average values of the maximal adhesion strength for (a) the
smooth reference and (b) mushroom-shaped microstructure samples under water-wet
conditions. The maximum adhesion strength is displayed as a function of the applied
normal pre-load for the three counter-face materials (Epoxy, PVS, and SILFLO®), which
have the same surface roughness. The contact was completely submerged within distilled
water during the adhesion test (see illustration in Figure 5).

When submerged with distilled water, the hard Epoxy counter-face shows almost
non-adhesive behavior relative to the smooth reference (a), while there is a very low value
for the textured sample (b). However, concerning soft material, SILFLOO presents the
highest adhesion (on average 8 to 10 times higher than those of the other two materials).
Humidity-related effects on adhesion can be explained based on the capillary forces due to
the formation of liquid bridges [24]. Hence, the low elasticity modulus, when combined
with possible capillarity forces, seems to be the cause of its high adhesion capacity within
distilled water. The low elasticity modules of the SILFLO® counter-face, when combined
with the high flexibility of mushroom caps under water, might accentuate the effect of
artificial suction, as reported in [8,25,26], hence the increasing adhesion force. The slightly
higher elasticity modulus and greater hydrophobicity of PVS than SILFLO®O seems to be
the cause of its lower adhesion strength.

3.3. Wet Contact Environment—Glycerol

Figure 9 displays the average values of the maximal adhesion strength for (a) smooth
reference and (b) mushroom-shaped microstructure samples tested under Glycerol wet
condition (contact submerged with glycerol during the adhesion test). The maximum
adhesion strength is displayed as a function of the applied normal pre-load for the three
counter-face materials (epoxy, PVS, and SILFLO®), which have the same surface roughness.

In the case of mushroom-shaped microstructure sample (b), when tested under small
pre-loads, the hard epoxy counter-face generates an adhesion strength smaller than those
of the two other soft materials (PVS and SILFLOO). This behavior can be explained
based on the fact that under small pre-loads, the hard epoxy does not deform enough to
generate sufficient contact surface with the mating mushroom-shaped micro-structures. It
is also possible that glycerol contained air bubbles that were retained between the mating
surfaces under small pre-loads. In contrast, the PVS and SILFLO®© counter-faces deformed
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more noticeably under the same normal pre-load, which is something that, along with
the deformation of the patterned mushroom-shaped microstructure, contributes to the
increase in the real contact area, leading to the generation of higher adhesion force. While
PVS gives better results (highest adhesion), the difference with SILFLO® is insignificant.
SILFLO® still presents the best enhancement ratio between the smooth reference and
mushroom-shaped microstructure samples.
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Figure 8. Average values of the maximal adhesion strength as a function of the applied normal
pre-load under wet contact conditions with distilled water for two models: (a) a smooth control
reference model and (b) mushroom-shaped microstructures. All counter-faces are replicated using a
microscope slide.

Itis important to note that the present work does not take in consideration the influence
of the detachment velocity, which can affect the behavior of the interface. In another recently
published work [27], it was shown that the adhesion properties of biomimetic mushroom-
and spatula-like elements were affected by the detachment velocity, and three different
regimes were reported: (i) a quasi-static range, in which no clear dependent was obtained;
(ii) an intermediate range, in which the maximum adhesion force at detachment increased
in line with the detachment velocity; and (iii) an upper limit, which represents a velocity
beyond which the pull-off force no longer depends on the detachment velocity.
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Figure 9. Average value of the maximal adhesion strength as a function of the applied normal pre-
load under wet contact conditions with glycerol for two models: (a) a smooth control reference model
and (b) a mushroom-shaped microstructure. All counter-faces are replicated using a microscope slide.

4. Conclusions

The present work experimentally investigates the influence of mechanical proprieties
of substrates (counter-faces) when in contact with mushroom-shaped biomimetic adhesive
microstructures. The biomimetic mushroom-shaped microstructure tape was made of
poly(vinylsiloxane) (PVS) and manufactured by Gottlieb Binder GmbH (Holzgerlingen,
Germany) [15]. The counter-faces were cast via replication with three different materials
i.e., (i) PVS (Poly-vinyl siloxane); (ii) SILFLO®, which is a brand of silicone impression
material; and (iii) a hard Epoxy. The adhesive properties under different contact conditions
were investigated using a customized test-rig. The results of this work will help us to
identify the key mechanical proprieties responsible for the observed variation in pull-
off adhesion force. The effects of counter-face mechanical properties on the adhesion of
mushroom-shaped biomimetic microstructures were experimentally investigated under
different environmental and operational conditions. The following conclusions were drawn:

B Insmooth and rigid counter-faces tested under dry contact conditions, mushroom-
shaped micro-structures generated almost 6 times more adhesion strength than a
smooth control reference. This result is in full agreement with other results reported
in the literature [20], although different test-rigs and samples shapes were used.

B Under dry contact conditions, soft counter-faces led to lower adhesion than hard
counter-faces. This different behavior seemed to be related to the change in the
interfacial stress distribution [21].

B Under wet conditions, soft counter-faces led to higher adhesion than hard counter-
faces. This result can be explained by both additional capillary forces due to the
formation of liquid bridges and, possibly, more suction effect favored by the elastic
deformation of the mushroom cap and counter-face [24].
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In summary, the adaptation and proper use of the adhesive capabilities of biomimetic
adhesive microstructures can advance studies in the field of adhesion and promote adhesion
to soft surfaces in dry and wet environments. An example of a potential application is the
field of biomedicine.
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Abstract: Anisotropic surfaces with special wettability under various temperatures are of both
fundamental interest and practical importance in many fields. However, little attention has been paid
to the surfaces at temperatures between room temperature and the boiling point of water, which is
partially due to the lack of a suitable characterization technique. Here, using the MPCP (monitoring
of the position of the capillary’s projection) technique, the influence of the temperature on the friction
of a water droplet on the graphene-PDMS (GP) micropillar array (GP-MA) is investigated. The
friction forces in the orthogonal directions and the anisotropy in the friction decrease when the
GP-MA surface is heated up, based on the photothermal effect of graphene. The friction forces
also decrease along the pre-stretching direction but increase in the orthogonal direction when the
stretching is increased. The change in the contact area, the Marangoni flow inside a droplet, and
the mass reduction are responsible for the temperature dependence. The findings strengthen our
fundamental understanding of the dynamics of drop friction at high temperatures and could pave
the way for the design of new functional surfaces with special wettabilities.

Keywords: anisotropic surface; liquid-solid friction; graphene; wettability; bioinspired

1. Introduction

Anisotropic wetting originating from anisotropic surface structure or arrangement
provides vital functions for many plants and animals to survive in nature [1-5]. For instance,
with the asymmetric hierarchical topography of the peristome surface, the pitcher plant
is able to achieve directional liquid transport to accumulate nectar and water and even to
form a slippery liquid film for trapping insects [6]. Anisotropic wettability also enables fish
to reduce drag [7], water striders to walk on water [8], and beetles to capture water in the
desert [9]. In addition, the wettability can change once the temperature of the surface or
the environment changes, which has attracted increasing attention in recent years [10-12].
For instance, with the one-dimensional distribution of the mastoid structure in the parallel
direction of leaf veins and uneven distribution in the vertical direction [3], water droplets
accumulate on rice leaf when the temperature is low in the morning and roll along the
veins as the temperature increases. The study of the influence of the temperature on the
anisotropy surface wettability is thus of great importance in fundamental research and
engineering fields, such as water accumulation, spray cooling, droplet transport, drag
reduction, and agricultural spray [13-17].

Under various temperatures, the surface anisotropy can be easily regulated. At room
temperature, the anisotropic adhesion of a water droplet on surfaces composed of an array
of triangular pillars or stripes can be regulated in situ by the mechanical stretching of
the elastic substrate [18-21]. Making use of the shape memory effect of the materials,
smart surfaces with reversible isotropic/anisotropic wettability achieved the control of
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droplet motion by mechanical force or other stimulations [22-24]. With the photothermal
effect, the temperature of a water droplet can be regulated locally, which breaks up the
wetting symmetry of the droplet and thus manipulates the droplet motion [25-29]. Adding
polypyrrole nanoparticles into a water droplet, Wooh et al. [25] were able to drive the
droplet on a lubricant-impregnated surface and superamphiphobic surface with the focused
irradiation of near-infrared light on the droplet. Once the temperature of the substrate
could be heated up by light irradiation, the droplet temperature and therefore the droplet
motion could be finely regulated. When the infrared-light irradiation was focused on the
substrate at one side of a droplet, a temperature difference was generated between the
two sides of the droplet, which resulted in the unbalanced surface tension and Marangoni
force, driving the droplet towards the side without light irradiation [26]. When the surface
temperature was close to the Leidenfrost point, the droplet levitated on a vapor layer;
the movements of a droplet on surfaces have been intensively investigated [10,11,13,30].
The existence of a vapor layer would result in a negligible normal adhesion or lateral
friction of the water droplet on the surface, which, however, would cause a high thermal
resistance. Wang et al. [13] fabricated a micropillar surface with gradient periods and thus
the coefficient of heat transfer and realized the directional transport of a high-temperature
(close to Leidenfrost point) droplet towards the region with a higher heat-transfer coefficient.
Liu et al. [11] found an interesting phenomenon in which a droplet showed a steerable
bouncing on heated concentric microgrooves arrays under different temperatures, which
is believed to originate from the synergistic action of the surface structure and boiling
states. That is, the motion of a water droplet could be manipulated by controlling the
temperature (close to the Leidenfrost point) and the topography substrate surface. On the
other hand, the motion of a droplet on asymmetric surfaces with a temperature higher than
room temperature but lower than the boiling temperature has required more investigation,
though the phenomenon is quite common in our daily life. We assume the lack of a suitable
technique to characterize the droplet motion within such a temperature window may
partially be responsible for this situation.

Here, we investigate the influence of the temperature on the friction of a water droplet
on a graphene-PDMS (GP) micropillar array (GP-MA) by MPCP (monitoring of the position
of the capillary’s projection) technique [20]. The temperature of the GP-MA is regulated by
the photothermal effect of graphene in the micropillars. While the water contact angle (CA)
and sliding angle (SA) show a negligible dependence on the temperature (between room
temperature and boiling point of water) or the surface geometries, the friction measure-
ments reveal a clear change when the period and temperature of the GP-MA are changed.
As the temperature increases, the friction force and the anisotropy along the orthogonal
directions decrease. The results offer us the chance to better explore the surfaces with
anisotropic liquid-solid friction.

2. Materials and Methods
2.1. Materials and Preparation

The PDMS elastomer kit (Sylgard 184) was purchased from Dow Corning (Midland,
MI, USA). Graphene sheets were purchased from Aladdin (Shanghai, China).

The fabrication of the GP-MA samples contained the preparation of GP micropillars
(demolded from PDMS mold) and pre-stretched PDMS film. A PDMS mold containing
an array of micro-holes with 7 x 7 mm? area, 50 um in diameter, 20 um in depth, and
70 um in period was acquired via a conventional soft lithography technique. The PDMS
precursor was prepared by mixing the base prepolymer and the cross linker in a weight
ratio of 10:1. Graphene was added to the as-prepared PDMS precursor at a concentration
of 0.8 wt%, according to our previous study, to form the GP precursor [31]. After stirring
for 30 min, the GP precursor was degassed in a desiccator for 10 min and was filled into
the PDMS mold to prepare the GP micropillars. The PDMS film was prepared by filling
the as-prepared PDMS precursor into a glass chamber template, followed by curing at
90 °C for 1 h. After peeling from the template, the fully cured PDMS film with a thickness
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of 0.5 mm was cut into a rectangular shape (30 x 10 mm) and mechanically stretched to the
predefined degrees. The pre-stretched PDMS film tightly covered the GP precursor-filled
mold, followed by a curing at 90 °C for 1 h. After the demolding and relaxation of stress,
the GP-MA sample was successfully fabricated.

2.2. Characterization

The morphologies of the graphene were examined by a field emission scanning elec-
tron microscope (MIRA 3 LMH, Tescan AG, Brno, Czech Republic) and an atomic force
microscope (AFM, Nano Wizard 4, JPK Inc., Germany) in tapping mode (QI mode, scan
rate = 5 Hz). The Raman spectroscopy was carried out by a laser micro-Raman spectrometer
(Renishaw, English, Sheffield, UK) with an excitation wavelength of 532 nm.

The microstructures of the GP-MA were observed by dark-field optical microscopy
(ECLIPSE Ci-L, Tokyo, Japan). The 3D structure of the GP-MA and the roughness of the
micropillar top were characterized by a white light interference 3D profiler (New View TM
9000, ZYGO, Middlefield, CA, USA). The contact states of the water droplet on the GP-MA
were observed by inverted optic microscopy (ECLIPSE MA100N, Nikon, Tokyo, Japan).

The water contact angle (CA) and slide angle (SA) were measured on a droplet shape
analysis (OCA25, Dataphysics, Hamburg, Germany). The volume of the water droplet for
the CA and SA measurements was 4 and 8 pL, respectively. The CA and SA were measured
at least five times, and the mean values were calculated.

The liquid-solid friction force was tested by the MPCP technique, as established in our
previous work [20]. Before the measurement, the GP-MA was mounted on the motor stage
and brought into contact with a water droplet of 6 pL. The droplet remained adhered to the
capillary with a diameter of 0.3 mm throughout the measuring process. The droplet was
driven at a constant speed of 0.3 mm/s relative to the steady capillary, and the displacement
of the capillary (D) was monitored and recorded simultaneously. The liquid-solid friction
force (F) of the droplet on the surface can be described as

F=kD,

where k is the spring constant of the capillary. The friction force on one sample was tested
no less than five times, and the mean value was calculated.

The temperature control was achieved with a 365 nm UV light source (XC-102, IGEtec.,
China) with an irradiation area of 20 x 20 mm?. The infrared images and temperature data
of the samples were acquired by an infrared thermal imaging camera (TiX640 60Hz, Fluke,
Everett, WA, USA). A constant irradiation was applied to ensure a stable temperature of the
GP-MA during the measurements. The mass of the droplet was monitored by an electronic
scale (ME204 /02, Mettler-Toledo, Greifensee, Switzerland).

3. Results and Discussion
3.1. Geometry of the GP-MA

The GP-MA, which is composed of a PDMS backing layer and GP micropillars,
was successfully prepared following the procedure adopted from our previous work
(Figure 1a) [18]. Graphene was added in order to offer GP-MA with a photothermal effect,
making use of the strong capability of graphene to absorb light with wavelengths across
the entire spectrum. The Raman spectrum confirmed the state of graphene rather than
graphite (Figure 1b). The G peak at ~1581 cm ™! represented the E 2¢ phonon at the Brillouin
zone center, and the G’ peak at ~2698 cm ! originated from the double resonance Raman
process in sp? carbon. The D peak at ~1352 cm ™! gave evidence of the presence of defects,
while the intensity ratio between the D and G peaks (~0.15) indicated a small number of
defects in the graphene sheets [32,33]. The AFM characterization showed that the thickness
of the graphene sheets was 2~4 nm (Figure 1c), suggesting that the graphene sheets had
two to four layers [34]. Meanwhile, the graphene sheets had a lateral size of ~1 pm or less.
The small lateral size together with the crumpled state of the graphene sheets (Figure 1d)
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facilitated the dispersion of the graphene sheets in the PDMS matrix and provided a large
strain deformation of GP [35]. A 0.8 wt% concentration of graphene was chosen, as the
composite has a similar elastic modulus to that of pure PDMS [36,37], which would allow
the GP micropillars to be deformed together with the supporting layer. Moreover, the dark
field illumination indicated that graphene sheets solely and homogeneously dispersed in
the micropillars without diffusion to the backing layer (Figure 2a).
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Figure 1. Fabrication of the graphene-PDMS (GP) micropillar array (GP-MA) and the morphologies of
the graphene sheets. (a) Schematic illustration of the fabrication process; (b) Raman spectrum, (c¢) AFM,
and (d) SEM of the graphene sheets. The inset in (c) shows the thickness profile of the graphene sheet.

The resulting GP-MA without pre-elongation (e = 0) faithfully replicated the geometry
of the micro-holes in the template, showing 50 um in diameter, 20 um in height, and
70 um in period (Figure 2b,c). Here, the direction of pre-stretching was defined as the
x direction, while the orthogonal direction of the pre-stretching was defined as the
y direction. To quantitatively characterize the geometry of the resulting GP-MA, the
corresponding diameter and periodic distances in the x and y directions are noted as Dy,
Dy, Py, and Py, respectively. With the increase in the pre-elongation (¢ > 0), the Dy and Px
decreased gradually due to the following relaxation of the pre-stretching. Meanwhile, the
Dy and P, gradually increased due to the Poisson’s ratio effect (Figure 2b,c). That is, as
the € increased, the anisotropy of the GP-MA surface increased. For instance, an € of 40%
decreased Dy and Py to 45.58 £ 0.52 um and 55.16 £ 0.77 pum, respectively; meanwhile,
it increased Dy and Py to 53.91 + 0.89 pm and 78.96 + 0.82 um, respectively. When the ¢
reached 80%, the micropillars presented a “side by side” state in the x direction, as Dy at
40.25 + 1.17 pm and Py at 40.91 + 1.29 um were quite close. On the other hand, the D, and
Py reached 56.73 + 0.55 um and 88.54 + 1.01 um, respectively.

As the GP micropillars have the same elastic modulus as the backing layer, the release
of the pre-elongation would cause the synchronized deformation of the GP micropillars
with the backing layer. Therefore, the GP micropillars showed elliptical shapes with
the supporting layer pre-stretched (Figure 2a, such as an ¢ of 40% and 80%). Moreover,
the release of pre-elongation squeezed the micropillar top towards the center along the
x direction and stretched the center toward the two sides in the y direction (Figure 2d). As
a result, the micropillar top was deformed into a saddle shape (Figure 2e). For instance, at
€ = 80%, the top of GP micropillars presented an arched shape (high in the middle and
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short on both sides) along the x direction but a curved shape (short in the middle and high
on both sides) along the y direction. Along with the deformation of the micropillar top, the
roughness of the micropillar top increased from 0.16 £ 0.01 um to 0.82 £ 0.11 um when the
pre-elongation was increased (Figure 2e). Therefore, with the increase in ¢, the anisotropy
of the GP-MA also increased in the macro- and microscale.
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Figure 2. Geometry of the GP-MA. (a) The optical image and 3D morphology of the GP-MA with
elongations of 0, 40%, and 80%; (b) diameter and (c) period of the GP-MA along the x and y
directions under various elongations; (d) typical profile of the GP-MA along the y direction with
elongations of 0, 40%, and 80%; (e) the root mean square roughness (Sq) of the micropillar top under
various elongations. The inset in (e) shows the 3D morphology of the micropillar top under various
elongations. Each data point in (b,c,e) represents the mean value of at least five measurements.
Standard deviations are indicated by error bars.

3.2. Interfacial Interaction of a Water Droplet on the GP-MA at Room Temperature

The wettability of the GP-MA was evaluated by traditional CA and SA measurements.
Generally, the wettability of the GP-MA is determined by the surface geometry. When the
e was 0, the GP-MA had a CA of 145.8 + 1.9 and 145.9 + 1.3° in the x and y directions,
respectively (Figure 3a). The negligible difference in the CA in the orthogonal directions
suggested that the GP-MA surface was isotropic, which is reasonable, as the period and
diameter in the two directions were the same (Figure 2b—d). When the ¢ was increased
from 0 to 80%, the CA slightly increased to 148.4 & 3.4° in the x direction and decreased to
132.0 £ 2.7° in the y direction. The changes in the CA were 2.6° and 13.9°, which meant a
difference of 1.8% and 9.5%, respectively. When the backing layer was pre-stretched, i.e.,
an ¢ up to 60%, the period and the micropillars were anisotropic (Figure 2b,c,e); however,
the CAs in the two directions were almost the same. With an ¢ of 80%, the P, increased to
88.54 £ 1.01 um, which was quite large compared to the size of the droplet, and a partial
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penetration of the droplet into the array occurred, resulting in a slight decrease in the
CA. Thus, the difference in the CA in the two directions reached 16.4°, which meant a
difference of 11.0%. On the other hand, it has been reported that on superhydrophobic
surfaces, the uncertainty of one pixel at the diffuse edge and baseline could introduce
substantial systematic errors in the CA from 1° to more than 10° [38]. Similarly, the SAs
in two directions also showed no difference in that the water droplet did not fall even
when the sample was turned upside-down in either the x or y direction (Figure 3b) [18].
That is, the CA and SA measurements could not distinguish the difference between the
GP-MA surfaces with various elongations and could not reveal the anisotropy of the
GP-MA surfaces.
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Figure 3. The wettability characterized by the CA and SA measurements. (a) The CA of the GP-MA
with various elongations; (b) typical SA image of the GP-MA. Each data point in (a) represents the
mean value of at least five measurements. Standard deviations are indicated by error bars.

The liquid-solid friction of a water droplet on the GP-MA was then determined to
examine the surface. Similar to the solid-solid friction, a liquid-solid friction curve also has
three sections: static friction, kinetic friction, and the transition zone from static friction
to kinetic friction (Figure 4a) [39]. The peak value during the static friction period is
considered as the static friction force (Fg), and the mean value during the kinetic friction
is calculated to be the kinetic friction force (Fg) [19]. As with the solid-solid friction, Fg is
larger than Fk. The friction forces along the x and y directions are then noted as Fg y, Fx x,
Fsy, and Fg, respectively, for convenience.

When the ¢ was increased from 0 to 80%, the Fg , decreased from 41.82 + 3.48 to
29.80 £ 2.8 uN, with a decrease of 28.7%, while the Fg , increased from 41.66 + 5.53 to
51.10 £+ 2.68 uN, showing an increase of 22.6% (Figure 4b). Compared with the CA
measurements when the ¢ increased from 0 to 80%, the differences in the Fg , and Fg , were
15.9 and 2.5 times larger, respectively. When the elongation reached 80%, the differences
of the Fg (Fs) in two directions reached 71.5% (67.9%), which was more than six times the
difference in the CA. That is, the friction measurement can clearly reveal the anisotropy of
the surface.

