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Abstract

Scientific progress within the last few decades has revealed the functional morphol-
ogy of an insect’s sticky footpads—a compliant pad that secretes thin liquid films.
However, the physico-chemical mechanisms underlying their adhesion remain elusive.
Here, we explore these underlying mechanisms by simultaneously measuring adhe-
sive force and contact geometry of the adhesive footpads of live, tethered Indian stick
insects, Carausius morosus, spanning more than two orders of magnitude in body mass.
We find that the adhesive force we measure is similar to the previous measurements
that use a centrifuge. Our measurements afford us the opportunity to directly probe
the adhesive stress in vivo and use existing theory on capillary adhesion to predict the
surface tension of the secreted liquid and compare it to previous assumptions. From
our predictions, we find that the surface tension required to generate the adhesive
stresses we observed ranges between 0.68 and 12 mN m~1. The low surface tension
of the liquid would enhance the wetting of the stick insect’s footpads and promote
their ability to conform to various substrates. Our insights may inform the biomimetic
design of capillary-based, reversible adhesives and motivate future studies on the

physico-chemical properties of the secreted liquid.
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involving bioinspired adhesives,® particularly in the design of robotic

manipulators and climbers.”

Nature is often the source of inspiration for developing new technolo-
gies, leading to the growth of the field of biomimetics,! and adhesion
is not an exception. Adhesion is the ability of a substance to stick (or
adhere) to a dissimilar substance. Some species of insects can generate
enormous adhesive forces. For example, Asian weaver ants (Oecophylla
smaragdina) have been observed to adhere to glass substrates upside
down while supporting loads more than 100 times their own body
weight.2 Over the course of their lifetime, insects adhere to a mul-
titude of substrates of varying roughness and wettabilities.>> The

versatility of insect adhesion mechanisms is promising for applications

Any adhesive should primarily satisfy two requirements: (i) establish
good contact with the substrate, even in the presence of roughness, and
(ii) dissipate a significant amount of energy during separation.t How-
ever, it is expected that modern (and future) adhesives would do more
than just stick,? leading to a surge in recent years toward understand-
ing and developing newer adhesion mechanisms. The advancement
of microscopes along with the development of superior analytical
tools has led to a renewed interest among biologists and engineers
toward the development of biomimetic adhesives.!® Nonetheless,

before one delves deeper into the engineering details of biomimetic
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FIGURE 1 (A) AnlIndianstick insect (Carausius morosus) and (i) its distal tarsal pads, including the most distal arolium, which is used for
generating adhesion. (B) A tethered insect on the frustrated total internal reflection (FTIR) experimental setup (see Figure 2 for details). (C) The
view of the insect through the FTIR setup, where the arolia reflect the trapped light when in contact with the glass substrate. Scale bars represent:

(A-C) 20 mm and (i) 1 mm.

adhesion, there are several fundamental questions that need answers.2

Although high-precision characterization techniques such as atomic
force microscopy and scanning electron microscopy have enabled biol-
ogists to examine the topology of the insect footpads down to the
nanometer-scale, the detailed mechanisms of biological adhesion are
still not fully understood,!! particularly what the underlying physics
and chemistry are and how to represent them in a mathematical
model.

In order to stick to natural surfaces, certain insects, like the Indian
stick insect (Carausius morosus), shown in Figure 1A, have developed
smooth and wet adhesive pads on their feet, or arolia, which are unlike
the hairy and dry adhesive pads observed on the toes of geckos.'? To
facilitate wet adhesion, smooth adhesive pads secrete an adhesive lig-
uid into the contact zone between the pad and the substrate.? The
contact is mediated by a nanometer-thin film of this adhesive liquid,
which increases the pad’s effective contact area.? This indicates that
the smallest length scale of the adhesive pad for wet adhesion can
be much higher than that for pads employing dry adhesion since the
adhesive fluid in the former case helps maintain close contact with the
cracks, crevices, and asperities of the rough substrate.'