The contact geometry is responsible for the anisotropy friction. At the initial stage,
the contact area was a circle (Figure 4c-i), and it changed to an ellipse along the moving
direction of the droplet (Figure 4c-ii). Since the friction force is proportional to width of the
contact area (short axis of the ellipse), the mean number of micropillars along the short axis
(n) were then counted (Figure 4c-iii). A larger n means a longer pinning front of the droplet
during the lateral movement and thus a larger Fx. When the droplet slid in the x direction,
the Fk , decreased from 41.82 £ 3.48 to 29.80 & 2.8 uN when the ¢ increased from 0 to 80%,
showing a linear dependence on n (decreased from 13.5 to 11.5, Figure 4d). Similarly, the

133



Biomimetics 2023, 8, 180

F Ky also showed a linear dependence on 7 (increased from 13.5 to 31.0, Figure 4e), while
the dependence on n was much weaker than for Fg .. In other words, the regulation of the
micropillar arrangement by stress is much more efficient along the x direction. While we
could not directly observe the three phase contact line on each micropillar top due to the
limitation of our device, we propose an easier movement of the droplet along the x direction
than along y direction because of the saddle-shaped micropillar top. That is, along with
the period of GP micropillars, the anisotropic micropillar top could also contribute to the
anisotropic friction. Once again, the liquid-solid friction strongly suggests the anisotropy
of the surface.

(a) (c)
601 &y, F WPRPRPPPpe
St Fs SIS PSTOOG0
50 L - A
X 200080
240 i %%mmwﬁmw% oo
o S
Z30] e S50
a
20{ & Poooeoad
o SF TF KF 20000 Z
10+ (i) "~ X_
0 u] >
Time (s) & (%)
-FK,x I |Fs,x I IFK,y I IFs,y 55 55
80 _I_ 50 50
45 45
2 60 - = z
= bl 240 Z 40
. X N
w w
40 35 35
30 30
20
25 25
0 20 48 60 80 [r;) [=) T5) [=) 10 v ow o e
& (%) t d o o9 @ g8g o 5
n n

Figure 4. The liquid-solid friction measurement on the GP-MA at room temperature. (a) Typical
curve showing the region of the static friction (SF), the kinetic friction (KF), and the transition
zone of friction (TF); (b) the static friction force (Fs) and kinetic friction force (Fg) along two direc-
tions on the GP-MA under various elongations; (c) the contact interface of the droplet at the initial
(i) and KF (ii) states and the corresponding schematic illustration (iii) on the GP-MA with an elon-
gation of 80%; the black dashed lines represent the perimeter of the contact area; the black line at
(iii) indicates the short axes of the contact area, where the number of micropillars were counted;
(d,e) influence of the micropillar number on the Fg along the direction of (d) the x and (e) y under var-
ious elongations. Each data point in (b,d,e) represents the mean value of at least five measurements.
Standard deviations are indicated by error bars.

3.3. Liquid-Solid Friction Measurement on the GP-MA at Elevated Temperatures

Due to the ability of graphene to absorb light and its photothermal effect [40,41],
the temperature of the GP-MA surface could be effectively heated up by UV irradiation
remotely. For instance, under a UV irradiation of 30 mW/ cm?, the GP-MA surface achieved
a homogeneous temperature of ~80 °C after 80 s (Figure 5a). By changing the light intensity
between 10 and 40 mW /cm?, the temperature between 43.9 and 106.5 °C was easily
realized (Figure 5b). Stable temperatures ranging from 40 to 80 °C could then be easily
and remotely regulated by controlling the light intensity for the following investigation.
As the graphene sheets were dispersed solely in the GP micropillars, the temperature
of the GP-MA increased while the backing layer remained at room temperature. As a
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result, the diameter and period of the GP-MA remained the same (Dy = 49.42 £ 0.54 um,
Dy =49.31 £ 0.42 pm, Py = 69.17 + 0.53 um, and P, = 69.49 + 0.31 pm) when the surface
temperature was heated up to 80 °C, which was beneficial for the following tests (Figure 5c).
When the droplet slid on the heated GP-MA, the bottom part of the droplet would thus be
heated up, causing a Marangoni flow inside the droplet (Figure 5d).
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Figure 5. The photothermal effect in the GP-MA. (a) Typical infrared image of the GP-MA under
UV irradiation at different time. The black line is a typical temperature profile across the GP-MA;
(b) temperature change of the GP-MA under various UV-light intensities; (c) the structure parameters
(Dx, Dy, Py, and Py) of the GP-MA with an ¢ of 0 at various temperatures; (d) typical measuring curve
for the friction and infrared images of a water droplet at the initial (i), SF (ii) and KF (iii) states on
the GP-MA at 80 °C. Each data point in (c) represents the mean value of at least five measurements.
Standard deviations are indicated by error bars.

When the temperature of the GP-MA was increased, both the Fs and Fx decreased
in both directions. For the sample with ¢ = 0, Fxx and Fg, decreased to 30.90 & 4.9 and
29.94 £ 6.4 uN, with a decrease of 26.1% and 28.1%, respectively, when the temperature
increased from room temperature (RT) to 80 °C (Figure 6a). Considering the statistics, there
was no difference in the orthogonal directions, showing an anisotropy (AFk = | Fx,x — Fi y|)
close to 0. The same dependence of friction forces on the temperature was also demon-
strated on the GP-MA with an ¢ of 40% (Figure 6b). Different from the GP-MA with
e = 0, there were clear differences in the Fs and Fg along the orthogonal directions
at all the temperatures tested. Moreover, AFx decreased from 11.09 to 6.74 uN as the
temperature increased from RT to 80 °C. That is, the anisotropy changed following the
surface temperature.
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Figure 6. The liquid-solid friction measurement on the GP-MA at elevated temperatures. (a,b) The
friction forces along the x and y directions and the corresponding AFg on the GP-MA with an ¢ of
(a) 0 and (b) 40% at various temperatures; (c) the CA along the x and y directions on the GP-MA
with an e of 0 at various temperatures; (d) mass, the proportion of the mass decrease (Am) and
(e) length between the advancing and receding fronts (L,—) and the changing proportion of L, in
the x direction (AL, ) of a droplet during the friction measurements on the GP-MA with an ¢ of 0 at
various temperatures; (f) the proposed mechanism for the decrease in the friction force at increased
temperature. Each data point in (a—e) represents the mean value of at least five measurements.
Standard deviations are indicated by error bars.

To understand the temperature dependence of the friction and anisotropy, considering
the stability of the structure (Figure 5c), the contact angle (Figure 6c), the mass change
(Figure 6d), and the length between the advancing and receding fronts (L,—r) during friction
(Figure 6e) were investigated. At temperatures ranging from RT to 80 °C, the CA of the
GP-MA with an € of 0 ranged from 148.4 & 2.0° to 148.3 &+ 1.4° in both directions (Figure 6c).
As a difference of 1.7% in the CA was detected at various temperatures, the influence of
temperature on the Young’s equation was thus considered to be negligible. After friction
measurement at elevated temperatures, which normally took around 13 s, the evaporation
of water would reduce the mass of the droplet. At 80 °C, which is quite close to the boiling
point of water, the evaporation was quite fast. As a result, a mass decrease (Am) of 6.48% in
the droplet was detected (Figure 6d). Considering the friction here also follows Amontons’
law that the friction force is proportional to the normal force (here, the droplet weight, 1g)
with a constant friction coefficient of y:
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a decrease of 6.48%, rather than ~27%, would be expected in the Fx. At lower temperatures,
the evaporation of water was much slower, and the Am was much lower, which meant
an even smaller influence on the friction. This strongly suggests there could be other
mechanisms contributing to the reduction in the friction force at high temperatures. The
L,y during the kinetic friction was also monitored. At RT, an L,_, of 1556.38 & 12.13 pm
was detected in the x direction, which decreased by 7.05% (ALy—x) to 1446.86 & 3.06 um
as the temperature increased to ~80 °C (Figure 6e). The decrease in the L,_» means the
decrease in the contact area, which determined the contact point between the droplet and
the surface and led to the decrease in the friction.

At room temperature, due to Newton’s third law, the tested liquid-solid friction is
expressed by the hydrodynamic resistance (Fg):

F=Fy,

which includes viscous forces in the droplet and the contact area of the droplet on sur-
faces [42]. As the contact area decreased at an elevated temperature, the Fr; decreased
(Fg’ < Fg). Additionally, the AT in the droplet caused spatial variation in the surface tension
(Figure 5d), adding a Marangoni force (Fy) [43,44], whose direction was the same as that of
the flow in the droplet, to the droplet. The force balance can thus be reconsidered as follows:

F+FM=FH’.

That is, the Marangoni effect also contributes to the friction reduction. To summarize,
the decrease in the mass and contact area and the Marangoni effect contribute together to
the friction reduction (Figure 6f).

3.4. Liquid-Solid Friction on the GP-MA under Various Elongations

At a fixed elevated temperature, the influence of the ¢ on the friction force was then
further investigated. At 40 °C, the Fs , sharply decreased by 25.10% from 63.72 + 5.41 to
47.73 £+ 3.99 uN, and the Fg , decreased by 30.67% from 40.36 & 2.36 to 27.98 & 0.84 uN,
correspondingly, when the ¢ increased to 80% (Figure 7a). In contrast, the Fs, and Fg,
increased from 63.26 + 3.52 and 40.00 4 3.09 uN to 70.92 + 2.04 and 46.26 + 3.60 uN, with
a difference of 10.80% and 15.65%, respectively. As a result, the AFg increased from 0.36
to 18.28 ulN, suggesting an increase in the anisotropy with an increase in the ¢. A similar
phenomenon was also found in the GP-MA at 80 °C (Figure 7b). Generally, the friction
forces, including Fg ,, F sy Frxs and F Ky and the anisotropy, were all smaller than that at
40 °C and RT. This confirmed again that the increase in the temperature not only decreased
the liquid-solid friction but also decreased the anisotropy.
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Figure 7. (a,b) The dependence of the friction forces along the x and y directions and the correspond-
ing AFk at (a) 40 °C and (b) 80 °C on ¢. Each data point in (a,b) represents the mean value of at least
five measurements. Standard deviations are indicated by error bars.
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4. Conclusions

Here, we investigated the influence of the temperature on the friction of a water
droplet on a GP-MA surface. The GP-MA was composed of GP micropillars supported by
a thin layer of pure PDMS. The periods and roughness of the micropillars were regulated
by changing the pre-stretching, ¢, of the PDMS supporting layer. With the increase in the ¢,
the CA and SA showed negligible differences along the orthogonal direction and could not
reveal the anisotropy. With an increase in the ¢ (in direction x), the F Sy and F Ky increased,
while the Fg, and Fg , decreased. Meanwhile, the ¢ also increased the anisotropy (AFk).
Making use of the photothermal effect of graphene, the temperature of the GP-MA surface
could be easily increased. The increase in the temperature decreased the Fsy, Fsy, Fix,
and Fg ,, which originated from the reduced mass and contact area of the droplet and the
introduced Marangoni flow in the droplet. Surprisingly, the anisotropy also decreased
when the temperature increased, which was the result of the larger structural change in the
x direction upon stretching. As the temperature range investigated here is quite common
in our daily life, the study allows us to better understand the influence of temperature on
wettability, which cannot be well revealed by contact angle measurements. In turn, the
investigation here may also pave the way to invent new superwettability materials for
high temperatures.
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Abstract: Plants and animals are often used as a source for inspiration in biomimetic engineering.
However, stronger engagement of biologists is often required in the field of biomimetics. The actual
strength of using biological systems as a source of inspiration for human problem solving does not lie
in a perfect copy of a single system but in the extraction of core principles from similarly functioning
systems that have convergently solved the same problem in their evolution. Adhesive systems are
an example of such convergent traits that independently evolved in different organisms. We herein
compare two analogous adhesive systems, one from plants seeds and one from insect eggs, to test
their properties and functional principles for differences and similarities in order to evaluate the input
that can be potentially used for biomimetics. Although strikingly similar, the eggs of the leaf insect
Phyllium philippinicum and the seeds of the ivy gourd Coccinia grandis make use of different surface
structures for the generation of adhesion. Both employ a water-soluble glue that is spread on the
surface via reinforcing fibrous surface structures, but the morphology of these structures is different.
In addition to microscopic analysis of the two adhesive systems, we mechanically measured the actual
adhesion generated by both systems to quantitatively compare their functional differences on various
standardized substrates. We found that seeds can generate much stronger adhesion in some cases but
overall provided less reliable adherence in comparison to eggs. Furthermore, eggs performed better
regarding repetitive attachment. The similarities of these systems, and their differences resulting from
their different purposes and different structural/chemical features, can be informative for engineers
working on technical adhesive systems.
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1. Introduction

A core principle of biomimetics is to find inspiration for human problem solving
in nature [1]. While several natural principles were successfully adapted in biomimetic
studies in the past, sometimes a vague similarity to biological structures appears to be
sufficient for some researchers to claim bioinspiration as a trademark to claim useful-
ness per se. However, such a top-down approach to back up technical innovations with
supposed biological similarity does not necessarily use the full potential of biomimetic
thinking [2]. Biological systems undoubtedly offer significant potential for inspiration
for problem solving, as many functions in nature have evolved in response to specific
environmental requirements and are subjected to continuous selection [3]. Several technical
innovations are a result of investigation of examples from nature, for example, in the field
of gripping devices in soft robotics [4-6]. However, the actual strength in investigating
such phenomena lies in the understanding of the actual functional constraints these biolog-
ical systems are adapted to and in disarticulation of the key functions. A great potential
for finding inspiration in natural functional systems is especially present in systems that
evolved convergently in different remotely related organisms. Within animals, one striking
example of such a convergence is found in their adhesive systems [7]. As attachment,
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in general, is very important for many animals in different aspects of their life (nutri-
tion, locomotion, dispersal, etc.) and various different taxa possess elaborate attachment
systems [8,9]. These systems are widespread within the animal kingdom but occur in very
different clades of animals and can have quite different morphology and functionality [7].
The functions of the different kinds of attachment devices themselves in turn are often tuned
to more general requirements, as they rely on the physical constraints of the interaction
of the attachment organ and the substrate. These constraints are universal for all species,
independently of their relatedness, and, if the environment is similar, result in a similar
morphology [10-13]. Consequently, a similar morphology can occur convergently as a result
of the similar conditions the systems are adapted to in phylogenetically distinct lineages.

Such a mechanism with a similar functionality in two organisms from phylogenetically
distant lineages is represented by the adhesive mechanism of the eggs of the Philippine leaf
insect Phyllium philippinicum Hennemann, Conle, Gottardo & Bresseel, 2009 (Phasmatodea,
Phylliidae) and the seeds of the ivy gourd Coccinia grandis (L.) Voigt (Cucurbitaceae). Both
systems include fibrillary surface structures on the surface and a glue component that is
applied to the substrate. While the adhesive mechanism of leaf insect eggs has already
been investigated [14,15], the adhesiveness of C. grandis seeds has, so far, no apparent
notion in the literature. However, the seeds of this plant carry a similar adhesive system
to that described for the eggs of walking leaf insects. Furthermore, they are so similar in
appearance that they are easily confused with each other in the field because both species
co-occur in similar environments. We became aware of this species and the similarity of
both reproductive stages due to this confusion. During a field trip in Pasir Ris, Singapore
(1°23/33.2" N 103°55'33.6" E), the supposed eggs of a Singaporean Phyllium sp. were found
adhered to local plants (Figure 1B). However, closer inspection and incubation of these
eggs revealed their true identity as C. grandis seeds (pers. comm. Wei-Song Lih).

Figure 1. Focal organisms. (A-D) Coccinia grandis: (A) Flowering plant (modified from [16], published
under CCBY 4.0). (B) Seeds found in the field attached to the leaves of a different plant (provided
by Lih Wei-Song). (C) Extracted dry seed before water contact. (D) Seed attached to a glass slide,
photographed through the slide. (E-G) Phyllium philippinicum: (E) Adult female (from [15] published
under CCBY 4.0). (F) Dry egg before first water contact, lateral view. (G) Egg attached to a glass slide,
photographed through the slide. Scale bars: 1 mm.
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As described for P. philippinicum eggs [14,15], these seeds display adhesive capability
after activation with water (Figure 2). Likewise, they carry fibrillary adhesive structures
on their surface, which expand after exposure to water and adapt to the geometry of the
substrate’s surface. Adhesion is also facilitated by a film of glue, which is distributed on
the substrate. Details of this mechanism have been experimentally tested for leaf insect
eggs, yielding a study on the influence of the roughness and surface chemistry [15] and
the influence of different solvents on the activation of the exochorionic structures involved
in it [14]. We aimed to investigate the mechanism of the seed adhesion of C. grandis
in similar detail. This included an investigation of the morphology of the components
involved in the adhesive mechanism and experimental characterization of its function
under different substrate constraints. Both were used to compare the morphology and
function of the two similar adhesive systems found in different kingdoms of life. The
similarities and differences between the two species can be used to evaluate the common
characteristics that are important for this kind of adhesive system and the modifications for
specific tasks. Furthermore, it provides insights into the specific mechanisms in light of
their ecological role, which might facilitate or prevent dispersal.

Figure 2. Water interactions of both adhesive systems. (A) Seed of Coccinia grandis. (B) Egg of
Phyllium philippinicum (modified from [15] published under CCBY 4.0). The surface structures of both
organisms are densely packed. Water contact induces the spreading of fibrillary adhesive structures,
which carry glue for triggering adhesion in contact with the substrate. Scale bars: 1 mm.

Natural adhesive systems can be tuned to fulfill specific tasks, such as coping with the
crystalline wax coverage of plants [17], with strong torrents in fast flowing water [18,19],
or the challenging surface and motion of the host in the case of parasites [20]. Others
cope with a variety of influences at once [7-9,21,22]. Comparative approaches, such as
the one presented herein, can help to understand the main principles of these systems
and provide insights into the essence of the common principle. Such knowledge is useful
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for biomechanics to isolate the key characteristics of natural systems and evaluate the
adaptations for the actual tasks of the respective examples. Consequently, the comparative
investigation of such two similar mechanisms yields an evaluation of the biomimetic
potential of the underlying common principle. To test the similarity of two similar natural
adhesive systems from two different kingdoms, namely plants and animals, we herein
characterized the adhesive system of C. grandis seeds in light of the present knowledge of
the adhesive system of P. philippinicum eggs and compared the two systems in terms of
their morphology, the adhesive performance on varying surface roughness and surface
chemistry, and the repeatability of adhesion, which has already been shown for the leaf
insect eggs [15]. To provide a similar base of knowledge of C. grandis seeds, we conducted
the same analysis of the morphology using light and scanning electron microscopy and
mechanically tested the resulting adhesion with the same setup used for P. philippinicum
eggs in previous studies.
We specifically investigated the following questions:

1.  How does the morphology differ between P. philippinicum eggs and C. grandis seeds?

2. What influence does the substrate surface roughness have on the adhesion of

C. grandis seeds?

What influence does the surface chemistry have on the adhesion of these seeds?

4. What are the similarities and differences between both examples in terms of their
adhesive performance and the repeatability of adhesion?

w

The results are discussed in the background of their significance for biomimetics.

2. Materials and Methods
2.1. Specimens

This study explored two different focal objects: The seeds of the ivy gourd Coccinia gran-
dis (L.) Voigt (Cucurbitaceae) and the eggs of the Philippine leaf insect Phyllium philippinicum
Hennemann et al., 2009 (Phasmatodea, Phylliidae). Measurements of P. philippinicum eggs
were used for comparison of the two mechanisms and were previously published in Biischer
etal. [15]. Novel data for C. grandis were obtained using the same methodology used therein
to warrant comparability. Eggs were obtained directly after oviposition from female insects
from a captive breeding culture. C. grandis seeds were obtained from Danushka Hiruni
(Kudaweda, Sri Lanka). They were harvested by mechanical extraction, dried, and stored
in a dry environment until experimental use. Both the seeds and eggs were weighed with
an AG204 Delta Range microbalance (Mettler Toledo, Greifensee, Switzerland; d = 0.1 mg).

2.2. Microscopic Visualization

Both the seeds and eggs were imaged prior to attachment using a microscope (M205,
Leica Microsystems Ltd., Wetzlar, Germany). Furthermore, they were photographed while
attached to microscopy glass slides from two directions (above and below the glass). Images
were taken using the microscope camera Leica DFC420 (Leica Microsystems Ltd., Wetzlar,
Germany). We recorded stacked multifocus images and merged them using the software
Leica Application Suite (LAS) version 3.8.0 (Leica Microsystems Ltd., Wetzlar, Germany).

Further, the eggs and seeds were examined with the SEM Hitachi TM3000 (Hitachi
High-technologies Corp., Tokyo, Japan) at an acceleration voltage of 10 kV to obtain
overviews and with the SEM Hitachi 54800 (Hitachi High-technologies Corp., Tokyo,
Japan) at an acceleration voltage of 5 kV to obtain the morphological details. Images were
processed in Photoshop CS6 (Adobe Systems Inc., San Jose, CA, USA). The samples were
either prepared in the untreated condition (before contact with water) or after contact with
water and the corresponding attachment to the glass. Both untreated and detached samples
were air-dried and sputtered with 10 nm gold-palladium.

2.3. Detachment Force Measurements

To compare the properties of both adhesive systems of eggs and seeds, the detachment
forces of individual C. grandis seeds were measured with the same setup used in [15] for
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leaf insect eggs. The respective experimental samples were mounted on the standardized
surfaces by individually placing them in droplets of distilled water (~100 uL) to activate the
adhesive system. Afterwards, they were allowed to dry for 2448 h and then individually
connected to a force transducer (FORT1000, World Precision Instruments Inc., Sarasota, FL,
USA) using bees wax to glue a horsehair onto the exposed side of the sample (Figure 3A).
A BIOPAC Model MP100 and a BIOPAC TCI-102 system (BIOPAC Systems, Inc., Goleta,
CA, USA) were used to record the detachment force—time curves of the samples from
the substrates using the software Acqgknowledge 3.7.0 (BIOPAC Systems Inc., Goleta, CA,
USA). This was achieved by manually lowering the experimental substrates orthogonal
to the sensor with a laboratory lifting platform at a speed of 2-3 cm/s. The maximum
detachment force was determined by selecting the highest peak of the force-time curve.
The detachment forces were measured in three set-ups:
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Figure 3. Detachment force measurements. (A) Schematic of the experimental setup with an example

force-time curve of the detachment force measurement. (B) Detachment forces of C. grandis seeds on
substrates with different roughness (N = 15 per substrate) represented by box plots (left) and jitter
plots (right). Boxes indicate the 25th and 75th percentiles, the line represents the median, and the
whiskers are the 10th and 90th percentiles. n.s. = no statistical difference p = 0.55; Kruskal-Wallis
ANOVA on ranks).

1.  Surface roughness

Four surfaces made of epoxy resin with different roughness were used as substrates
for attachment of the samples (0, 1, 12, and 440 pum). For each substrate, 15 individual seeds
and 32 individual eggs [15] were used.
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2. Surface chemistry

Three surfaces with different surface free energy were used as substrates for the at-
tachment of the samples. The surfaces had different water contact angles: 36.25 £ 1.15°
(mean =+ SD, n = 10) (hydrophilic), 83.38 + 0.89° (hydrophobic), and 98.9 £+ 0.47° (hy-
drophobic). For each substrate, 15 individual seeds and 20 individual eggs [15] were used.

3. Cyclic repetitions of attachment

The samples were subjected to repetitive individual pull-off measurements. After
detachment, the same individual sample was reattached with a droplet of water. This
procedure was repeated 6x for the eggs and 3x for the seeds. Furthermore, eggs were
repetitively measured on the 0 um epoxide substrate while the seeds were measured on all
four different epoxide roughness test substrates. For each substrate, 15 individual seeds
were used and 8 individual eggs [15] were used for the smooth substrate. If a sample
did not adhere to the substrate at all, the detachment force of the individual sample was
considered 0 mN, but the same individual was used again for subsequent measurements.

All measurements were carried out at a 20-23 °C temperature and 45.0-47.6% relative
humidity. Except for the cyclic repetition experiments, neither the seeds nor eggs were
used for more than one detachment force measurement.

2.4. Substrate Preparation

We used two different types of substrates: Epoxy resin with a range of surface rough-
ness and glass with different wettability.

2.4.1. Glass

Microscope objective glass slides (Carl Roth GmbH & Co. KG, Karlsruhe, Germany)
were cleaned with isopropylic alcohol and used untreated as the hydrophilic substrate.
Clean glass sides were silanized following Voigt and Gorb [17] to reduce the surface free
energy and used as a hydrophobic substrate. The wettability was quantified by measuring
the water contact angle of the substrates (aqua Millipore, droplet size = 1 pL, sessile
drop method; n = 10 per substrate) with an OCAH 200 (Dataphysics Instruments GmbH,
Filderstadt, Germany). The contact angle of water was 36.25 = 1.15° on untreated glass
and 98.9 & 0.47° on silanized glass.

2.4.2. Epoxy Resin

We used epoxy resin [23] and the two-step molding protocol of Salerno et al. [24] to
obtain test substrates with different roughness. Glass with a 0 um roughness, fine polishing
papers (standardized roughness 1, 12 pm; Buehler, Lake Bluff, IL, USA), and industrial
polishing paper with a 440 pm particle size were templates for the-two step molding.
Negatives were created with polyvinylsiloxane-based dental wax (Colthéne/Whaledent
AG, Altstatten, Switzerland) and filled with epoxy resin, which was cured at 70 °C for 24 h.
The water contact angle of the epoxy resin was 83.38 £ 0.89° (mean =+ SD, n = 10) [15].

2.5. Statistical Analysis

Statistical analyses were performed with SigmaPlot 12.0 (Systat Software Inc., San
José, CA, USA). First, the data was tested for a normal distribution (Shapiro-Wilk test)
and equal variance (Levene’s test). Due to the non-normality or missing homoscedasticity
in all comparisons, only non-parametric tests were chosen. The detachment forces of the
seeds on varying substrate roughness and on substrates with different surface chemistry
were compared with Kruskal-Wallis one-way analyses of variance (ANOVA) on ranks
and Tukey’s post hoc test. The novel data of the C. grandis seeds were compared with
the previously reported data of P. philippinicum eggs [15] for these two scenarios for each
substrate using the Mann-Whitney rank sum test. The repetitive measurements of both the
seeds and the eggs were compared for each substrate with Friedman's repeated measures
ANOVAs and Tukey’s post hoc test.
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3. Results
3.1. Morphology

Both the eggs and seeds are laterally flat and remarkably similar in their overall
appearance despite the different affiliations of the two species within distinct kingdoms.
Hence, since detailed descriptions of the morphology of both reproductive structures (eggs
and seeds) can be found in [15] for P. philippinicum eggs and [25] for C. grandis seeds, we
only focused on the functionally relevant features.

Both reproductive structures respond to water by expanding their fibrillar adhesive
structures (fas). Prior to water contact, the C. grandis seed has a smooth surface due to the
presence of a membrane (Figure 2A) under which the fas are tightly packed on the surface
of the seed (Figure 4A H). The fas of C. grandis seed are elongated, undivided filaments,
which are mantled with a film of a hardened glue (Figure 4E F). The length of the filaments
is rather homogeneous and approximately 500 um for the majority of them (see also [25]).
Upon contact with water, the fas fan out and extend towards the substrate (Figure 4B-D).
The tips of the fas make contact with the substrate and form a dense layer, adapting to
the surface profile (Figure 4B). The glue is unevenly distributed along the length of the
fas and accumulates on their tips, forming a continuous layer in combination with the fas
(Figure 4B,C).

Figure 4. Morphology of the fas in the corresponding reproductive stages of the focal species.
(A-H) Coccinia grandis seed. (I-P) Phyllium philippinicum egg. (A-D,I-L) Photographs of glue
and fas interactions. (E-H,M-P) SEM of the glue and the fas morphology. Scale bars: (A-D,I-L) 300,
(E-G,N,0) 50, (H) 20, (M) 150, and (P) 100 pm.
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The fas of P. philippinicum also lie on the surface of the egg in the dry state, similar to
the seeds (Figure 1F). However, both the distribution and the shape of the fas differ from the
fas of C. grandis seeds. The so-called pinnae of these eggs are not homogenous in shape but
consist of a central branch, which hierarchically splits into many finer terminal filaments
(Figure 41-L,N-P). Furthermore, they are oriented to the lateral rims of the egg and form
two main rows and a collar at the operculum of the egg (Figure 1FG). Smaller pinnae are
present on the rest of the surface. The larger fas of these eggs are larger than the fas of
the seeds but smaller ones are also present with fibrilllar structures in the heterogenous
size range on the exochorion. Similar to the situation in seeds, a glue is present here,
which mantles the fas in the dry state and spreads onto the substrate after water contact
(Figure 4M-0O). The fas respond to water by a similar expansion, forming a less continuous
layer with the fas themselves in comparison to the one of seeds. The glue builds a closed
film on the substrate in both organisms (Figure 4I-K). The tips of the pinnae carry less
glue; instead, the glue is kept in the proximal space closer to the egg itself and is trapped
between the fas and the egg (Figure 4L]).

3.2. Adhesion of C. grandis Seeds
3.2.1. Influence of Substrate Roughness

The detachment forces of C. grandis seeds revealed a wide range of forces (Figure 3B).
All four sets of measurements included particularly high detachment forces, but the overall
distribution of the forces was strongly left skewed with much lower median detachment
forces on all four substrates. However, the median detachment forces decreased with in-
creasing substrate roughness. The median (£s.d.) detachment forces were 110.48 (£887.71)
mN on 0 um roughness, 91.23 (£883.72) mN on 1 pm, 20.37 (£598.02) mN on 12 um,
and 17.61 (£1086.81) mN on 440 um. Nevertheless, several individual seeds detached at
much higher pulling forces ranging up to 2600 mN on all four substrates (Figure 3B). This
strong variation resulted in no significant differences between the detachment forces on the
four substrates despite decreasing medians (Kruskal-Wallis one-way ANOVA on Ranks,
H =2.089, d.f. =3, p =0.554, N = 15 per roughness).

3.2.2. Influence of Surface Chemistry

The C. grandis seeds attached strongly to the hydrophilic substrate (Figure 5A). While
the medium detachment force of the seeds on the substrate with a water contact angle of 36°
wzs 1651.78 (£1083.55) mN, it was significantly lower (Kruskal-Wallis one-way ANOVA
on Ranks, H=10.992, d.f. =2, p = 0.005, N = 15 per substrate; Tukey’s test p < 0.05) on the
substrates with a contact angle of 83° (110.48 (+887.71) mN) and 99° (37.16 (+668.30) mN).
The forces did not differ statistically between the substrates with contact angles of 83° and
99° (Tukey’s test p > 0.05).

3.2.3. Cyclic Repetition

The sequence of the detachment repetitions of C. grandis seeds on the four substrates
with different roughness is shown in Figure 6B-E. The detachment forces significantly
decreased on all four substrates from the first to the third cycle. While all individual seeds
adhered in the first cycle, different amounts of seeds did not adhere in the second and third
cycle depending on the substrate they were measured on. While the initial detachment force
differed depending on the substrate (see Section 3.2.1), the subsequent cycles all showed
reduced detachment forces (Figure 6B-E). On the smooth substrate, the median detachment
force significantly decreased from 110.48 (+887.71) mN in the first cycle to 1.86 (£304.59)
mN in the third cycle (Friedman repeated-measures ANOVA on ranks, x2=898,d.f =2,
p = 0.011; Tukey’s test p < 0.05). While 100% of the seeds adhered in the first cycle, only 47%
adhered in the second cycle and 60% in the third cycle (Figure 6B). A substrate roughness of
1 um resulted in the median detachment forces significantly decreasing from 91.23 (£883.72)
mN in the first cycle to 5.50 (£220.87) mN in the third cycle (repeated-measures ANOVA,
F=23.51,d.f. =2, p =0.044; Tukey’s test p < 0.05). Compared to the other substrates, a higher
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fraction of seeds adhered in the later cycles: 100% in the first cycle, 67% in the second
cycle, and 60% in the third cycle (Figure 6C). Measurements on the 12 pm rough substrate
revealed a significant decrease in the detachment force from 20.37 (£598.02) mN in the
first cycle to 0.00 (£62.24) mN in the third cycle (Friedman repeated-measures ANOVA on
ranks, x2 = 10.308, d.f. =2, p = 0.006; Tukey’s test p < 0.05). The 12 pm roughness had the
strongest impact on the attachment ratio: 100% of the seeds adhered in the first cycle, only
33% adhered in the second cycle, and 20% in the third cycle (Figure 6D). On the roughest
substrate, the eggs showed a significant decrease in the median detachment forces from
17.61 (£1086.67) mN in the first cycle to 0.63 (£184.67) mN in the third cycle (Friedman
repeated-measures ANOVA on ranks, x> = 9.927, d.f. = 2, p = 0.007; Tukey’s test p < 0.05).
In the subsequent repetitions, they adhered more reliably, again with 100% of the seeds
adhering in the first cycle, 60% in the second cycle, and 53% in the third cycle (Figure 6E).
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Figure 6. Sequential detachment force measurements. (A) P. philippinicum eggs. Line plot (above)
and the corresponding count of attached and detached eggs (attachment ratio, below) for sequential
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ranks, Tukey’s post hoc test, p < 0.05). (B-E) Detachment force of C. grandis seeds during repetitive
detachments on different substrates (N = 15 per substrate). Line plots (above) and the corresponding
attachment ratio (below) for sequential measurements; dots represent the median. (B) 0 pm. (C) 1 pm.
(D) 12 um. (E) 440 pm. * p < 0.05 (Friedman repeated-measures ANOVA on ranks or repeated-
measures ANOVA, respectively; Tukey’s post hoc test, p < 0.05).

3.3. Comparison of the Attachment Capability between Eggs and Seeds

The detachment forces on substrates with different roughness show a similar pattern of
substrate dependence for both the eggs and seeds (Figure 7A). Both reproductive stages re-
vealed no statistically significant difference in regard to the roughness within the respective
species (see Section 3.2, [15]); however, comparison of the medians of each experimental
group yields a different behavior between the two adhesive systems. While the median
detachment force of the C. grandis seeds strictly decreases with an increasing roughness,
the median detachment forces of the P. philippinicum eggs are higher on the 1 and 12 um
rough substrates than on the smooth and rougher ones (Figure 7A). Nevertheless, due to
the strong variation of the seeds, there was no statistically significant difference between
the eggs and seeds on any of the four substrates. There was no significant difference be-
tween both reproductive stages on 0 (Mann-Whitney rank sum test, U = 179.00, T = 421.00,
Neggs = 32, Ngeeds = 15, p = 0.167), 1 (Mann-Whitney rank sum test, U = 214.00, T = 334.00,
Neggs = 32, Ngeeds = 15, p = 0.561), 12 (Mann-Whitney rank sum test, U = 179.00, T = 299.00,
Neggs = 32, Ngeeds = 15, p = 0.167), and 440 um (Mann-Whitney rank sum test, U = 219.00,
T =334.00, Neggs = 32, Ngeeds = 15, p = 0.914).

The surface chemistry affected the detachment forces in both species. Both showed
significantly decreasing detachment forces with an increasing water contact angle of the
substrate (Figure 5, [15]). Hydrophilic substrates (water contact angle of 36°) caused the
highest detachment forces in both cases, but the seeds adhered significantly stronger to this
substrate than the eggs (Mann—-Whitney rank sum test, U = 81.00, T = 339.00, Neggs =20,
Ngeeds = 15, p = 0.022). The hydrophobicity of the substrate resulted in lower detachment
forces but no significant difference between the eggs and seeds for an 83° (Mann-Whitney
rank sum test, U = 142.00, T = 278.00, Neggs = 20, Ngeeqs = 15, p = 0.803) and 99° water
contact angle (Mann-Whitney rank sum test, U = 140.00, T = 260.00, Neggs = 20, Ngeeds = 15,
p =0.751).
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Figure 7. Comparison of the detachment forces of seeds and eggs on substrates with different
substrate roughness. (A) Detachment forces are represented by box plots. Boxes indicate the 25th and
75th percentiles, the line represents the median, and the whiskers are the 10th and 90th percentiles.
n.s. = no statistical difference p > 0.05; Mann-Whitney rank sum test). Eggs (N = 32) are shown
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detachment forces for clearer representation. X = median. (B—E) Schemes of the contact formation
with rough substrates (B,C) and the glue distribution (D,E) of the expansions of eggs (B,D) and seeds
(CE). fas = fibrillary adhesive structure; gl = glue.

During repetitive detachment events, eggs and seeds performed differently on two
main aspects (Figure 6). The eggs of P. philippinicum retain repeatable attachment capability
over some cycles. Although the detachment forces were significantly lower in the fifth and
sixth cycle compared to the first three cycles (Friedman repeated-measures ANOVA on
ranks, x? = 35.358, d.f. = 5, p < 0.001; Tukey’s test, p < 0.05), all of the eggs adhered rather
strongly and none failed to make sufficient contact during the attachment process. The
seeds, in contrast, showed a fast decay of the detachment force starting from the second
cycle and a high failure rate during the attachment repetitions, especially on the substrate
with a 12 pm roughness (Figure 6B-E).

4. Discussion

The overall appearance and the general adhesive mechanism are similar in the re-
productive stages of the two species examined here. However, the details of the specific
adhesive performance differ between the two species and result in different advantages
and disadvantages for both. While the offspring of the leaf insect P. philippinicum relies on
the presence of suitable foodplants and should be protected during embryonic develop-
ment [26,27], C. grandis seeds need to come into contact with soil for germination and to put

151



Biomimetics 2022, 7,173

down roots [26]. Consequently, the actual role of the adhesiveness of the two species differs,
which is reflected in the differences in both the morphology and the resulting functionality.

4.1. Comparison between Seed and Egg Adhesive Systems
4.1.1. Morphology

In addition to the similar overall appearance, C. grandis seeds and P. philippinicum eggs
share several morphological characteristics. These include (1) the presence of fibrillary
adhesive structures (fas) on the outer surface, (2) the presence of glue, and (3) the response
to water of both components (Figure 2). Naturally, as one object is a plant and the other
is an animal, these shared features are not homologous to each other. The specific shape
of the fas differs in detail (Figure 4), which leads to some differences in their functionality.
Obviously, the fas of both species are formed by completely different structures of different
chemical and developmental origins.

The eggs of phasmids are distinct from those of most other insect orders. The main
specialty is the strong, hardened outer shell [28]. The egg capsule consists of two layers:
the endochorion and the exochorion, which are both multi-layered [29,30]. The exochorion
consists of different layers, which are structurally and chemically different, and is a prod-
uct of the follicle cells [31]. Most noteworthy are the thick layer of calcium carbonate
and the layer of calcium oxalate, with both being particularly tough and unique among
insects [30,32]. The apomorphic toughening of the outer chorion enabled modifications
for a plethora of different functions on the surface, for example, the adhesive system of
the pinnae of P. philippinicum. The pinnae are formed on the outer surface of the egg
capsule as secondary (follicular) secretions [31]. They are of variable length and width and
hierarchically split several times.

The seeds of C. grandis, in contrast, carry more uniform fas. These are slender and of a
rather uniform length (~500 um). The outer layer (testa) of this seed generally consists of
four layers, of which the outermost is an epidermal layer [25]. The epidermis of the closely
related Cocconia abyssinica (Lam.) Cogn. is, according to Holstein [25], disintegrated and the
cell walls of the epidermal cells form 500-um-long fas. Other sources interpret the fibrils
of the outer surface of Coccinia seeds of other species to be a fibrillose testa [33,34], or a
disintegrated exotesta in C. grandis in particular [35]. It is likely that the fas of all Coccinia
seeds with such a fibrillary surface are formed by the epidermis. In comparison, the fas of
C. grandis seeds are more uniform and slender while the fas of P. philippinicum eggs are of a
variable length and thickness and show hierarchically branching.

There is, to our knowledge, no notion of the glue of C. grandis seeds (Figure 4B-D) in
the literature. However, the seeds are encapsuled in a hyaline juicy envelope within the
fruit, which seems to originate from carpellary tissue [36], which might partially remain on
the seed surface and develop adhesive properties on the fas. Other plant seeds produce
mucilage envelopes on their surface [37,38], which can be either pectin [39], hemicellulose,
or cellulose dominated [40] and facilitate adhesion of the seeds. The glue of C. grandis could
also originate from either of these two mechanisms. The glue of the P. philippinicum eggs,
in contrast, is apparently produced by females as a tertiary secretion (extraovarian) [31],
mantles the surface of the egg [14,15], and is kept by the fas (Figure 4I-P). This glue is
probably proteinaceous and includes at least two functional groups, one hydrophilic and
oriented towards the substrate and the other hydrophobic and associated with the surface
of the egg [14].

The fas themselves, without the glue, do not show substantial adhesive capability. The
feet of different animals, both vertebrates and invertebrates, are equipped with fibrillary
adhesive hairs as well [7]. These are adhesive because of the compliance of the flexible
tips of the adhesive hairs that approach the substrate enough to enable van der Waals
interactions with the substrate [7]. The fas of both seeds and eggs would, in principle, be
able to do so as well, but the fas are likely not as flexible and compliant with the substrate.
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4.1.2. Adhesive Performance

The main difference between the adhesive performance of the P. philippinicum eggs
and the C. grandis seeds is actually not the adhesive strength. Although the detach-
ment forces measured reached higher maximum values for the plant seeds (Figure 5B or
Figure 7A), the median forces are rather similar, or in some cases even higher for the leaf
insect eggs. This is a result of the reliability and efficiency of the adhesion of eggs. The
attachment system of the eggs performs consistently in a similar range of forces on different
substrates while the detachment forces of seeds revealed strong deviations and a strongly
left skewed distribution: most measurements actually resulted in very low forces, but only
few measurements of very high forces were obtained. This is likely a result of two aspects
of these mechanisms: the properties of the glue and the shape of the fas.

The hierarchical splitting and unequal distribution of the pinnae of the eggs of
P. philippinicum results in a more reliable adaptation to the substrate geometry (Figure 7B).
To maximize the attachment force, any adhesive system needs to maximize the actual
contact area [7,41]. In comparison to the straight fas of the seeds, the pinnae of eggs seem
to adapt more efficiently to rough substrates. The same applies to the repetition of the
attachment events. Especially on the 12 pm roughness, the detachment forces of the seeds
were low. Furthermore, the attachment ratios of the seeds of C. grandis were strongly
reduced on this roughness (Figure 6D). On the one hand, the diameter of the fas of the
seeds is approximately in the range of this roughness (Figure 4H), conflicting with proper
contact formation. On the other hand, the distribution of the glue makes a difference for
both reproductive stages. The glue of the leaf insect eggs forms a dense film, mantling
the pinnae and large fractions of the egg surface (Figure 4), while the glue of the plant
seeds is mainly distributed on the tips of the fibrils. This potentially results in the higher
depth of the surface adaptation and thicker films of glue for the eggs compared to the
plant seeds (Figure 7B). Consequently, the eggs make more reliable contact, especially to
rough substrates.

On substrates with different surface chemistry but similar topography, both seeds
and eggs showed similarly decreasing detachment forces with an increasing water con-
tact angle. As the surface topography was the same for all three substrates, differences
between the two species are the result of the glue properties. The C. grandis seeds ad-
hered significantly stronger to hydrophilic substrates. While most plant seed glues are
polysaccharides [38,39,42], the glue of the eggs of this particular species of leaf insects has
been hypothesized to be a glycoprotein [14,15]. The majority of egg glues in insects are
proteinaceous [43-49] and the amphiphily of the glue properties could well be achieved
with glycoproteins, such as in other insect glues [50]. Therefore, a glycoprotein remains a
plausible explanation for this particular adhesive system, but the chemical structure of the
glue still warrants further investigation. Due to the distance in the phylogenetic relation
between C. grandis and P. philippinicum, it is most likely that these convergently evolved
glues in the two species originate from different chemical groups. Comparing the glue of
C. grandis seeds to other plant seed glues, the forces are similar to the ones reported for
cellulose-based mucilage envelopes [38]. However, the basis on which the glue is applied
to the substrate is largely different. While the cellulose fibrils and pectines in the known
seed glues are anchored in an undisintegrated cell wall, the epidermal cell wall of the
C. grandis seeds is significantly modified. Nevertheless, the net adhesive forces of other
seeds are often much stronger and often more reliable [38], although they do not possess
similar specialized fas for adaptation to the substrate. The linearity of the seed fas causes
a less homogenous distribution of the glue film on the substrate compared to the eggs’
pinnae. This interferes with reliable contact formation with the substrate. Therefore, the
variance of the detachment forces of the seeds can be higher. If, by chance, a good contact
is formed, the detachment forces can be quite high; however, it is also quite likely, due to
the unspecialized fibrils, that the contact is unpredictable and can be quite unreliable. The
fas of C. grandis are present from the very beginning as disintegration of the cell wall and
spread out after contact with water, whereas the fibers of mucilaginous seeds appear due

153



Biomimetics 2022, 7,173

to their uncoiling from the cell wall after the first hydration [38]. Functionally, the contact
formation of both types of seed appendages is similar and the fibrils of both kinds can
adapt to the surface profile, but the origin of the fibrils differs. As a result, the size of the
cell wall originating fas is larger in comparison to the cellulose fibrils of the majority of
mucilaginous seeds and might provide less efficient contact. In contrast to cellulose fibrils,
the glue generating the adhesion in the seeds examined herein liquefies again with water
contact and this can be repeated several times. However, the detachment force decreases
over repeating cycles, as the glue is washed off and partly remains on the substrates with
every cycle. This effect is stronger in the C. grandis seeds as the hierarchically splitting
pinnae of the P. philippinicum eggs strongly keep the glue on the surface of the egg.

4.1.3. Ecological Differences

Plants and insects are naturally rather different in terms of their demands on their
environments. Often, insects are a threat that plants tend to avoid. Interestingly, leaf insects,
in particular, visually imitate the leaves of plants to avoid their own predators (spiders,
other insects, mammals, birds, and lizards [27,51]). This kind of camouflage evolved quite
early in phasmids in general [52-57] and leaf insects in particular [58,59]. One result of this
type of camouflage is a strong sexual dimorphism in Phylliidae [60] due to the fact that
females are sedentary and imitate leaves in the canopy and males need to be mobile to
find their mates to reproduce [61]. As a result, the eggs of all phylliids are dropped from
the place where the females hide. This results in three aspects of concern, which might
require attachment to some kinds of substrates: (1) Eggs dropped to the forest floor might
be subjected to flightless parasitic wasps (e.g., Amiseginae), which are often specialized
for particular phasmid species [51,62,63]. Attaching the eggs in higher levels of the for-
est is a widespread strategy to avoid these parasitoids, which evolved independently in
many phasmid lineages [64,65]. (2) Localization of the offspring close to the foodplant
could guarantee suitable food for the offspring [14,15,66]. (3) Attachment can be used for
dispersal [26], as has been shown for many seeds as well [40]. All three scenarios require
strong, reliable attachment, as shown for the adhesive system of P. philippinicum. Based on
the shape of the eggs and their appendages, several other phylliid species likely possess
an adhesive capability as well [67], but some seem to have different glue properties and
seem to attach better on hydrophobic than hydrophilic substrates (pers. obs). Furthermore,
other eggs of several unrelated phasmids also carry glue [26], and some seem to represent
similar non-permanent water-responsive adhesive mechanisms [68]. The evolution of such
egg surface structures and adhesive systems on eggs is likely a similar complex evolu-
tionary scenario, comparable to other aspects of phasmatodean evolution [69,70], such as
the tarsal adhesive systems. These also result from complex environmental conditions
and are shaped by interactions with various substrates [7,71-75]. The preferred food-
plants that are documented for this insect species are Mangifera indica L. (Anacardiaceae),
Nephelium lappaceum L. (Sapindaceae), and Psidium guajava L. (Myrtaceae) and the surface
characteristics that are potential adhesive sites are discussed in [15]. Likely, the rough,
hydrophilic bark is beneficial for attachment. In contrast to C. grandis, the seeds of these
plants carry no adhesive capabilities, as far as it has been documented.

For the C. grandis seeds, in contrast, it is essential to reach the ground for germination.
Therefore, a strong reliable adhesive system is disadvantageous for reproduction. While
the eggs can adhere several times, which can be useful for site optimization and to ensure
suitable conditions for embryonic development, the C. grandis seeds adhere once with note-
worthy strength. Presumably, they will be washed off their substrates with the first rain
contact and then reach the soil for further germination. The mucilage glue of other plant
species is common and studied most in plant species in arid environments or disturbed
habitats [38]. Glue-based anchoring in plants has some different advantages compared
to that in insects, but some advantages are congruent. Seed glue can be advantageous to
sustain proper microenvironments, for example, by retaining humidity or anchoring in a
suitable regime [37,76-79]. This particularly includes anchoring to the ground for germi-
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nation [80,81]. For plants, which in contrast to insects do not have a moving reproductive
stage, dispersal plays a big role and is often facilitated by glues. Long-distance dispersal
can, for example, be mediated by migratory animals if the seeds are glued to the feathers
of birds or the fur of mammals [79,82-85]. However, for C. grandis, there are no firsthand
observations of actual seed dispersal. Nevertheless, mammals and birds are reported to
be attracted by fruits and potentially disperse the seeds. These include fruit bats [86,87]
and birds [88]. Other larger potential dispersers [89] include humans and elephants [90,91],
which feed on the fruits and potentially disperse the seeds via endozoochory. Transport
within animals plays a role for some plant seeds [92]. However, for C. grandis, the passage
of the digestive tract of an animal is not required for successful germination [25] [pers.
observation]. Whether the seeds would survive the passage through the digestive system
of animals is not known so far [25]. In turn endozoochory is rather unlikely for phasmids in
general, and even less likely for leaf insects in particular. It might be possible for the eggs to
survive digestion by birds if the gravid female is consumed [93], but feeding experiments of
individual eggs to birds exclude the chance of survival of bird digestion for most phasmid
eggs [93,94]. In contrast to seeds, insect eggs are, if adhesive, rather designed for specialized
tasks and usually adapted to specific attachment sites [17,95-100].

4.2. Biomimetic Implications

Insects are considered suitable sources for bioinspiration [101] and the same applies
for plants [102-104]. Both insect egg and plant seed glues studied herein are considered
useful templates for water-based glues [14,38,105]. Due to their degradability and potential
biocompatibility, they or their derivatives can be potentially directly used for biomedical
applications [43]. The differences in the two systems can propagate bioinspiration in two
directions. While the adhesive system of the eggs works more reliably for durable long-term
adhesion, the seeds adhere stronger but are less reliable. However, the common features
of both systems can also provide general considerations for the design of fiber-reinforced
glue-based adhesives. Both systems make use of fibrillary structures for glue application
and simultaneous structural reinforcement. Fiber reinforcement, in general, can increase the
mechanical stability [106,107] and reduce the likelihood of failure of the glue itself (cohesive
failure) [108]. Hierarchical splitting of the reinforcing and glue-applying structures can
increase the adaption to the substrate roughness [109,110], such as in the leaf insect egg.
Unbranching fibers, in contrast, can be used for the short-term initial adhesion but are less
useful for reliable long-term adhesion. Hierarchical splitting of these surface structures can
increase the contact reliability and reduce the required amount of glue [109,111], whereas
the introduction of any fibrillary reinforcements at least increases the stability. Some insect
egg proteins are cured by glycosylation [112]. As the system investigated herein works in
an enzyme-free environment, it is unlikely that the glue is activated by enzymes but cured
by water uptake, e.g., glycation.

These results might inspire technological applications that reduce the required amount
of glue, reducing the material cost or yielding more sustainable adhesive systems. As
several other species of Phylliidae and other Phasmatodea carry very different exochorionic
structures on their eggs, which are likely involved in adhesion as well, future studies can
also further explore the advantages and disadvantages of different modifications of this
system in a comparative experimental setting. Natural adhesive systems offer various
similar fibrillary adhesive structures that can be informative for biomimetics. These also
include temporary adhesive systems such as the hairy adhesive systems of invertebrates or
the largely dry fibrous adhesive systems of geckos [7].

5. Conclusions

The adhesive systems of the leaf insect P. philippinicum and the ivy gourd C. grandis
consist of similar main components: fibrillary adhesive structures and glue. Both adhesive
systems convergently yield strong adhesive forces but perform with different reliability,
which correlates with the autecological demands of both reproductive stages. While the fas
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(pinnae) of P. philippinicum hierarchically split, the fas of C. grandis (disintegrated epidermal
cells) are more uniform straight fibrils. Both systems facilitate adaption to different surface
roughness and perform particularly well on hydrophilic substrates after activation by
water contact. While insect eggs attach more reliably in avoidance of parasitoids and
foodplant association, the seeds of the ivy gourd are dependent on contact with the soil
for germination. Therefore, the strong initial adhesion is usually not repetitive in the ivy
gourd. The eggs of the walking leaf, in contrast, are capable of repetitive reattachment
over several cycles. Both adhesive systems convergently make use of reinforcing fibers
in the glue system and adjust to the surface profile; however, the straight fibers of seeds
apparently perform less reliably and are more suitable for initial, temporary attachment
while the hierarchically splitting adhesive structures of eggs make more reliable contact
and apparently store more glue on the surface. In addition to the choice of a particular
morphology for biomimetic applications, the specific requirements can be tuned with
different glues in the adhesive system. Nevertheless, both types of glue exemplified by
C. grandis and P. philippinicum are potential candidates for water-soluble biocompatible
glues. This study exemplifies the benefits of studying similar mechanisms for a comparison
of different perspectives of different but convergently evolved systems for biomimetics.
The specific requirements result in different modifications of similar mechanisms for the
respective tasks and enable an assessment of the underlying constraints. Examination
of further similar adhesive mechanisms on the eggs of other walking leaf species, other
phasmid species in general, and the seeds of further plant species with similar fibrillary
adhesive systems might yield more insights into the different modifications, which can
represent an informative toolbox for biomimetics.
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Abstract: Hydra is a freshwater solitary polyp, capable of temporary adhesion to underwater surfaces.
The reversible attachment is based on an adhesive material that is secreted from its basal disc
cells and left behind on the substrate as a footprint. Despite Hydra constituting a standard model
system in stem cell biology and tissue regeneration, few studies have addressed its bioadhesion.
This project aimed to characterize the glycan composition of the Hydra adhesive, using a set of 23
commercially available lectins to label Hydra cells and footprints. The results indicated the presence
of N-acetylglucosamine, N-acetylgalactosamine, fucose, and mannose in the adhesive material. The
labeling revealed a meshwork-like substructure in the footprints, implying that the adhesive is mainly
formed by fibers. Furthermore, lectins might serve as a marker for Hydra cells and structures, e.g.,
many labeled as glycan-rich nematocytes. Additionally, some unexpected patterns were uncovered,
such as structures associated with radial muscle fibers and endodermal gland cells in the hypostome
of developing buds.

Keywords: underwater bioadhesion; reversible attachment; adhesives; glue; carbohydrates

1. Introduction

The ability of organisms to attach to surfaces is entitled biological adhesion and is
present in various organisms. Bioadhesion processes are diverse and complex and play a
crucial role in organism survival and basic functions [1]. In glue-based adhesive systems,
the attachment is mediated by the secretion of an adhesive material and can either be
temporary or permanent [2]. The biochemical composition of the secreted adhesive material
varies among organisms and is difficult to characterize [3]. It is generally stated that in
temporarily adhering animals, such as Hydra, the glue is mainly constituted of proteins
and carbohydrates [2,4]. Studies on aquatic temporary adhesives predominately focus on
the identification of proteins, but, especially in temporary adhesion, carbohydrates are
abundant in the secreted material [2]. Adhesion-related glycans have mostly been detected
through histological stains such as Alcain blue and lectin-binding assays [2]. Using lectin-
based methods, glycans have consistently been detected in the adhesive of non-permanently
adhering animals such as sea urchins [5,6], sea stars [7,8], flatworms [9-11], and limpets [12].
Moreover, aquatic adhesive proteins are often highly glycosylated [5-7,13,14]. This post-
translational modification significantly changes proteins characteristics and has to be taken
into account in any biomimetic approach.

The cnidarian Hydra is a solitary polyp, inhabiting shallow freshwater bodies. It
attaches itself to underwater surfaces through the secretion of an adhesive material and can
repeatedly voluntarily detach and reattach [15]. Hydra is a classic and simple model system
for pattern formation, regeneration, and stem cell biology research [16-20]. Structurally,
Hydra has a single apical-basal axis with radial symmetry, and two layers of epithelial
cells (the endoderm and the ectoderm) separated by an extracellular matrix (the mesoglea)
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(Figure 1). The Hydra body is composed by the head, the gastric region, and the foot, where
the animals attaches itself with its basal disc (Figure 1A,B). The basal disc cells produce
and secrete the adhesive material, and four morphological distinct secretory granule types
(HSGI to IV) have been described. The cells are characterized by an irregular rectangular-
like shape, water vacuoles, and numerous secretory granules accumulating at the aboral
end, the area of attachment [15]. In contrast to animals with a duo-gland adhesive system,
Hydra lacks dedicated de-adhesive gland cells that secrete a substance to weaken the
bond between the animals and the substrate [4]. In Hydra, the detachment process likely
occurs due to muscle contractions [15]. It was proposed that the individual basal disc
cells retract from the surface, with the movement starting at the outer rim of the basal disc
and moving towards the center. Upon detachment, an underwater transparent footprint,
composed by the secreted adhesive material, is left on the substrate. The footprint is formed
by the secretion and blending of the contents of the adhesive granules [15]. Expression
analysis in combination with mass spectrometry of the secreted footprints revealed 21
footprint-specific proteins [21]. These proteins presumably ensure adhesion and cohesion,
and contain domains that mediate protein—protein and protein—carbohydrate interactions.
Remarkably, eight of these proteins are annotated with glycan-binding domains, such as
galactose and chitin binding domains [21]. Periodic acid Schiff (PAS) staining revealed
the presence of glycans within some of the basal disc secretory granules, but the glycan
composition of the Hydra adhesive is unkown [15,22].
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Figure 1. (A) Picture and (B) morphological scheme of an adult asexually reproducing Hydra polyp.

Here, we characterize the glycan composition of the Hydra adhesive material, using
a set of 23 commercially available lectins. We applied the lectins to label Hydra tissue,
including whole-mount animals and macerated basal disc cells, and the secreted footprints.
Overall, eight lectins detected the footprints left behind on the substrate, indicating the
presence of N-acetylglucosamine, N-acetylgalactosamine, fucose, and mannose in the
adhesive material. The secreted adhesive appeared fibrillar and formed a dense meshwork,
with an accumulation of material at the cell borders of the formerly attached basal disc cells.
Furthermore, our results indicated a high abundance of glycans within mature nematocytes
and revealed some unexpected pattern, for example glycans associated with radial muscle
fibers or within the hypostome of developing buds.

2. Methods
2.1. Hydra Culture

All experiments were carried out with individuals of Hydra magnipapillata strain 105,
which were bred and kept in mass cultures at the Institute of Zoology, University of
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Innsbruck. Hydra cultures were kept in growth chambers at 18 °C in Hydra culture medium
and fed five times per week with Artemia nauplii. Before any experiment, the animals were
starved for 24 h.

2.2. Whole-Mount Lectin Labeling

For the 23 used lectins, the full names, abbreviations, and sugar specificities are listed
in Supplementary Table S1. Whole-mount animals were relaxed in 2% urethane in culture
medium for 3-5 min. They were subsequently fixed using three different conditions: 4%
paraformaldehyde (PFA) in phosphate buffered saline (PBS) overnight at 4 °C, 4% PFA in
PBS for 1 h at room temperature (RT) and Lavdowsky fixative (ethanol:formamid:acetic
acid:distilled water—50:10:4:40) for 4 h at RT. Samples were washed several times in Tris-
buffered saline (TBS, pH 8.0) supplemented with 5 mM CaCl; and 0.1% Triton X (TBS-T).
Unspecific background staining was blocked by pre-incubation in TBS-T containing 3%
(w/v) bovine serum albumin (BSA) for 2 h at RT. Biotinylated lectins (Vector) were diluted
in BSA-T to a final concentration of 10 (for WGA) or 25 ug/mL (all other lectins) and
applied to the samples for 2 h at RT. After three washes of 10 min each in TBS-T (with
0.05% Triton X), the animals were incubated in Dylight488-conjugated-streptavidin (Vector),
Phalloidin-Atto 565, and DAPI diluted (1:500, 1:1000, and 1:10,000, respectively) in BSA-T
for 1 h at RT. After three washes in TBS-T (0.05% Triton X), the samples were mounted in
Vectashield. During the waiting periods, the samples were placed on a shaker (40 rot/min).
Control reactions were performed by substituting the lectins with TBS-T-BSA. The samples
were analyzed with a Leica DM5000 microscope or with a Leica SP5 II confocal scanning
microscope. As the intensity of the labeling varied among different lectins (see Table 1), the
images of the most strongly stained specimens (+++) and of weakly stained (+) specimens
had to be taken at different exposure times to sufficiently visualize them without over- or
underexposure. The negative control images were taken with the same, longer exposure
time as the weakly stained specimen. With the Leica SP5 II confocal scanning microscope,
z-stacks were acquired and maximum z-projected.

2.3. Footprint Lectin Labeling

Footprints were collected by placing animals on microscope glass slides, submerged
in Hydra medium and allowing them to attach overnight. The next day, the animals were
gently detached using a glass pipet and the slides were washed with distilled water. The
slides were then fixed in 4% PFA in PBS for 1 h at RT. The labeling was performed as for the
whole-mount lectin labeling, but without adding phalloidin and DAPI. Footprint double
stainings were performed using biotinylated lectins (Vector) (25 pg/mL) and Starlight
conjugated Streptavidin (Vector) (1:500 diluted) and fluorescein conjugated WGA (Vector)
(10 pg/mL).

2.4. Hydra and Corresponding Footprint Labeling after Voluntary and Forced Detachment

Hydras were placed on microscope glass slides, submerged in Hydra medium and al-
lowed to attach under observation. Whenever a Hydra detached voluntarily, the animal and
the glass slides were instantly fixed in PFA for 1 h at RT. Attachment times for voluntarily
detached animals ranged from 2 to 33 min (n = 15). Additionally, Hydras were forcibly
detached by the investigator after 35 to 95 min attachment time (# = 15) and animals and
glass slides were fixed the same way. Samples were washed several times in TBS-T and
blocked in BSA-T for 1 h at RT. The samples were then incubated in fluorescein conjugated
WGA (Vector) (10 pg/mL) in BSA-T for 2 h at RT, washed several times and mounted in
Vectashield. The labeling was analyzed with a Leica DM5000 microscope.

2.5. Single Basal Disc Cells Lectin Labeling

Fifteen budless polyps were cut at 20% of the body column, separating the foot from
the anterior part. The basal disc cells were obtained by maceration of a single Hydra foot,
by adding 1 drop of maceration solution (acetic acid:glycerol:distilled water—1:1:14) per
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animal [23]. Upon 1 h of incubation at RT, cell separation was driven by mechanical forces,
by gently tapping on the tube and gently pipetting up and down. For fixation, 1 drop of 8%
formaldehyde was added per drop of maceration solution. A total of 50 uL of the resulting
solution was added to a pre-treated slide (coated with gelatin), spread into a rectangulare
shape and left to dry for 1 h at RT. After this, lectin staining was performed following
the protocol used for the footprints (starting at the first washing step). The labeling was
analyzed with a Leica SP5 II confocal scanning microscope.

3. Results
3.1. Lectin Labeling of Hydra Tissues and Footprint Secretions

We performed lectin labeling of whole-mount animals and macerated basal disc cells,
and footprints using 23 commercially available lectins. As the fixative and fixation duration
can influence the outcome of the labeling, we performed the whole-mount labeling under
three standard conditions: animals fixed with PFA over night at 4 °C, fixed with PFA
for one hour at room temperature, and fixed with Lavdowsky for four hours at room
temperature. For maceration experiments, the best results (regarding cell morphology
and staining intensity) were obtained with a fixation with formaldehyde. Footprints were
labeled without fixation and after one hour of PFA fixation at room temperature, without
any apparent difference in the results (Figure S1). All labeling results are summarized in
Table 1, indicating the intensity of the staining of the different cells and structures. Details
on the sugar moieties recognized by the lectins are listed in Table 1.

Out of the 23 tested lectins, 17 led to a distinct labeling in whole-mount animals
(Table 1) and six (Elderberry bark lectin, Jacalin, Maackia amurensis lectin II, Peanut agglu-
tinin, Sonaum tuberosum lectin, Sophora Japonica agglutinin) did not react with any Hydra
tissue (Figure S2). However, Sonaum tuberosum lectin (STL) led to blurry staining sur-
rounding erupted nematocytes’ threads, potentially reacting with the capsules’ contents
(Figure S3). Due to our focus on Hydra adhesive secretions, we grouped the results into the
categories: “lectins detecting the secreted footprints” (eight lectins) and “lectin labeling of
universal and positional distinct Hydra cell types and associated structures” (nine lectins).
From the nine lectins that did not label the footprints, four lectins (Erythrina cristagalli
lectin, Pisum sativum agglutinin, Griffonia (Bandeiraea) simplicifolia lectin I, Dolichos bilforus
agglutinin) detected the basal disc. Based on the labeling of the basal disc, the glycans
recognized by these four lectins might play a role in adhesion, but as they were not de-
tected in the footprints, they are likely not a major component of the adhesive material.
Detailed descriptions of these results can be found in the Supplementary Material section:
“whole-mount labeling of lectins detecting the basal disc but not the footprints” (Figure S4).
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3.2. Lectins Detecting the Secreted Footprints

Eight lectins labeled the secreted footprints, indicating the presence of the correspond-
ing glycans in the secreted adhesive (Table 1). In the whole-mount Hydra labeling, these
eight lectins detected diverse structures from the overall animal surface to the nemato-
cytes (sting cells) in the tentacles (Table 1). For example, Wheat germ agglutinin (WGA)
(Figure 2A-D) and Succinylated wheat germ agglutinin (sWGA) (Figure 2E-G) detected the
overall ectoderm surface (Figure 2A,B,E), the basal disc surface (Figure 2C,D), dot-like
structures in the ectoderm of the tentacles, and the nematocyte capsules and operculum
(Figure 2F). After Lavdowsky fixation, both lectins additionally detected the developing
nematoblasts and nematocytes present in the gastric region (Figure 2G). Remarkably, the
intensity and the pattern of the basal disc surface staining varied among individual Hydras,
not relying on the fixation method (Figure 2C,D). Datura Stramonium lectin (DSL), Lycop-
ersicon esculentum (tomato) lectin (LEL), and soybean agglutinin (SBA) detected dot-like
structures and the nematocysts in the tentacles (Figure S5). DSL and SBA also reacted
with the operculum, which was not stained with LEL. The basal disc surface was not
detected, with the exception of an intermediate strong labeling with LEL after one hour of
PFA fixation. Ricinus communis agglutinin (RCA) and Ulex europaeus agglutinin I (UEA I)
labeled the overall ectoderm surface and RCA additionally labeled the basal disc surface
(Figure S5A-H). Concanavaline A (Con A) reacted strongly with the tentacle surface and all
structures of the nematocytes, weakly with the overall ectoderm surface and intermediately
with the basal disc surface (Figure S5I-L).

Footprint structure

The eight lectins detecting the footprints indicated the presence of several glycans in
the secreted adhesive material (Table 1). The footprint structure was the same in all lectin la-
belings, but the staining intensity varied. WGA led to one of the strongest signals (Figure 3),
resembling previous descriptions of the Hydra footprint [15]. The secreted material accu-
mulated at the basal disc cell borders, resulting in an imprint of the formerly attached basal
disc cells (Figure 3A). At higher magnification, a hole in this net was occasionally present,
likely because the cell at this location had not secreted its adhesive content (Figure 3B). The
footprints consisted of a fibrous material resulting in an inhomogeneous, meshwork-like
structure (Figure 3B). In approximately half of the observed footprints, a small-to-middle-
sized area in the middle of the footprints was devoid of any secreted material (Figure 3C).
On one footprint, discarded cells were observed at this location (Figure 3D). To determine if
the same structures were labeled with different lectins, we performed double lectin labeling
of fluorescein-conjugated WGA and the seven other lectins (Figure 3E). The difference in
the staining intensity made some comparisons difficult, but the labeling overlapped WGA
in all cases (Figure 3E). Four of the eight lectins (WGA, sWGA, DSL, and LEL) are known
to bind to N-acetylglucosamine (GIcNAc) residues. WGA, sWGA, DSL, and LEL share
similar binding preferences and bind to multimers of GlcNAc, chitobiose, and terminal
GIcNAc. With the exception of DSL, these four lectins led to the strongest footprint labeling.
With DSL, the intensity varied among individual footprints from weak to strong (Table 1).
SBA and RCA detect N-acetylgalactosamine (GalNAc) and galactose residues. SBA led
to a strong labeling, while for RCA the intensity varied in between footprints. A similar
variability was observed with UEA I, a lectin reacting with «-linked fucose. Con A caused
an intermediate footprint labeling and is known to bind «-linked mannose. Based on these
results, we presume that the Hydra adhesive footprint contains GlcNAc, GalNAc, fucose,
and mannose to varying degrees.

Throughout our labeling experiments, we observed many footprints that were folded
in at the edges (Figure 3A) and/or smudgy in some areas. Additionally, the basal disc
surface pattern appeared variant between individual Hydras. We assumed that this was an
artefact caused by our method to collect the footprints and Hydras by forcibly detaching
them from the surface with a glass pipet. To test this, we let Hydras attach to glass slides
and observed how long they stayed attached before voluntarily detaching on their own.
The moment a Hydra detached, the footprint and corresponding Hydra were immediately
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fixed in PFA and lectin labeling with fluorescein-conjugated WGA was performed (1 = 15).
Furthermore, half of the Hydras were forcibly detached with a glass pipet and fixed and
stained the same way (n = 16). The only difference we could observe between voluntarily
self-detached and forcibly detached specimens was the tissue integrity of the basal disc
(Figure 4). While, in voluntarily detached Hydras, the basal disc was always intact (15 out
of 15) (Figure 4A), in forcibly detached animals the basal disc was damaged in half of the
Hydras (8 out of 16) (Figure 4C,E). We again noted a variation in the staining intensity and
appearance of the basal disc surface, but could not correlate those variations to the mode of
detachment or the time the Hydra had stayed attached before fixation. On most basal discs,
the cell borders were strongly stained, causing the characteristic net-like pattern (Figure 4A).
This labeling likely stems from the adhesive material accumulating there during attachment.
However, we also frequently observed a staining of the cell surfaces, likely representing
freshly secreted adhesive (Figure 4E). Occasionally, footprints appeared thick and blurry,
but surprisingly this was independent of their attachment time (the example in Figure 4B
only attached for 11 min). Additionally, if footprints were smudgy, folded in, or incomplete
(Figure 4D,F) was independent of attachment time and mode of detachment.

Lavdowsky

Figure 2. Lectin labeling of Hydra whole-mounts with (A-D) WGA and (E-G) sWGA. (A) WGA and
(E) sWGA labeling of whole-mount individuals. (B,F) Overall ectoderm surface, ellipsoid structures,
nematocytes capsules, and operculum were labeled with both lectins. Basal disc surface staining for
(C) overnight PFA and (D) Lavdowsky fixatives. Note that the intensity and the pattern of the disc
surface staining varied among individual Hydras, without relying on the fixation method. (G) After
Lavdowsky fixation, developing nematoblasts and nematocytes were labeled in the body column for
both lectins (SWGA is shown in the figure). Arrows highlight nematocytes and arrowheads point
towards developing nematoblasts. The asterisk indicates ellipsoid structures. The fixation method
used is indicated in the images. Scale bars: (A,E) 500 um; (C,D) 100 pum; (B,F,G) 20 pm.
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Overlay

Figure 3. Lectin labeling of Hydra footprints with WGA (A-D) and SBA/WGA double labeling (E).
(A) Footprint overview. (B) Footprint structure at a higher magnification; note the meshwork-like
appearance. Arrowheads highlight the imprint of the basal disc cell borders and the arrow indicates
a hole in the footprint. (C) Footprint with an empty area in the middle and (D) discarded cells at the
same position. (E) Footprint detail of SBA and WGA double staining, note that the staining overlaps.
Scale bars: (A,C,D) 100 um; (B,E) 20 um.
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Figure 4. Representative lectin labeling of Hydra basal disc and the corresponding footprint with
WGA. (A) Basal disc of a voluntarily detached Hydra and (B) corresponding footprint after 11 min
attachment. (C,E) Basal disc of a forcibly detached animal and (D,F) corresponding footprint after
78 min attachment. Arrowheads indicate the adhesive material accumulated at the basal disc cell
borders and arrows point to the adhesive material on the surface of the cells. Asterisks indicate
damaged tissue. Scale bars: (A-D) 100 um; (E,F) 50 pm.

Localization of footprint-specific glycans within the basal disc cells

As we were unable to visualize basal disc granules in the whole-mount samples, we
performed lectin labeling of the eight footprint-specific lectins on separated (macerated)
basal disc cells (Figure 5). Four secretory granule types can be distinguished in these cells:
the large HSGI and HSGII, with HSGI likely representing immature HSGII, and the smaller
and numerous HSGIII and HSGIV (Figure 5A) [15]. Basal disc cells are characterized by the
four types of secretory granules, which are denser at the aboral end of the cells, by irregular
water vacuoles, and by oriented actin filament bundles (myonemes) (Figure 5A) [15]. As
expected, the four lectins WGA, sWGA, UEA I, and RCA (Figure 5B-E) reacted with
numerous granules, which accumulated at the aboral end of the cells (Figure 5D,E). Based
on their size and localization, they likely correspond to type IIl and/or IV granules. The
larger HSGI and HSGII were not labeled. Surprisingly, no granular staining was detected
for LEL, SBA, DSL, or Con A (Figure 5F-I). LEL and SBA reacted with vacuoles and small
intracellular structures, which could not be identified (Figure 5F,G). DSL labeling of basal
disc cells resulted in no or occasionally a weak labeling of vacuoles (Figure 5H). Con A
reacted strongly with the cytoplasm throughout the cell, leaving only the nucleus unlabeled
(Figure 5I). Overall, these results showed that the footprint material detected by WGA,
sWGA, UEA ], and RCA was produced and secreted from the HSGIII and/or HSGIV
granules. For the other four lectins, the origin of the detected glycans in the footprints
remained unclear.
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Figure 5. (A) Morphological scheme and (B-I) lectin labeling of macerated Hydra basal disc cells.
Lectin labeling with (B) WGA, (C) SWGA, (D) UEA I, (E) RCA, (F) LEL, (G) SBA, (H) DSL, and (I)
Con A. Arrow heads indicate denser concentrations of granules, double arrows point to labeled

vacuoles and arrows to the dot-like structures. Scale bars: 20 um.
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3.3. Lectin Labeling of Universal and Positional Distinct Hydra Cell Types and
Associated Structures

In addition to the glycans potentially involved in adhesion, the lectin screen revealed
some common glycan patterns in whole-mount Hydras. The most prevalent stained struc-
tures were the overall ectoderm surface (14), nematocytes (12), and dot-like structures in
the ectoderm (7) (Table 1). Exemplary images of frequent staining results are shown on the
example of Lens culinaris agglutinin (LCA) and Vicia villosa agglutinin (VVL) in Figure 6.
LCA strongly reacted with substructures of the nematocytes, with fixative-depending
pattern. After PFA fixation, LCA only reacted with the base of the cnidocil (Figure 6A,B),
whereas after Lavdowsky fixation, the whole capsules of the nematocytes were labeled
(Figure 6C). Additionally, nematoblasts in the gastric region, as well as the surface of the ten-
tacles, were intermediately stained and erupted tubules of nematocytes were labeled. VVL
weakly labeled dot-like structures in the ectoderm of the gastric region and the tentacles
(Figure 6D). These structures likely correspond to the subapical secretory granules of the
ectodermal cells. Additionally, various parts of the nematocytes were labeled (Figure 6E,F).
The nematocyte staining varied among fixatives, with the cnidocil only being stained after
PFA fixation (Figure 6E), and not after Lavdowsky fixation (Figure 6F).

‘Overlay

Overléy

4 P
AR

Lavdowsky

Figure 6. Lectin labeling of Hydra whole-mounts with (A-C) LCA and (D-F) VVL. (A-C) LCA
labeling of a (A) whole-mount individual. Detailed view of stained structures in the tentacles, showing
(B) cnidocil base staining and (C) nematocyst staining, fixed with PFA overnight or Lavdwosky for 4 h,
respectively. (D-F) VVL labeling of a (D) whole-mount individual. Detailed view of stained structures
in the tentacles, showing (E) cnidocil, nematocytes and dot-like structures and (F) nematocytes and
dot-like structures, fixed with PFA overnight or Lavdwosky for 4 h, respectively. The fixation method
used is indicated in the images. Arrowheads highlight the cnidocil base and the cnidocil, arrows
indicate the nematocytes capsules and asterisks the dot-like structures. Scale bars: (A,D) 500 pum;
(B,C,EF) 10 pm.
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In addition to these frequent labeling patterns, some unexpected labeling results
occurred in whole-mount Hydra. For example, PHA-L and PHA-E labeled structures
associated with radial muscle fibers and GSL II detected endodermal gland cells in the
hypostome of developing buds (Figure S7). Detailed descriptions of these non-adhesion
related results are presented in the Supplementary Materials section: “lectin labeling of
universal and positional distinct Hydra cell types and associated structures”.

4. Discussion
4.1. Glycan Distribution in Whole-Mount Hydra

Ultrasensitive mass spectrometry has revealed that the overall Hydra glycome consists
of heavily fucosylated N- and O-glycans [24]. As these experiments have been performed
with whole Hydra polyps, the localization of the detected glycans has not been determined.
We used a set of 23 commercially available lectins to determine glycan distribution within
whole-mount Hydras and to distinguish glycans present in its secreted adhesive mate-
rial. The lectins were selected to cover a wide range of common glycan moieties. Hydra
is covered by a thick, layered glycocalyx composed of a high concentration of sulfated
glycosaminoglycans (GAG) [25]. The glycocalyx is only well-preserved when cryo-based
fixation methods (high-pressure freezing and freeze-substitution) are used [25,26]. With
standard chemical fixation, such as the fixatives that were used (PFA and Lavdowsky), the
glycocalyx shrinks and outer layers are lost. Nonetheless, 14 out of the tested 23 lectins
labeled the overall ectoderm surface in varying degrees. Due to the technical limitations
of the chemical fixation, this list is likely not exhaustive. In addition to the overall surface
staining, seven lectins detected dot-like structures in the ectoderm. Based on their posi-
tion and size, they likely corresponded to subapical secretory granules of the ectodermal
epithelial cells, which are secreting the glyocalyx’s components [25]. Mostly, the labeling
appeared stronger at the tentacles compared to the gastric region. If this was an artefact
due to the poor conservation of the glycocalyx or if there is a positional difference in the
glycocalyx’s composition remains unknown.

4.2. Hydra Footprints Are Built up by a Fibrillar Material

In other temporarily adhering animals, such as sea stars, the amount of secreted
adhesive material varies depending on the surface composition [27] and the strength and
duration of attachment [28]. In Hydra, no correlation between the thickness of the footprints
and attachment time could be determined. Furthermore, sea star footprints are formed
by a thin homogenous film covering the surface and a thick meshwork on top of it [8,27].
In contrast to this, our labeling revealed that Hydra footprints were formed by a fibrillar,
dense meshwork. Basal disc cell borders could be distinguished by an accumulation of
adhesive material, resembling previous descriptions [15]. Additionally, we occasionally
observed holes in the net, probably resulting from the non-secretion of the basal disc cell at
this location. In half of all footprints, the middle area was devoid of any secreted material.
This could potentially indicate that Hydra is able to create a vacuum under its basal disc
to increase attachment strength. Alternatively, this could also result from the aboral pore
located in the middle of the basal disc [29] and/or old epidermal cells, which are supposed
to be discarded at this location. In one case, we observed discarded cells in the middle of
the footprints, supporting the latter explanation.

The process of voluntary detachment from a secreted adhesive is still unclear. In the
marine flatworm Macrostomum lignano, it has been proposed that a negatively charged
molecule is secreted and outcompetes the binding of the positively charged adhesive to the
glycocalyx [13]. In sea stars and sea urchins, an enzymatic detachment through proteinases
has been postulated [30,31]. In contrast to these animals, Hydra lacks a dedicated de-
adhesive gland. In Hydra the position and orientation of myonemes in its basal disc might
allow for a mechanical detachment. Moreover, video analyzes of detaching individuals
support the theory that muscular contractions in the basal disc are involved in the detach-
ment process [15]. In our study, many footprints appeared to be smeared and folded in at
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the rim, regardless of whether the polyps were detached by force or detached voluntarily
on their own. This observation is in line with the theory of a mechanical detachment.

4.3. Glycans Detected in the Secreted Footprint

We identified eight lectins that reacted with the secreted Hydra footprint. Surprisingly,
only four (WGA, sWGA, UEA 1, and RCA) equally detected granules in the basal disc
cells, the subcellular structures in which the adhesive is stored until secretion [15]. All
four lectins labeled small numerous granules that likely correspond to type III or IV. Both
granule types have been described to be PAS-positive, highlighting that they are rich in
glycans [15]. That the other four lectins (DSL, LEL, SBA, and ConA) did not react with any
secretory granules could be an artefact caused by a limited accessibility of the glycans in the
densely packed granules, as has previously been observed in sea star adhesive granules [7].

The fact that glycans are prevalent in temporary adhesives indicate an essential role in
the adhesion process, but their function is still speculative. It has been proposed that cohe-
sive strength is achieved through glycan—protein interactions, involving glycoproteins and
proteins with glycan-binding functional domains [13]. Glycosylation could also enhance
protein-binding ability and make proteins more resistant to degradation [6]. There is a
high variability of glycans in the adhesive material found in between species [6,10,11,32,33].
Even in animals of the same phylum, the adhesive glycan composition is variant. For
example, in the sea urchin Paracentrotus lividus, five lectins (GSL II, WGA, STL, LEL, and
SBA) label the adhesive material [5], but in three other sea urchin species these lectins lead
to different results [6]. In the sea star Asterias rubens, four lectins detect the footprints (DBA,
WGA, RCA, and Con A), while in Asterina gibbosa this was only true for one lectin (Con
A) [7,8]. This variability might be caused by an adaptation of the species to their respective
environment, but further research is required to unravel the cause and functional relevance
of this inconsistency in the glycan composition.

The glycans detected in the secreted adhesive are often part of the glycosylated
proteins [5-7,12,13,34]. However, their function during attachment is mostly unknown.
In M. lignano, the function of a glycosylated adhesive protein has been determined [13].
The adhesive protein is associated with GalNac residues and can be detected by the
lectin PNA [9,13]. The glycoprotein binds to the surface during attachment and, upon
functional knock-down, the animals are unable to attach themselves [13]. In Hydra, eight
lectins reacted with the footprints left on the substrate, indicating that the Hydra adhesive
contains GlcNAc, GalNAc, fucose, and mannose to varying degrees. It is unknown if these
glycans are part of glycosylated proteins. Nonetheless, the presence of the enzyme glycosyl
hydrolase AbfB [21] and three subunits of a Dolichyl-diphospho-oligosaccharide-protein
glycosyltransferase [20] in the basal disc cells indicate that at least some glycans might be
part of glycosylated proteins.

4.4. Lectins as Markers for Hydra Nematocytes

We found that 17 out of 23 lectins labeled whole-mount Hydra in a distinct pattern.
Notably, 12 lectins reacted with fully differentiated nematocytes in the tentacles (Table 1).
In Hydra, four different types of nematocytes can be distinguished: the holotrichous and the
atrichous isorhizas (spineless), the desmonemes (small and with a tightly coiled tubule) and
the stenoteles (large and with a prominent stiletto apparatus at the base of their tubules) [35].
In the tentacles, the mature nematocytes are incorporated into large battery cells, containing
all the different types [36]. We observed no difference in the lectin labeling for the four
types, except that sometimes the labeling intensity varied slightly. These results indicated
that the glycan composition was similar among all four nematocyte types.

The nematocyte capsules (nematocysts) consist of an extracellular matrix-like compo-
sition of proteins and GAG, and protein—carbohydrate interactions mediate their capsule
assembly [35]. Additional to structural proteins, such as minicollagens, C-type lectin
NOWA, and spinalin [37], nematocysts are rich in chondroitin, which is a sulfated GAG,
composed of a chain of alternating sugars (GalNAc and glucuronic acid) [38]. The chon-

173



Biomimetics 2022, 7, 166

droitin is present in form of proteoglycans [38] and GAG biosynthesis inhibition, using a
3-D-Xyloside treatment, results in the complete absence of mature nematocysts in the tenta-
cles [39]. This indicates that the GAG plays a crucial role in the capsule assembly and might
serve as a scaffold for the structural proteins [39]. Our results confirm that nematocytes
contain a high amount of glycans and indicate the presence of GluNAc, GalNAc, and man-
nose residues in the capsules, the operculum, and the cnidocil. Anti-chondroitin antibodies
mainly react with differentiating nematoblasts, whereas, in mature nematocytes, only the
operculum is stained [39]. The capsules’ walls harden during maturation, which might
limit the antibodies” access [39]. Accordingly, we could not observe any labeling of the
nematocysts’ tubules in intact nematocytes, but several lectins labeled erupted nematocysts’
tubules. Furthermore, the lectin STL caused a blurry labeling surrounding erupted tubules,
which might indicate that the content of the capsules also contained glycans. However,
erupted nematocysts were not observed in all samples; therefore, our results might not
be exhaustive. Additionally, the fixation method influenced the lectin labeling outcome.
Mature nematocytes in the tentacles were labeled after both fixations, but developing
nematoblasts were only stained after Lavdowsky fixation.

4.5. Biomimetic Approaches and Their Limitations

Adhesives that perform under wet conditions or even underwater would have broad
applications in the engineering and medical fields. Natural, aquatic adhesives might serve
as a source for bio-inspired synthetic counterparts [40]. Thus far, biomimetic approaches
mainly focused on adhesives produced by permanent adhering animals, like mussels [41].
In recent years, the adhesives produced by temporarily adhering animals have gained
increasing attention. In contrast to permanent adhesion, temporarily adhering animals
can repeatedly detach and reattach [4]. The involved adhesive proteins are not conserved
among phyla, but share reoccurring characteristics, such as a biased amino acid distribution,
repetitive regions, and prevalent protein domains [2]. For example, the cohesive proteins of
sea stars, sea urchins, limpets, and flatworms contain calcium-binding epidermal growth
factor (EGF)-like domains, galactose-binding lectin domains, discoidin domains (also
known as F5/8 type C domains), von Willebrand Factor type D domains, and trypsin
inhibitor-like cysteine rich domains [12,13,30,42]. Two fragments of the sea star cohesive
protein that comprise these domains have been recombinantly produced in bacteria [43,44].
These recombinant proteins not only self-assemble and adsorb on various surfaces, they also
show no cytotoxic effects on cell cultures [43]. These results are highly promising and show
the potential of recombinantly produced adhesive proteins for biomedical applications.
Nevertheless, the approach has its limitations, as recombinant production via bacteria is
restricted to single proteins and fails to reproduce any post-translational modifications of
the proteins. The natural sea star adhesive consists of a set of 16 proteins [28], of which
many are glycosylated [7]. The recombinant proteins, therefore, only represent a fraction
of the natural adhesive. To replicate the adhesive strength achieved in the natural system,
the protein interactions and the role of the prevalent glycans need to be investigated.
However, tools to test gene and protein function in sea stars are not available. In Hydra,
the needed molecular tools, such as gene knock-down and knock-out, are well established.
Previous findings show that the Hydra adhesive contains proteins with glycan-binding
domains [21]. Here, we identified the glycans N-acetylglucosamine, N-acetylgalactosamine,
fucose, and mannose in the adhesive, which might be relevant to the proposed glycan-
protein interactions. Our findings now lay the basis for further functional investigations on
glycan and protein function.

5. Conclusions

Bio-inspired adhesives present themselves as a high potential substitute to the cur-
rently used synthetic adhesives. The unraveling of the molecular composition of bioadhe-
sives is crucial to provide models for bio-inspired technologies. Hydra constitutes a standard
model in stem cell biology and tissue regeneration, but few studies have addressed its un-
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derwater attachment ability. This project aimed to identify the glycans present in the Hydra
secreted adhesive material, complementing previous transcriptomic and proteomic work.
Our results indicate the presence of N-acetylglucosamine, N-acetylgalactosamine, fucose,
and mannose in the secreted adhesive material. Furthermore, we observed a meshwork-like
substructure in the footprints that implies that the adhesive is mainly formed by fibers.
Additionally, we showed that commercially available lectins can be used as markers for
several Hydra cell types and structures, such as nematocytes, endodermal gland cells, and
cell membranes.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /biomimetics7040166/s1, Figure S1: WGA labeling of Hydra
footprints using fresh (unfixed) footprints and footprints fixed for 1 h with PFA; Table S1: Overview
of lectin binding specificity according to the manufacturer Vector laboratories; Figure S2: Lectin
labeling of Hydra whole-mounts with EBL, Jacalin, Mal II, SJA, STL, PNA omitting a lectin and
using only the Streptavidin-Dylight488 conjugate (negative control); Figure S3: STL labeling of Hydra
erupted nematocytes’ tubules; Figure S4: Lectin labeling of Hydra whole-mounts with ECL and
PSA; Figure S5: Lectin labeling of Hydra whole-mounts with DSL, LEL and SBA; Figure S6: Lectin
labeling of Hydra whole-mounts with RCA, UEA I and Con A; Figure S7: Lectin labeling of Hydra
whole-mounts with PHA-L and GSLIL
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Abstract: Controlled, reversible attachment is widely spread throughout the animal kingdom: from
ticks to tree frogs, whose weights span from 2 mg to 200 g, and from geckos to mosquitoes, who stick
under vastly different situations, such as quickly climbing trees and stealthily landing on human
hosts. A fascinating and complex interplay of adhesive and frictional forces forms the foundation
of attachment of these highly diverse systems to various substrates. In this review, we present an
overview of the techniques used to quantify the adhesion and friction of terrestrial animals, with the
aim of informing future studies on the fundamentals of bioadhesion, and motivating the development
and adoption of new or alternative measurement techniques. We classify existing methods with
respect to the forces they measure, including magnitude and source, i.e., generated by the whole
body, single limbs, or by sub-structures. Additionally, we compare their versatility, specifically
what parameters can be measured, controlled, and varied. This approach reveals critical trade-offs
of bioadhesion measurement techniques. Beyond stimulating future studies on evolutionary and
physicochemical aspects of bioadhesion, understanding the fundamentals of biological attachment is
key to the development of biomimetic technologies, from soft robotic grippers to gentle surgical tools.

Keywords: biological adhesion; friction; contact mechanics; biomimetics; force sensor; bioinspiration

1. Introduction

Controlled reversible attachment is a key adaptation across diverse terrestrial animal
groups that exhibit various locomotory modes and encounter complex three-dimensional
environments. Sticking to vertical or overhanging substrates requires a combination of
strong adhesion (i.e., attachment force perpendicular to a substrate) and strong friction
(i.e., attachment force parallel to a substrate) [1]. Among spiders, insects, tree frogs, and
geckos, various versatile attachment strategies have evolved. The adhesive pads on the
limbs of geckos and spiders rely on what is commonly referred to as ‘dry” adhesion,
thought to be dominated by weak intermolecular forces [2—4], while those of insects and
tree frogs are believed to rely also on what is referred to as ‘wet” adhesion—liquid-mediated
interactions, such as capillary and viscous forces [5-7]. In addition to the adhesive pads on
their limbs, animals may utilize other body parts to control or aid their attachment, such as
generating friction through other tarsal segments in insects [8] or through the belly in tree
frogs [9,10], or using claws to mechanically interlock with asperities on substrates [11,12].
These mechanisms have been studied in animals that vary in size across several orders of
magnitude—from insects and spiders of a couple of milligrams to geckos and tree frogs of
several hundreds of grams in mass [13].

Some animals can rapidly establish and reverse attachment, with stride frequencies of
up to 10 steps per second for geckos or even 100 steps per second for mites [8]. To achieve
such rapid reversibility, animals presumably control the strength of their attachment via
shear-sensitive adhesive pads and control peeling by varying the angle between their limb
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and the substrate [8,14,15]. Furthermore, there is increasing evidence that shearing and
peeling also contribute to self-cleaning during locomotion [16-19].

The fundamental understanding of rapid and reversible attachment of biological
systems can inform many biomimetic applications that benefit humans in daily life. Re-
versible adhesion finds applications in sticky tapes, robotic grippers [20-22], and climbing
robots [23-25]. The development of surgical tools may be inspired by the strategies and
mechanisms used by animals, specifically for the manipulation of delicate and slippery
tissues inside the human body [26-28]. Other applications can be found in agriculture and
architecture, such as the development of grippers for autonomous harvesting robots [29],
protecting crops from animal pests [30,31], improving pollination of flowers [32,33], pro-
tecting buildings from termites [34], or safeguarding people from disease vectors such as
mosquitoes and ticks [35-37].

Accurate measurements of adhesion and friction forces are crucial for unravelling the
fundamental mechanisms of biological adhesion, or bioadhesion. In order to understand
and transfer the underlying principles of bioadhesion into biomimetic applications, physic-
ochemical models of attachment need to be developed and validated against experimentally
measured attachment forces, or derived parameters such as normal or shear stresses. As
adhesive forces correlate strongly with contact area [38], normalizing adhesion forces to
average adhesive stresses using contact areas provides a scale-independent representation
of adhesive capacity [3]. However, measuring these parameters accurately poses a number
of challenges.

To measure maximum adhesion and friction performance, one needs to detach the
animal from a substrate through external forcing. These external forces can be applied
globally, as a field, like gravitational or centrifugal forces, or locally by pulling on parts of
the animal, for example through a tether. Such forces can be applied to the entire animal,
one of its organs, or its sub-structures. In force measurements of live animals, behavior
needs to be considered. When an animal moves freely it might employ behavioral strategies
that are different than when it is perturbed, constrained, or sedated. Isolating individual
limbs (or sub-structures) can help to control for animal behavior; however, extrapolating
measurements on a single limb to the whole animal may lead to errors due to assumptions
and oversimplifications. For example, in some animals, it has been found on the limb-
level that larger adhesive pads generate stronger adhesion per unit area [13,39-41], which,
however, may be explained through behavioral adaptations on the whole-organism-level
(i.e., active shearing of the pad for adhesion control; [41]).

Given the many parameters that can influence adhesion and friction, such as tempera-
ture, humidity, and substrate properties, as well as the hierarchy of biological attachment
devices (Figure 1), many factors need to be considered in the design of a bioadhesion
study. In this review, we give an overview of the methods used for measuring contact
forces in animal attachment studies, and discuss their trade-offs. This review limits itself to
methods used in studies on terrestrial animals because they have direct implications for
applications that humans encounter in their daily, (mostly) terrestrial life. However, many
of the methods presented here are also used in studies on aquatic bioadhesive systems.

We conclude this review with a novel perspective on force measurement methods
focusing on force magnitudes and how they are generated by and/or applied to the animal.
To this extent, we will review the most-used force measurement methods considering whole
animals (Figure 1A), isolated limbs (Figure 1B), and their sub-structures (Figure 1C), and
whether the animals experience global or local forcing. Additionally, we address relevant
parameters that can be measured, controlled, and varied in the different methods. This
overview provides guidance for scientists that are new to the field of bioadhesion, and
presents key challenges in measurement methodology that need to be overcome to advance
the field. To assist those new to the field, we also provide a glossary of technical terms at
the end.
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A. Whole animal

C. Sub-structures

Figure 1. Levels at which bioadhesion can be studied in an animal. Schematics of a beetle sticking
to a sloped substrate, showing (A) the whole animal, (B) its limb, and (C) sub-structures (fibres, setae,
or spatulae, depending on species). Inset of (A) shows a green dock beetle Gastrophysa viridula on a
dock leaf Rumex spp.

2. Force Measurement Methods

In the past four decades, numerous measurements methods have been used in bioad-
hesion research. Table 1 outlines these methods, including the animals they have been used
on, variables they measure and control for, and the ranges of force magnitudes they are
capable of measuring. In the ensuing text of this section, we describe the methods in detail
and elaborate on how they have been implemented in previous bioadhesion studies.

Table 1. Summary of bioadhesion measurement methods.

Forcing X . . Dependent Independent Measurable
1
Level 2 Method Configuration Subject Class Variables Variables Range Study
Wh Gl Geckos Reaction force Walking direction [42,43]
Single platform
Wh Gl 3D force platforms Tree frogs Reaction force Walking direction [44]
Li Gl Insects Reaction force - [45,46]
Wh Gl Force Measurement Geckos Reaction force Surface roughness [43]
Array (FMA) Surf o
Wh Gl Tree frogs Reaction force urtace roughness, [15,47,48]
platform angle
Wh Gl Photo-elastic gelatin - Insects Reaction force - [49]
Wh Gl Frustrated total - Insects Contact area Load _ [50]
Wh Gl mterﬂ;lﬁ;flgl)ecnon - Tree frogs Contact area Substrate curvature [47,51]
Wh Gl Rotation platform Tree frogs Contact area Surface roughness [9,10]
Li Gl Optic tactile - Geckos Normal stress Load angle [52]
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Table 1. Cont.

Forcing
2

Dependent Independent Measurable

1 X . .
Level Method Configuration Subject Class Variables Variables Range Study
Wh Gl Arachnids Adhesion % Surface roughness [37]
Surface type,
Wh Gl Rotation platforms Insects Adhesion % roughness, and {0.7 mN, -} [53,54]
- structure SF ={0.1, 7.0}
Wh Gl Tree frogs Adhesion and Surface roughness [10,18,55]
shear force
Wh al Adhesion Insects Adhesion Angular velocity, [40,41,56-60]
force subject orientation
. 500 pN,
Force centrifuges D ; Surface chemistry {50() IEN]
Wh Gl Friction Insects ~ynamic and roughness, [37,60-64]
friction force .
angular velocity
Wh Lo Adhesion Geckos Adhesion Load [65]
. force {200 pN,
Tethered studies 10 mN S —
.. Static friction Surface chemistry mN} [30-32,54,57,66—
Wh Lo Friction Insects
force and roughness 70]
. . . Preload, retraction
Li Lo Adhesion Insects Adhesive force speed [19,71,72]
1D (uniaxial) P
force transducers Surface curvature
Li Lo Friction Geckos Friction force and roughness, [73]
retraction speed
Li Lo Geckos Friction force Surface chemistry, [2,3]
preload
Surface roughness,
2D (biaxial) R . humidity, preload, {80 1N,
Li Lo force transducers Insects Friction force ol ding s};ee d, 100 mN} [41,74,75]
retraction speed
Li Lo Tree frogs Friction force Surface roughness, [18,47,76]
preload
Li Lo 3-axis Geckos Friction force Drag direction [77]
Multiaxial force
Li Lo transducers 6-axis Geckos Friction force Substrate [78]
roughness
. Surface roughnes
Su Lo Geckos A(ihesmn and chemistry, [3,79-81]
orce 1
humidity, preload
Atomic force
. - i 200 pN, 1 pN]
Su Lo miscroscopy (AFM) Insects Adhesion Surface r(?ughness, {200 p! N} 136]
force humidity
Li Lo Insects AC}heSIOH Buffer presence [82]
orce

1 Wh = Whole animal, Li = Limb, Su = Sub-structure; 2 Gl = Global forcing, Lo = Local forcing.

2.1. Global External Forcing

Force platforms (Figure 2A) are the most commonly used method to measure the
contact forces of climbing animals. Conventional three-dimensional (3D) force platforms
allow for the measurement of the magnitude and direction of ground reaction forces during
locomotion and attachment. These measurements can be used to characterize gait patterns
of studied animals, determining attachment forces through calculating stabilizing moments
during locomotion [42]. The simplest setups consist of a single force platform for recording
reaction forces [42,44].

181



Biomimetics 2022, 7, 134

S
4w

Figure 2. Measuring attachment forces with global forcing. (A) Force platform interacting with the
limb of an unconstrained animal. The springs (in grey) represent capabilities of measuring adhesion
(i; normal to substrate) and friction (ii; parallel to substrate). (B) Optic sensor based on frustrated total
internal reflection (FTIR) to measure the contact area of adhesive pads. The yellow lines represent
light reflected inside the transparent substrate, while the yellow arrows represent light that escapes
the substrate when it is reflected by the adhesive pads in contact. (C) Rotation platform where the
animal is gradually rotated around a horizontal axis until the component of gravitational force (red
arrow) normal to the substrate exceeds the animal’s adhesive capability. (D) Centrifuge system where
the rotational velocity gradually increases until the centrifugal force (red arrows) exceeds the animal’s
(i) adhesive or (ii) frictional capabilities.

The main limitation of using a single force platform for the entire animal is the
inability to distinguish force contributions from individual legs. To compensate for this
limitation, later studies present experimental setups with an increased spatial resolution
by using multiple platforms in force measurement arrays (FMAs). FMAs have been
predominantly used to investigate the gait patterns of lizards [43] and tree frogs [15,47,48].
Reinhardt et al. [45] and Endlein & Federle [46] used custom-built force platforms with
uN-resolution to measure the reaction force of a single leg of an ant during climbing. While
3D force platforms are among the few methods that allow simultaneous measurement of
frictional and adhesive forces, it is typically impossible to measure the contact area during
attachment due to constraints of the setup design space. Increasing the spatial resolution of
the force platform to enable contact stress measurements would require multiple individual
sensors for each adhesive pad, which quickly becomes impractical due to growing costs
and time needed for calibration and data analysis.

Optic tactile sensors (Figure 2B) have been developed to measure contact areas and
forces of adhesive pads during locomotion. By enabling the visualization of contact area,
this method addresses one of the major limitations of force platforms. Such sensors exploit
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optical phenomena, like light refraction, to highlight areas where an adhesive organ comes
into contact with a substrate, and measure substrate deformations to quantify contact
forces. Earlier optic contact area sensors used in insect studies worked with photo-elastic
gelatin [49], making use of polarizing filters to measure substrate deformation and, as a
result, ground reaction forces. This method, however, is limited in substrate selection.

Later optic sensors exploit frustrated total internal reflection (FTIR), a technique first
developed by Betts et al. in 1980 [83]. FTIR works by trapping a beam of light inside
of a transparent substrate of high refractive index compared to air, e.g., glass, which has
a refractive index of 1.5 compared to 1.0 for air. By shining light into the substrate at a
shallow angle, the light will reflect internally and, when an object comes into contact with
the substrate, the relative reflective index will be lowered locally, allowing light to escape
and highlight the contact area. FTIR is limited by camera resolution. Stride frequencies
of up to 100 strides per second require adhesion to be established and reversed within
milliseconds [8]. Therefore, capturing the dynamics of such events requires a high temporal
resolution, which in cameras typically conflicts with the high spatial resolution that is
needed to record adhesion events in small animals like insects (e.g., the leg of a mosquito
has a diameter of 50 um [36]). Having both high temporal and spatial resolutions requires
efficient data processing procedures and cameras with high quantum efficiency sensors.
This makes tactile optic sensors and FTIR good alternatives for slow and large animals.

Eason et al. [52] developed an advanced FTIR-based sensor to measure the adhesive
stress distribution of a gecko foot during climbing. This sensor makes use of a polymeric
sensing membrane covered in flexible pyramidal bumps, named taxels, placed atop an
acrylic waveguide. When force is applied to the membrane, the taxels buckle and the
contact area between the sensing membrane and the waveguide increases, causing more
light to scatter. This way measurable light intensity is related to the applied pressure,
allowing the mapping of stress distributions during contact at high spatial and temporal
resolutions (about 60 taxels per mm? at 60 Hz). FTIR has mostly been used for tree frogs in a
completely free animal experiment [51] and in combination with rotation platforms [10,15].
Federle & Endlein [50] have also successfully used FTIR to image contact area in ants,
measuring areas of several hundreds of ym? at frame rates of up to 250 Hz.

Rotation platforms (Figure 2C) provide a way to vary the orientation of an animal
relative to the gravitational field. After the animal is placed on a horizontal platform, the
platform is rotated around a horizontal axis until the animal is pulled off by gravity. The
angle of the platform at which the animal drops off can be used to quantify adhesive force,
with a completely inverted platform coinciding with an adhesive force equal to (or greater
than) the animal’s weight. For this reason, rotation platforms are limited to animals whose
safety factor (SF: the ratio of attachment force to body weight) is one or lower. Rotation
platforms have been used to study tree frogs [9,10,15,18,55], salamanders [84], beetles [53],
mirid bugs [54], and ticks [37]. This technique can be relatively easily combined with
FTIR to measure contact areas and determine average stresses. Moreover, the rotation
platform is minimally invasive (i.e., animals are unconstrained) and the substrate can be
easily exchanged or modified (e.g., covered with a liquid film; [9]). Because of the typically
high SF of insects and arachnids, rotation platforms are not well-suited for adhesion force
measurements in these animals, but can instead be used to compare the probability of
attachment to different substrates [37]. While rotation platforms are ideally suited for
studies with animals with SF of one or lower, there are no explicit upper or lower limits for
the magnitudes of forces they can measure. In Table 1, the lower bound for the measurable
force range coincides with previous measurements on mirid bugs [54].

Adhesion force centrifuges (Figure 2D.i) are the most frequently used alternative to
rotation platforms for insects. When used to measure adhesive forces, the studied animal is
placed on the side of a drum or vertical platform attached to a horizontal arm. The drum
or arm is then rotated around a vertical axis at increasing angular velocities (typically up
to 3000 revolutions per minute) until the centrifugal force exceeds the adhesive force and
the studied animal detaches. This method is effective for animals with high SFs. Force
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centrifuges are able to record forces in a range between around {500 1N, 500 mN} (lower
bound: motor precision, upper bound: maximum motor rotation speed). These ranges
could be expanded by optimizing the centrifuge motor. Centrifuging techniques used to
measure adhesion forces were first introduced by Dixon et al. [85] and later used to study
ants [40,56-58], moths [59], and stick insects [41].

The effectiveness of force centrifuges is limited by subject mass. Since centrifugal forces
are directly proportional to subject mass, special care needs to be placed on the structural
robustness of the setup when scaling up. Moreover, the high centrifugal forces required to
overcome high adhesion result in greater impact forces after release, which increases the risk
of injury for test subjects. This makes using force centrifuges for heavier animals ethically
challenging. Centrifuges are best suited for insect studies, or for animals with masses in
the range of {1 mg, 1 g}. Gorb et al. [61] concluded that the influence of aerodynamic drag
on force measurements using centrifuges is negligible in insects; however, aerodynamic
forces may become significant for larger or non-streamlined specimens.

Friction force centrifuges (Figure 2D.ii) use the principle of controlling centrifugal
forces for measuring static and dynamic friction forces, similar to adhesion force centrifuges.
In friction force centrifuge measurements, subjects are placed on top of a horizontal disk
or drum that rotates around a vertical axis. A laser or camera is used to monitor the
subjects’ distance from the center of the disk. Measuring the tangential acceleration and
the centrifugal force component, the friction force can be calculated. Keeping the rotational
velocity constant after static friction is overcome by the centrifugal force, dynamic friction
can be calculated by tracking the sliding displacement and deriving acceleration. Like
adhesion force centrifuges, friction force centrifuges are most effective for insects with high
SFs and low body mass. Most friction force centrifuge experiments are based on a setup
developed by Gorb et al. [61]. This or a similar setup has been used to study ants [86],
beetles [62,63], coddling moths [64], sawfly larvae [60], and syrphid flies [61].

2.2. Local Forcing
Whole Animal Measurements

Adhesion force tethers (Figure 3A.i) provide a simple way to quantify adhesive forces.
They are cheap and easy to set up, but invasive, as they require a strain gauge or scale to
be attached to the animal, which may trigger unnatural postures or unwanted reactions
due to induced stress. For example, a tethered study on the Tokay gecko Gekko gecko was
carried out by Pugno et al. [71]. While the study clearly showed a decreasing trend in
adhesive force over multiple trials due to foot damage, it underestimated the adhesive
capacity of the gecko by more than a factor of 30. The authors suggested this to be the
result of ‘imperfections’ on the toes; however, another likely explanation lies in the forced
posture. The subject’s limbs were pulled to unnatural angles wherein it was unable to fully
engage its adhesive structures. While it is challenging to prevent such effects, synchronised
video recordings of the animal may help monitor for induced changes in posture and for
effects of tether location on measured attachment forces.
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Figure 3. Measuring attachment forces with local forcing. (A) Tethered experiments where a wire
is attached to an animal to measure (i) adhesion or (ii) friction forces. (B) Measurements on a limb
using force transducers (FTs) to measure (i) adhesion and (ii) friction (or shear) forces. Typically,
the shear force is controlled and adhesion measured [8,65]. (C,D) Atomic force microscopy (AFM)
used to measure adhesion of a (C) limb and (D) its sub-structure, e.g., a seta. Typically, the limb
or sub-structure (green) is attached to the AFM probe (grey) and then brought into contact with a
substrate (blue) [36].

Friction force tethers (Figure 3A.ii) are the most commonly used method to measure
friction forces. Like in adhesion force tether experiments, the studied animal is attached
with a wire to a strain or force gauge. Alternatively, it is possible to pull on an animal
positioned on a force sensor. The method was first used by Walker et al. [66] in a study on
blowflies, in which the substrate was pulled while the animal remained stationary. This
way, dynamic friction was measured for various pulling directions. Later studies measured
static friction by making the animal walk over the substrate, pulling on the force transducer.
Reviewed studies suggest a measurable force range of {200 uN, 10 mN} due to sensor
limitations. All studies reviewed made use of the same force transducer: 10 g capacity,
Biopac Systems Ltd., Santa Barbara, CA, USA. Bounds could be expanded by using force
transducers of a higher capacity or sensitivity.

The method has been used as means of validation for force centrifuge tests [57], as well
as to study the attachment of insects to various substrates. Examples include studying the
effects of free surface energy [67], substrate roughness [68], or substrate chemistry [69] on
insect friction. Additionally, tethered animal trials have been used to study the attachment
capacity of insects to various plants [30,31,70] and flower petals [32].

2.3. Limbs and Below

In fundamental studies into the physicochemical basis of biological attachment, the
behavior of the animal should be controlled for, such as when investigating how sub-
structures enable adhesion and friction, or how adhesion and friction together contribute to
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attachment. In these cases, it makes sense to isolate the body part or sub-structure of interest.
Doing so increases the controllability of the experiment and enables the measurement
of forces in greater detail than in whole animal studies. Moreover, when we exclude
confounding factors due to animal behavior from the experiment, we can more accurately
estimate the maximum capacity of an adhesive system.

Force transducers (FTs; Figure 3B) are widely used to measure adhesion and friction
of the toes, pads, and sub-structures (like fibres, setae, or spatulae) of geckos, frogs, and
insects. Different configurations have been developed in various studies, but most of them
are either uniaxial or biaxial FTs. Uniaxial FTs in limb studies are mostly used to measure
adhesive forces. Biaxial FTs, mounted to a translation stage in combination with a closed
loop controller, can be used to keep adhesive forces constant to isolate frictional forces or
measure adhesive forces while applying shear loads.

Several types of sensors have been used. Uniaxial FTs typically rely on fibre optic
springs [65,72] or piezoelectric sensors [19]. Spinner et al. [73] used an uniaxial FT to
measure friction forces, by sliding the feet of a chameleon over a rod attached to the FT.
Biaxial FTs mostly rely on strain gauges placed in perpendicular directions [2,3,18,74-76].
Force transducers are able to record forces in a range between {80 pN,100 mN} (lower
bound: sensor precision [41], upper bound: sensor limitation of the 10g force transducers
used). One study by Autumn et al. [77] used a 3-axis force sensor to measure the friction
force of an array of setae from a gecko for various loading directions. One study by
Gillies et al. [78], also on a gecko, used a 6-axis force sensor, though this was presumably
due to availability. Keeping the amount of measuring axes to a minimum is beneficial since
it reduces the amount of calibration needed, controller complexity, financial costs, and
data processing.

Atomic force microscopy (AFM; Figure 3C,D) is an indispensable method in bioad-
hesion research, either to measure adhesive or frictional forces directly or functioning in
a supportive role. AFM relies on the optical or piezoresistive sensing of the deflection of
a cantilever, which is brought into contact with a substrate. AFM can measure adhesion
forces with a resolution of 70 pN [79-81]. This makes AFM suitable to measure adhesive
forces in a range of around {200 pN,1 uN} (lower bound: roughly three times the precision
of 70 pN [79], upper bound: maximum force in flexible probe range [87]). AFM is not
limited to a specific animal group or animal weight because it measures at a very small
spatial range, e.g., at the (sub-)setal range. AFM has, for example, been used to measure
the adhesive capacity of gecko setae [3,79], capillary forces on the terminal plates of fly
setae [82], the friction profile across individual substrate features on the toe pads of tree
frogs [88], and the adhesion of a mosquito limb on rough substrates [36].

3. Discussion

In the previous section, we presented a broad overview of existing methods to study
the attachment of terrestrial animals (see Table 1 for a summary). When deciding on a
method for a new study, one should consider a few questions. What parameters need to be
measured (e.g., force, contact area, stress)? What are the magnitudes of the parameters to
be measured? Is the method suitable for the animal of interest? Does the method provide
the freedom to choose and/or vary experimental conditions (e.g., substrate characteristics)?
Does the method limit the behavior of the animal? Are there alternative methods available
for the study?

In this section we present relevant considerations when selecting a method. First,
we consider some of the limitations of the most prevalent methods with respect to scale
and subject, e.g., species and body part. Then, the trade-offs in selecting a method for a
study are discussed. Lastly, we present outlooks for future development and the general
implications of animal adhesion studies in science and society.
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3.1. Limitations

When deciding on a method, it is critical to consider the size of the animal and
magnitudes of the attachment forces it can generate. Figure 4 shows a regime map of the
most common adhesion and friction force measurement methods. Only AFM, 2D (biaxial)
FTs, tethers, rotation platforms, and force centrifuges are included. Force platform studies
are excluded because they include both whole animal and limb measurements, as well as
1D, 2D, and 3D force measurements, and so are difficult to compare. To our knowledge,
there are insufficient previous studies (n < 3) available in the literature to make meaningful
estimates of the regimes of photo-elastic gelatin and optic tactile sensors. However, their
limitations were discussed in the previous section.
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Figure 4. Ranges of common adhesion and friction force measurement techniques: AFM (blue),
2D (biaxial) force transducers (turquoise), force centrifuges (green), rotation platforms (pink) and
tethers (orange). Data points indicate animal mass and measured force per study, with the symbols
denoting taxonomic class. Diagonal lines indicate constant safety factor (SF) lines. Thick black lines
denote boundaries between measurements on sub-structures (pad/spatula and setae, respectively),
limbs, and whole animals. The area in between the dotted lines shows an overlap of the ranges of
limb and whole body measurements. Reviewed studies investigated animals that range across six
orders of magnitude in mass, and reported forces that range across nine orders of magnitude. Two
studies within the "force centrifuges’ region are shown with two colors, indicating the study made
use of two methods, namely rotation platforms and force centrifuges.

In Figure 4, measured force is plotted against subject mass as reported in the reviewed
studies. The data shows two distinct trends: (1) whole animal studies follow constant safety
factor (SF) lines, and (2) body part measurements are limited by sensor precision. The
measurable ranges are also outlined in Table 1 and in more detail in the foregoing section.
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As noted before, rotation platform limits are explained well by the animal’s SE, which
should be considered during the design of an experiment. For the other whole animal
force measurement methods, tethers and force centrifuge measurements, SF bounds are
suggested as well by the reviewed studies. Tethered studies are not effective when SF < 1,
since animals that can not sustain their own weight through friction will likely start slipping
when pulling their own body weight. There is a considerable overlap between tethers and
force centrifuge studies, suggesting both are capable of studying the same animal species,
and expected SF or animal weight does not need to be considered when choosing between
the two. However, Federle et al. [57] report higher adhesion forces for ants when measured
using a centrifuge compared to a tether. They speculate that tethers (i.e., local forcing) may
affect an animal’s posture and natural response more than a centrifuge (i.e., global forcing).

Considering body part measurements, there is a clear gap between AFM and FTs.
The bounds of these methods are set by sensor limitations. Reviewed studies and sensor
limitations suggest a gap in the {1 pN, 10 uN} range, above the maximum flexible probe
range of AFM and below the sensor precision of FTs. When forces in this range are expected,
extra consideration should be taken in designing the measurement setup. Notably, both
methods are suitable for any type of animal and are not limited by animal weight because
these methods are used to investigate limbs or their sub-structures.

3.2. Trade-Offs in Study Design

In addition to animal size and expected force magnitudes, there are other factors to
consider when deciding on a method to measure bioadhesion. First, one needs to determine
if measurements should be carried out on whole animals or their limbs or sub-structures.
Measurements with whole animals are influenced by behavior (e.g., motivation) and body
kinematics (e.g., posture). However, investigating behavior may shed light on the postures
and kinematics that animals use to promote attachment. For example, observations on tree
frogs found that when attaching to overhanging substrates they spread their limbs away
from their body to presumably minimize the angle between their limbs and substrate to
prevent peeling [15].

While some behaviors promote attachment, there are others that may hinder it. Bioad-
hesion measurements only work when animals attach to substrates and do not jump or fly
away. Insects capable of flight may need to be incapacitated by gluing or trimming their
wings to prevent escape. In their study with moths, Al Bitar et al. [59] had to cut the insects’
wings to prevent them from fleeing during measurements using force centrifuges. Such
modifications allow measuring of attachment forces, but may affect the animal’s behavior
and response to external stimuli.

For fundamental studies into the physicochemical basis of attachment, bioadhesion
measurements are best carried out with individual limbs or their sub-structures, where
animal behavior can be controlled for. These measurements enable control over kinematics
and mechanics, and thus may provide a deeper insight into the mechanisms underlying the
generation of adhesion and friction. For example, previous work using individual limbs
has found that the adhesive pads of geckos, tree frogs, and insects are shear-sensitive and
generate increased adhesion under enhanced shear loading [8]. The linear relationship
between shear force and adhesive force would be impossible to observe with whole animals.
By working with individual limbs and biaxial FTs, the shear forces were controlled while
adhesive forces measured.

In another example, the adhesive forces generated by a single gecko seta were carefully
measured using AFM [2]. Then, the measured forces were compared with predictions
from an analytical model of van der Waals forces (i.e., the interaction forces between the
molecules on the seta and the substrate) to test if such intermolecular forces underpin gecko
adhesion [3]. This finding motivated the development of gecko-inspired, micro-structured
adhesives that stick without glue by also exploiting van der Waals forces [89]. Therefore,
bioadhesion studies using limbs or their sub-structures have the potential to generate
fundamental knowledge of great importance for the design of biomimetic adhesives.
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As stated in the introduction, in order to measure attachment performance, an animal
needs to experience an external force that works against the adhesion and friction it can
generate. This external force can be applied globally, as a field, or locally, and the way
it is applied can significantly influence the study. Global forcing is typically done using
gravitational or centrifugal forces. These force fields act on the whole animal uniformly
and simulate the forcing that an animal may experience when attaching to vertical or
overhanging substrates. Local forcing acts on individual body parts. While such forcing is
not typically experienced by animals in day-to-day life, it enables the isolation of individual
limbs (and their sub-structures) and provides minimalist ways to measure maximum
attachment performance, e.g., tethered studies require only a thin wire and force sensor.

Finally, the parameters that need to be measured and controlled, i.e., the dependent
and independent variables, respectively, should be identified. Table 1 outlines the depen-
dent and independent variables that were measured and controlled in previous studies.
Based on this, tethers, force transducers, and AFM are the most versatile methods. They
enable variation and control of independent variables, especially substrate properties and
interaction kinematics as well as mechanics. Force platforms and optical methods are the
most limited with respect to independent variables. This is primarily because the substrates
cannot be controlled or varied due to requirements dictated by the methods, e.g., force
platforms have sensors embedded and optical methods require substrate transparency.

3.3. Beyond Adhesion and Friction Measurements

While this review focuses primarily on techniques used for measuring forces, there
are other parameters that need to be measured to fully grasp the attachment of a given
animal. Theoretical models of contact mechanics and attachment can help identify un-
derlying physicochemical mechanisms, but require validation through comparisons with
experimental observations. Typically, the models predict adhesion and friction forces that
can be compared to measured values; however, the models also depend on additional
parameters as inputs.

One particularly important parameter needed in theoretical models of contact me-
chanics is the distance between the adhesive pad (or its sub-structures) and substrate. The
magnitude of this distance could help determine which types of interactions are dominant
or negligible. For example, for 10-um spherical particles under dry conditions, electrostatic
forces from the net charge on the particles dominate for distances greater than 100 nm,
electrostatic forces from local charge patches dominate for distances between 10 and 100
nm, and van der Waals forces dominate for distances less than 10 nm [90]. Furthermore, if
there is fluid present, measuring fluid film thickness can help determine if the fluid acts
like a lubricant or enhances friction.

These distances can be measured through interference reflection microscopy (IRM).
This technique was first developed to measure how close cells are to substrates [91], but
was later used with tree frog toe pads [76,92]. In tree frogs, it was found that while mucus
is present on the toe pads, parts of the surface features on frog toes are in quasi-direct
contact with the substrate, with separation distances between 0 and 35 nm [76], indicating
a potential contribution of van der Waals forces or other 'dry’ interactions in tree frog
attachment. Additionally, it was found that there is an intermediate fluid film thickness
(~200 nm) that enhances friction compared to a fully wet (lubricating) or fully dry state [92].

Fluids covering the contact surface are an inherent part of many bioadhesive systems.
For example, tree frog toes—as the whole amphibian body—are covered with a watery
mucus [93], and insects secrete a viscous emulsion onto their adhesive pads. While these
fluids help to prevent skin and cuticle from drying out and may have anti-bacterial and
anti-fungal properties [94,95], their implications in bioadhesion are still being investigated.
The physical and chemical properties of these fluids have been measured using various
techniques. To measure the fluid’s viscosity, methods were adopted from the field of
rheology. For tree frog mucus, laser optical tweezers were used to measure the viscous
force exerted on a trapped particle by the mucus [76]. The viscosity of insect pad fluid
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was measured by placing small tracer particles in a drop of the fluid and recording the
dampening of the particle’s Brownian motion (or thermal fluctuations) through the fluid’s
viscosity [96].

For chemical characterisation of the fluid, several techniques have been used. In tree
frogs, cryo-histochemistry, attenuated total reflectance-infrared spectroscopy, and sum
frequency generation spectroscopy have been used. From the measurements, it was found
that the mucus on the toe pads is chemically similar to the mucus secreted by other body
parts, including the belly [93]. In insects, gas chromatography and mass spectrometry have
been used to characterize the chemical composition of their secreted fluids [97]. From this
characterization, it was found that, like in tree frogs, the fluid secretions on the adhesive
pads are chemically similar to those secreted throughout the rest of the body [98].

Surface tension is another important physical property of a bioadhesive fluid, as the
capillary forces associated with it can be dominant at small spatial scales. However, to
our knowledge, this property so far has been measured only indirectly through contact
angle measurements [58,99,100]. Contact angle, or the angle between the substrate and
fluid meniscus, quantifies the ‘wettability” of a fluid on a substrate. For insects and tree
frogs, this contact angle has been found to be quite small (~10°) on a wide variety of
substrates, so the adhesive fluid appears to be highly wetting regardless of substrate
chemistry [58,99,100]. Recent studies of insects have made assumptions of the surface
tension of the fluid given that it is comprised of hydrocarbons [101,102]. This assumed,
approximate value sufficed for these studies since the models provided leading order
analyses of the capillary interactions. For more detailed and accurate models, direct
characterization will be required.

The material properties of the pad tissues, setae, or spatulae are also important for
understanding bioadhesion. Animals stick to a wide variety of substrates, including smooth
and rough ones. For rough substrates, the adhesive pads should conform to asperities in
order to form a large area of close contact. A pad’s ability to conform to rough substrates is
dictated by its physical properties, especially its stiffness or Young’s modulus. This property
can be measured using micro- or nano-indentation, where the adhesive pad is compressed
by a small probe and its stress response is measured, or using optical techniques, like
confocal laser scanning microscopy [103]. Using such techniques, it has been found that
setae on the adhesive pads of beetles are stiffer at the base and softer at the tip [103].
Similarly, the smooth adhesive pads of insects exhibit softer tissues in the outer layers and
stiffer tissues underneath [104]. On the other hand, for tree frogs, it was found that the
outer layers of the toe pads are stiffer than internal tissues [105,106].

Pad stiffness not only influences conformability, but may also affect the strength of
adhesion. Classical experiments measuring the adhesion between a spherical indenter and
flat substrate found that adhesion increases with material stiffness [107]. Similarly, the
attachment force of fiber-reinforced adhesives such as gecko toes is proportional to the
tensile stiffness of the fiber-reinforcement [108]. Therefore, there seems to be a trade-off
between having soft pad tissues to conform to rough substrates and having stiff tissues
to generate strong adhesion. In geckos and tree frogs, blood sacks have been observed
immediately underneath the adhesive skin surface. Blood pressure may be controlled in
these sacks to help tune pad stiffness [106,109]. Having such control could enable geckos
and tree frogs to easily conform to rough or non-flat substrates using soft tissues and then
stiffen the tissues to promote strong adhesion. A similar mechanism has been exploited by
synthetic adhesives that use phase changing liquid metals [110].

AFM is a very versatile method that allows more than just contact force measurements.
Many studies that investigate the effects of substrate properties on attachment use AFM to
measure roughness, or to image surface sub-structures. Alternatives for measuring surface
roughness of biological samples, such as scanning electron microscopy (SEM), are prone to
artefacts from the preparation steps, such as shrinkage or drying, and are not suitable for
living animals [105]. AFM can also be used for indentation experiments. Micro-indentation
using FTs with a motorized stage is sufficient for larger structures, such as whole tree frog
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toes [106]. However, for smaller structures, AFM is required, for example to measure the
stiffness of epithelial cells and local friction profiles over single pillars on tree frog toes [88],
or the stiffness of the adhesive tarsal setae of ladybird beetles [103].

While the physical and chemical properties of adhesive pads and their fluid secretions
are important for developing physicochemical models of adhesion and friction, the ways in
which contact is established and released, i.e., pad and limb kinematics, can significantly
influence attachment and detachment. Previous work has found that animals may be able
to control adhesion by varying shear forces [8,65]. In addition to controlling adhesion via
shear, tree frogs have been observed to spread out their limbs away from their body in
response to increased loads [15]. By spreading their limbs, they not only promote shearing
but also decrease the angle between their limbs and substrate. Just like in sticky tapes,
minimizing this angle may prevent peeling. For insects, it has been found that attachment
and detachment occur at different time scales [111,112]. Specifically, adhesive pads move
quicker during detachment, which is believed to help conserve the secreted fluid. A faster
separation velocity ensures that less fluid is deposited on the substrate. Additionally, a
slower approach during attachment may help generate intimate contact and reduce the
gap between pad and substrate to increase adhesion and friction forces [112].

3.4. Perspectives

Based on the reviewed data, we could map established force measurement methods
to show their effectiveness and limitations, as summarized in Table 1 and Figure 4. From
this analysis, we find that studying attachment for the large and slow no longer poses a
problem. The frontier lies at the small and fast. Measuring small and fast processes still
poses a considerable challenge given the trade-offs in spatial and temporal resolutions
for cameras and sensors. There is renewed interest in optical methods during the past
decade [9,10,47,51]. With visual data processing technologies, data storage and transfer
capacities, and optic systems ever improving, optics-based methods seem promising, like
the optic-tactile sensor developed by Eason et al. [52] to directly measure adhesive stress.

Quantifying adhesive and frictional stresses can help reveal the true performance of
biological adhesives, since it provides a scale-independent measure of adhesion and friction
and captures the exact contact stress distribution. Typically, adhesive pads are asymmetric
and limbs are rarely oriented completely parallel or perpendicular to a substrate; therefore,
forces are applied with offsets that induce moments and cause imbalances in contact stress
distribution. Direct measurements of contact stress distribution can pinpoint where stress
concentrations occur to reveal how the adhesive may fail and how limb kinematics influence
adhesion and friction. However, to our knowledge, optic-tactile sensors are the only ones
capable of contact stress measurements at the moment. Measuring adhesive and frictional
stresses across various animals could contribute significantly to our understanding of the
scaling of adhesive performance in biological systems [13].

In this review, we have largely skipped over micro-electromechanical sensors (MEMS).
Interest in MEMS for measuring attachment seemingly faded in the past decade, but MEMS
might be key in exploring the realm of fast and small. A MEMS force plate for studying
insect locomotion developed by Bartsch et al. [113,114] has barely been cited in actual
animal studies. The same holds for a biaxial MEMS cantilever design by Lin & Tramer [115].
This raises the question: is MEMS irrelevant to bioadhesion research, or have developments
in MEMS design gone unnoticed in bioadhesion research?

Bioadhesion has always been a fascinating subject to study for biologists and engineers
alike. Their work over the last decades resulted in various insights into these remarkable
mechanics, attracting an ever-increasing interest from various other disciplines. Electrical
engineers, (soft) roboticists, medical engineers, material scientists, and ecologists all benefit
from discoveries in bioadhesion and work to tackle multidisciplinary problems, such
as protecting honey bees, preventing animal pests, or developing new soft grippers for
various applications.

191



Biomimetics 2022, 7, 134

Author Contributions: Conceptualization, L M.v.d.B., J K.A.L. and G.J.A.; writing—original draft
preparation, L.M.v.d.B.; writing—review and editing, ]. K.A.L. and G.J.A. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the Soft Robotics Consortium financed by the 4TU.Federation
Project 4TU-UIT-335.

Data Availability Statement: Not applicable. All data is provided in the text, figures, and table.
Acknowledgments: We thank Dimitra Dodou for the helpful suggestions and discussions.

Conflicts of Interest: The authors declare no conflict of interest.

Glossary

The following terms are used in this manuscript:

Adhesion [Newtons; N] the attractive contact force acting perpendicular to
the substrate.

Friction [Newtons; N] the contact force resisting motion parallel to the
substrate.

Static friction [Newtons; N] the friction force acting on a stationary object.

Dynamic friction [Newtons; N] the friction force acting on a sliding object.

Contact area [square meters; m?] the area of an adhesive in direct contact with

a substrate.
Adhesive stress (Tenac- [Newtons per square meter; N/ m?] the adhesion force per unit

ity) contact area. It provides a scale-independent representation of
adhesive capacity.

Shear stress [Newtons per square meter; N/m?] the friction force per unit
contact area.

Fluid viscosity [Newton seconds per square meter; N-s/ m?] the resistance of a
fluid to shearing. For example, honey is 10,000 times more viscous
than water.

Substrate roughness [nanometer; nm] the average height of the bumps, features, and
asperities on a substrate.

Substrate energy [milli-Newton per meter; mN/m] the excess energy that a surface

of a material has compared to its bulk. If a substrate has high
energy, then, generally, liquids and solids interact strongly with it.
Surface tension [milli-Newton per meter; mN/m] the force (per unit length) acting
tangential to a liquid-air interface. It is what enables insects to
stand on the water surface and drives water drops to become

spherical.
Young’s modulus (Stiff- [Pascals; Pa] the physical property that represents how easily a
ness) material can stretch or deform.
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Abstract: While the reversible attachment of artificial structures underwater has moved into the focus
of many recent publications, the ability of organisms to walk on and attach to surfaces underwater
remains almost unstudied. Here, we describe the behaviour of the water-lily leaf beetle Galerucella
nymphaeae when it adheres to surfaces underwater and compare its attachment properties on hy-
drophilic and hydrophobic surfaces underwater and in the air. The beetles remained attached to
horizontal leaves underwater for a few minutes and then detached. When the leaf was inclined, the
beetles started to move upward immediately. There was no difference in the size of the tarsal air
bubble visible beneath the beetles’ tarsi underwater, between a hydrophilic (54° contact angle of wa-
ter) and a hydrophobic (99°) surface. The beetles gained the highest traction forces on a hydrophilic
surface in the air, the lowest on a hydrophobic surface in air, and intermediate traction on both
surfaces underwater. The forces measured on both surfaces underwater did not differ significantly.
We discuss factors responsible for the observed effects and conclude that capillary forces on the tarsal
air bubble might play a major role in the adhesion to the studied surfaces.

Keywords: adhesion; underwater; contact angle; insect; biomechanics; locomotion

1. Introduction

In adhesion science, the topic of underwater attachment has moved into the focus of
many publications in recent years. Permanent underwater adhesion using glues is well
known for numerous aquatic animals [1,2] and this knowledge was even transferred to the
synthesis of biomimetic glues [3-6]. Also, reversible artificial adhesive systems based on
surface nano- and microstructures for underwater application were recently produced [7-9].
However, reversible adhesion by animals underwater was the concern of only a few studies.
Hosoda and Gorb (2012) studied beetles inhabiting a terrestrial environment [10]. Other
researchers focused on the underwater adhesive performance of the hair-like structures
of, e.g., diving beetles or mussels, without considering the attachment of the organism
as a whole [11,12]. In summary, many questions on the attachment of organisms remain
unanswered. For example, the adhesion to wet substrates as well as the roles of capillary
adhesion and nanobubbles still need to be clarified [13].

Smooth and hairy attachment devices occur in different insect taxa, but nubby struc-
tures can also be found [14,15]. Adult beetles usually possess a hairy attachment system [16]
and the attachment is promoted by the secretion of a mixture of hydrocarbons, fatty acids,
and alcohols onto the contact area [17,18]. Different physico-chemical principles rule under-
water adhesion compared with attachment in the air. Hosoda and Gorb (2012) discovered
that, due to the hairy microstructure of the beetles’ tarsi, an air bubble is stably kept under-
water beneath the feet of the green dock beetle Gastrophysa viridula [10]. They postulated
that these bubbles de-wet substrates and allow direct contact between the pad fluid and the
dried solid substrate surface. Additionally, the air bubble itself produces capillary adhesion
at its perimeter. However, G. viridula is a terrestrial beetle that lives and feeds on the
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common sorrel Rumex acetosa and can only submerge its feet underwater during heavy rain.
In the present study, we aimed at studying the reversible underwater attachment system
in a species that depends more strongly on a good attachment performance underwater.
We have therefore chosen the limnic water-lily leaf beetle Galerucella nymphaeae (Linnaeus
1758), which lives and forages on floating leaves of the waterlilies Nuphar sp. and Nymphaea
sp. [19]. This beetle species is regularly exposed to wet and submerged surfaces, i.e., the
leaves of its host plants are submerged or flooded, for example, by water birds trampling
them down. Especially after rain, patches filled with water often remain on the leaves’
surfaces for quite a long time.

In the present paper, we first asked how G. nymphaeae behaves when it is submerged
while attaching to a surface. Second, we tested whether the beetles’ tarsal air bubbles differ
in size on hydrophilic (54° contact angle) and hydrophobic (99° contact angle) surfaces.
Third, we assessed the traction forces of G. nymphaeae on these two types of surfaces. Finally,
we measured the buoyancy forces of G. nymphaeae and G. viridula and included these data
in our discussion of the factors that might be responsible for the observed underwater
adhesion mechanism.

2. Materials and Methods
2.1. Tarsal Morphology

Galerucella nymphaeae beetles were collected from floating leaves of Nuphar lutea at a
small artificial pond located in the botanical garden of Kiel University, Germany in July and
August 2016. Gastrophysa viridula beetles were collected from Rumex obtusifolius plants in
the surrounding areas of Kiel during the same months. For scanning electron microscopy
(SEM), tarsi of G. nymphaeae were air-dried, attached to the SEM stubs, and sputtered with
a ~20 nm thick layer of gold-palladium. Images were taken with a SEM Hitachi 54800
(Hitachi High-Technologies, Tokyo, Japan) at an accelerating voltage of 3-5 kV.

2.2. Behaviour Underwater

Adult individuals of G. nymphaeae were observed on floating leaves of N. [utea in the
botanical garden of Kiel University. We documented some general behavioural patterns of
beetles in their natural environment.

2.2.1. Horizontal Leaf

To assess the behaviour of G. nymphaeae when it is pressed down underwater, floating
leaves of N. lutea with a beetle attaching to its upper side were pressed 10 cm deep under-
water. The leaves were held horizontally the entire time. The behaviour of the beetles was
observed and the period of time until they detached from the leaves was measured. We
took the data of seven beetles that were already running when the lily pad was pushed
down underwater. A further seven individuals were sitting still when pushed underwater.
Each beetle was measured three to four times; the recovery time between two runs was
one minute. In total, 25 measurements were recorded with running beetles and the same
amount with beetles standing still.

2.2.2. Sloped Leaf

A similar kind of experiment was performed with leaves that were pressed down at
an angle of 60° to the water’s surface. We observed and recorded the behaviour of nine
beetles that were running and a further nine individuals that were standing still. Each
beetle was tested once.

For the following experiments in the lab, adult individuals of G. nymphaeae were
collected in the botanical garden of Kiel University. We kept them underneath a piece of N.
lutea leaf in a Petri dish containing a moist tissue. The tissue and the leaf were renewed
after a couple of days. When no experiments were being performed, the Petri dish was
stored in a fridge at approximately 10 °C.
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2.3. Experiment 1: The Formation of the Subtarsal Air Bubbles on Different Surfaces

To determine the size of the air bubble trapped beneath the tarsi of G. nymphaeae
underwater, we allowed the beetles to attach to a glass slide that was then pushed into
a Petri dish filled with tap water. We immediately took images from underneath the
beetles’ feet with a stereo microscope (Leica MZ 205A, Leica GmbH, Wetzlar, Germany)
that was mounted upside down. The Petri dish was fixed above the objective lens of the
inverted microscope. Using coaxial illumination, the contact area between the tarsi or the
air bubble and the glass slide could be seen and photographed through an ocular camera
(BMS Eyepiece & C-mount camera, 5 Megapixel, Breukhoven, The Netherlands) (Figure 3).
We compared the area of the air bubbles in beetles standing on hydrophilic surfaces with
those on hydrophobic surfaces. To make glass slides hydrophilic or hydrophobic, we
silanised them with (3-Aminopropyl)triethoxysilane (Carl Roth, Karlsruhe, Germany) and
Dichlorodimethylsilane (Merck Schuchardt OHG, Hohenbrunn, Germany) and gained
contact angles of water on these surfaces of 54.22° £ 2.30° and 99.38° + 1.87°, respectively
(n = 20 each; measured with a contact angle measurement device OCA 200, Dataphysics,
Filderstadt, Germany). To measure the area of the bubble, we used Photoshop CS 5 (Adobe
Systems GmbH, Munich, Germany).

In some cases, the bubbles trapped under the beetles’ feet were connected to a bubble
that surrounded the entire body. This occurred in equal numbers (1 = 8) on both surfaces
and often when the beetle’s tarsus was close to its body. We excluded these cases from
our dataset.

We took images of up to three different, randomly chosen legs of 21 G. nymphaeae
individuals on both surfaces, summing up to a sample size of 34 for the 54° surface and 28
for the 99° surface. We then measured the time until the beetles detached from the different
glass surfaces. Finally, we calculated how the size of the air bubble changed from the
beginning of the experiment compared with the moment directly before beetle detachment.
This last experiment was performed for 19 and 17 specimens on the CA = 54° and CA = 99°
surfaces, respectively.

2.4. Experiment 2: Traction Force Measurements of the Beetles Walking on Different Surfaces

To test the beetles” attachment abilities on different surfaces underwater and on land,
we used a load cell force transducer (BIOPAC systems, Goleta, CA, USA) with a 25 g sensor.
The sensor was clamped vertically above the test surface. One end of a human hair was
fixed to the sensors’ end and the other end was glued to the elytra of G. nymphaeae with the
aid of a droplet of molten beeswax. When a beetle walked, it pulled the sensor via the hair.
The resulting force was recorded during a 60 s long pulling period and the peak force was
determined and used for later analyses.

We tested pulling forces that the beetles generated on hydrophilic and hydropho-
bic glass slides in a random order. Contact angles of water on these surfaces averaged
54.22° £ 2.30° (mean = sd, n = 21) and 99.38° £ 1.87°, respectively (measured with the
contact angle measurement device OCA 200, Dataphysics, Filderstadt, Germany). All but
two beetles (n = 33) were tested twice on each surface, in air (n = 33) and with the surface
and the beetles submerged in the tap water (n = 31).

2.5. Experiment 3: Measurement of the Buoyancy Force

In our discussion, we compare the traction forces of G. nymphaeae with previous
findings for G. viridula [10]. In order to assess whether differences in the traction forces
between these two species are caused by their different buoyancy forces, we measured the
forces that are needed to push individual beetles of G. nymphaeae and G. viridula underneath
the water’s surface. We therefore used a wire loop and measured the forces with a load
cell force transducer with a 10 g sensor (BIOPAC systems, Goleta, CA, USA). We used
distilled water that we degassed beforehand in an ultrasonic bath (Bandelin Sonorex RK 52,
BANDELIN electronic, Berlin, Germany) at a frequency of 35 kHz. Due to the agility of the
beetles, we froze them at —80 °C for at least 10 min and thawed them at room temperature
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immediately before the measurements. The specimens were carefully laid on the water
surface and pushed down in a controlled manner using a motorised micromanipulator
that moved the sensor and the wire loop at the speed of 600 pm per second. We measured
the maximal forces that occurred (i) while the beetles were pushed down and deformed
the water surface but still had contact to the air and (ii) when the beetles” bodies were
completely underwater. The same individuals were pushed down in a 0.1% solution of the
surfactant Triton X (Sigma-Aldrich Chemie GmbH, Steinheim, Germany) as a control. The
Triton X solution was also degassed in the ultrasonic bath with the same frequency prior to
the experiment. We measured forces of 20 individual beetles of each species in distilled
water and directly afterwards in the aqueous solution of Triton X.

3. Results
3.1. Tarsal Morphology

The ventral sides of the first and second tarsomeres of G. nymphaeae are covered with
long pointed setae, while the third tarsomere bears spatula-shaped setae (Figure 1). We did
not detect any differences between the attachment structures of female and male beetles
and therefore do not differentiate between sexes in this study (Figure S5, Supplementary
Materials). The elytra of the water-lily leaf beetle are covered with long hairs (Figure 1d,e).

Figure 1. Appearance and tarsal attachment organs of adult G. nymphaeae. (a) G. nymphaeae on the
water-lily surface. (b) Tarsus, ventral. (c) Tarsus, lateral. (d) Elytra. (e) Hair coverage on the elytra.
(f) Third tarsal segment, ventral. (d—f) SEM images. T1-T5: Tarsal segments; T4 is reduced. Scale
bars: (a) = 1 mm; (b,c) = 100 pm; (d) = 500 pm; (e) = 1 um, (f) = 50 um. (a) Courtesy of Andreas
Blankenstein. (b,c,f) Reprinted with permission from ref. [15]. Copyright The Authors of the ref. [15]
under the license of Company of Biologists Publication Agreement.

3.2. Behaviour Underwater

We observed that G. nymphaeae avoids walking through wet patches on the leaves.
When a beetle falls off into the water, it swims actively to the nearest leaf or to the rim of
the pond. When water was sprayed over the beetles to imitate rain, they stopped moving
and withstood the “shower”. This applies to formerly running and still-standing beetles.

3.2.1. Horizontal Leaf

When pressing G. nymphaeae underneath the water’s surface, a visible bubble encased
the elytra of nearly each inactive beetle; active ones had this bubble in roughly 60% of
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the observations. Underwater, all individuals of G. nymphaeae opened their elytra after a
while, and a bubble under the abdomen became visible. Independently of the time spent
underwater, some of the beetles waggled their legs before detaching from the leaf.

Those beetles that were already running on the leaf in air continued to run when it was
pressed into the water, and they detached after an average of 2:57 (1:18-3:58) min. (median
value, interquartile range; Figure 2). Only a single beetle detached after more than 5 min
underwater, and it did so in three out of four repetitions.
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Figure 2. Period of time until G. nymphaeae detaches from the horizontal leaf (upper plot) or ascends
to the top of the inclined leaf (lower plot) underwater. The plots show the medians (lines within the
boxes), 25th and 75th percentiles (ends of boxes), 10th and 90th percentiles (error bars), and outlying
values (circles). Different letters above two boxes indicate significant differences between two groups.
Upper plot: seven running and a further seven beetles standing still were tested 3—4 times (1 = 25 for
each test). Lower plot: nine running and a further nine beetles standing still were tested once (n =9
for each test). Different letters (a,b) within each subplot indicate presence of statistically significant
difference between samples.

Beetles that stood still in the air remained roughly half as long underwater until they
detached (1:49, 1:15-3:10 min), but we recognized a great variation in the time periods even
within a single individual. The differences between running beetles and those standing
still were not significant (p = 0.28, Mann-Whitney Rank Sum Test).

3.2.2. Sloped Leaf

All formerly running beetles started to move upward within 5 s on a sloped water-lily
pad underwater (Figure 2). Those that were standing still before started to ascend after 0:35
(0:24-0:49) min.
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3.3. The Formation of the Subtarsal Air Bubbles on Different Surfaces

In general, we discovered a great variety of different shapes and sizes of tarsal air
bubbles, both between individual beetles and within the same individual (Figure 3). The
size of the bubble did not differ significantly on either of the two glass plates with 54°
and 99° contact angles, respectively (Mann—-Whitney Rank Sum Test, p = 0.101; Figure 4).
Similarly, the lapse of time the beetles spent underwater until they boosted themselves to
the water surfaces and the difference in the bubble size at the beginning and immediately
before the beetles detach did not depend on the surface (Mann-Whitney Rank Sum Test,
p =0.969 and p = 0.547, respectively; Figure 4).

(a) (b) (c)

Figure 3. Images of the tarsal air bubble of G. nymphaeae beetles standing on glass slides underwater.
Due to coaxial illumination, the air appears white and the contact area of attachment hairs on the
glass slide appears black. As: Attachment setae. Bb: Subtarsal air bubble. Cl: Claw. T1-T5: Tarsal
segments. Scale bars: (a—e): 0.1 mm.
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Figure 4. The subtarsal air bubble on different surfaces. Area of the tarsal air bubble taken immedi-
ately after G. nymphaeae was submerged on hydrophilic and hydrophobic glass slides (a), time until
beetle detachment (b), and difference of the bubble area between the beginning of the experiment
and just before the beetle detached (c). The plots show the medians (lines within the boxes), 25th and
75th percentiles (ends of boxes), 10th and 90th percentiles (error bars) and outlying values (circles).
The same letter above the two boxes in each experiment indicates no significant differences between
the two groups. Sample size: 1-3 different randomly chosen legs of 21 beetles; upper and middle plot:
n =34 and n = 28, lower plot: n =19 and n = 17 for the 54° and 99° surfaces, respectively. Same letters
(a, a) within each subplot indicate absence of statistically significant difference between samples.
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3.4. Traction Force Measurements of the Beetles Walking on Different Surfaces

In air, the maximal traction force the beetles gained was almost four times higher on
glass slides with a 54° contact angle (3.69 &= 1.92 mN, mean =+ sd) compared to slides with
a 99° contact angle (1.00 & 0.81 mN) (Figure 5; One Way Repeated Measures ANOVA with
Holm-Sidak pairwise comparisons, p < 0.001). In contrast, no significant differences in
traction forces were found between the two surfaces when the beetles were underwater
(54° surface: 1.79 £ 1.27 mN vs. 99° surface: 1.80 £ 0.78 mN; p = 0.975).
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Figure 5. Traction forces of G. nymphaeae on different surfaces in air and underwater. For comparison,
data for G. viridula are added from [10]. The plots show the medians (lines within the boxes), 25th
and 75th percentiles (ends of boxes), 10th and 90th percentiles (error bars), and outlying values.
White boxes and circles: in air; grey boxes and circles: underwater. Different letters above two boxes
(separately within small letters and within large letters) indicate significant differences between two
groups (multiple pairwise comparisons). Pairs of boxes at 54° and 99° (black beetle icon): Galerucella
nymphaeae. Pairs of boxes at 59° and 104° (white beetle icon): Gastrophysa viridula. Each beetle (n = 33
for G. nymphaeae, n = 29 for G. viridula) was tested once in air and once underwater; two of these
G. nymphaeae beetles were solely tested in air. Different letters (a, b or A, B) indicate statistically
significant difference between samples.
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3.5. Measurement of the Buoyancy Force

When the beetle was pushed down slightly, the tension film of the water surface was
deformed and the beetle and/or the air bubble that encased it still had contact with the air.
In this situation, the force to push G. nymphaeae down was 1.6 times greater than the force
needed for G. viridula (0.78 = 0.11 mN and 0.49 =+ 0.10 mN, respectively; p < 0.001, t-test).
When there was no longer contact with the air and the beetle was surrounded by water,
the force needed to push the beetle down was less than a tenth of the previous value for
both species (0.07 & 0.01 and 0.03 & 0.01 mN, respectively; p < 0.001, Mann-Whitney Rank
Sum Test).

When being pushed in the aqueous solution of Triton X, the beetles, especially G.
viridula, sank almost immediately to the ground of the plastic jar. Within each species, the
force needed to press the beetle down did not depend on the beetle’s weight (G. nymphaeae:
bubble still having contact to the air: R? = 0.05, linear regression, beetle fully encased by
water: R? < 0.01; G. viridula: R? = 0.02 and R? = 0.06, respectively).

4. Discussion
4.1. Tarsal Morphology

We found similarly shaped attachment hairs on the tarsi of both sexes of G. nymphaeae.
While the males of many chrysomelid species have discoidal tips of attachment setae, to
securely attach to the females” smooth elytra during copulation [20], we assume the lack of
such specialised hairs is due to the presence of closely spaced hairs on the female and male
elytra of G. nymphaeae beetles [15].

4.2. Behaviour Underwater

We observed no difference whether the beetles were running or standing still; from
both initial situations, they continued to run or stand on the leaf for some minutes after it
was submerged horizontally into water. This proves that, although the beetles in general
avoid flooded patches on leaves, they can attach well and even run underwater. The indi-
viduals that were moving tended to walk to the rim of the leaf. This behaviour enables the
beetles to grip and climb upward at the leaf’s edge by using the action of their contralateral
legs. If a leaf was pushed at an incline underwater, beetles that were running beforehand
immediately started to walk and ascend the leaf. Those that were standing started to walk
and ascend the leaf in most cases within 1 min. This behaviour is a strategy for escaping
from the submerged situation. It remains, however, unclear whether this behaviour is
common for chrysomelid beetles or whether it has evolved in G. nymphaeae, owing to its
limnic habit.

4.3. Subtarsal Air Bubbles on Different Surfaces

In contrast to our initial hypothesis, the area of the tarsal air bubble did not differ
between hydrophilic and hydrophobic surfaces. Possible differences might be masked by
the fact that on each surface, the size of the bubble varied greatly (Figures 3 and 4), and using
our technique, we were able to detect and analyse the bubble only under a single tarsus at
a time. According to our hypothesis, a larger tarsal air bubble on a hydrophobic surface
should prolong the period of time until the beetle detaches from the surface. Similarly, the
bubble area should decrease to a larger extent on the hydrophobic surfaces. However, in
both cases, we did not detect any differences between the two surfaces (Figure 4). There
could be two reasons for this. On the one hand, as already mentioned, possible differences
might be covered by the large variability of the bubble shape and volume on a single tarsus.
In turn, the bubble size of a single tarsus might be balanced by the bubble sizes below the
other five tarsi of the beetle. On the other hand, the period of time until the beetle detaches
might be ruled by other factors, such as the amount of oxygen stored in the air bubble
encasing the beetle elytra.
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4.4. Traction Forces on Different Surfaces and Buoyancy
4.4.1. Traction Forces on Hydrophilic and Hydrophobic Surfaces in Air

In air, G. nymphaeae revealed stronger traction forces on the hydrophilic compared with
the hydrophobic surfaces (Figure 5). Such differences might be attributed to the chemical
composition of the attachment fluid that seems to form a stronger contact between an
attachment hair and the surface on hydrophilic compared with hydrophobic surfaces [15]. It
was previously shown that a film of water is present on hydrophilic surfaces in air. Capillary
forces between this water layer and a probe tip lead to enhanced friction forces, depending
on the film’s thickness, if compared with a solid-solid contact [21,22]. Additionally, to
the fluid’s chemical and physical properties, interactions between the film of water on the
surface and the attachment devices could lead to the observed stronger traction forces on
the hydrophilic surface compared with the hydrophobic surface in air. We do not expect
such a film of water on the hydrophobic surfaces in air, as only at a humidity of >90% is a
monolayer of water formed on such surfaces [23].

4.4.2. Traction Forces on the Hydrophilic Surface in Air and Underwater

In contrast, on the hydrophilic surface, G. nymphaeae revealed weaker traction forces
underwater when compared with those measured in air. As long as hairs attach to a dry
de-wetted surface underwater, the role of the fluid should be exactly the same as in air.
The fluid resembles the composition of the beetles’ cuticular lipids [17,18] and it is unlikely
that the fluid can be adapted to the substrate by the beetle in such a short period of time.
Hence, the relatively low traction forces underwater compared with those in air can either
be explained by (i) a reduced number of attachment hairs that form contact to the surface,
due to the fact that only hairs within the tarsal air bubble can form a contact, (ii) buoyancy
forces, reducing beetle load force to the substrate due to air reservoirs in and around the
beetles” bodies, especially on the hairy elytra of G. nymphaeae, or (iii) capillary forces at
the tarsal air bubble that were found to be negative on hydrophilic surfaces underwater,
increasing with an increasing hydrophobicity of the surface [24].

4.4.3. Traction Forces on the Hydrophobic Surface in Air and Underwater

On the hydrophobic surface, however, a contrary pattern occurs for G. nymphaeae with
stronger traction forces underwater when compared with those in air. The underlying
factors for this effect might be as follows. (i) Capillary forces between the tarsi and the
water film on the surface should not play a role here, as we expect only a monolayer of
water on the hydrophobic surface in air [23]. (ii) A contact reduction between setae and the
surface should lead to a decrease in the traction force. (iii) The same result is to be expected
due to the presence of buoyancy forces. (iv) The remaining factor that might be responsible
for the higher traction forces underwater on the hydrophobic surface, in comparison to the
experiment in air, is increased positive capillary forces at the tarsal air bubble.

We performed our experiments with functionalised glass surfaces with water contact
angles of 54° and 99°. We can assume that on surfaces with other contact angles, different
combinations of factors might play a role in beetle adhesion. For example, on surfaces
with extremely low contact angles, the presence of a thick film of water might impede the
contact formation between the tarsi and the surface [25]. It was previously shown that
traction forces of the chrysomelid beetle G. viridula were strongly reduced underwater on a
surface with a contact angle of 43° compared with 59°, and structured polymers did not
adhere at all underwater to surfaces with a roughly 20° contact angle [10]. On surfaces
without such extremely low contact angles, the surface might be totally de-wetted below
the air bubbles [10], enabling contact formation.

There are at least two further studies in which the attachment to surfaces with contact
angles similar to ours were assessed. For example, our findings for G. nymphaeae are almost
similar to those previously obtained for G. viridula (Figure 5; [10]). However, while we
measured higher traction forces underwater, compared with those in air on the hydrophobic
surface, no differences were detected for G. viridula on this surface. The traction forces of G.
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viridula were in general higher than those of G. nymphaeae, probably due to the higher weight
of G. viridula in air and its lower buoyancy forces underwater. Shear forces of the tokay
gecko (Gecko gecko) showed a surprising similarity to our results on a 50° glass surface and
a 97° polytetrafluoroethylene surface, although, on a 94° surface (octadecyltrichlorosilane
self-assembled monolayer formed on the surface of glass), totally different shear forces of
geckos were measured [26].

5. Conclusions

From our data, we conclude that for the analysed contact angles of 54° and 99°,
capillary forces at the tarsal air bubble seem to play a role in the unexpected higher traction
forces of G. nymphaeae on the 99° surface underwater, when compared to those in air.
We must keep in mind that we did not consider many further factors that might play
an additional role. These are, for example, the normal force [27], the presence of surface
asperities [26,28], the presence and thickness of a water film on the surface [21], and the
degrees of hydrophilicity and hydrophobicity. Strong attachment and friction performance
underwater, similar to those found in animal adhesive pads, is of importance for biologically
inspired solutions in biomedical engineering and wearable flexible electronics, etc. [29-35].
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S4: Buoyancy forces of G. nymphaeae and G. viridula, Figure S1: Female (mid leg) and male (hind leg)
setae at high magnification, SEM images.
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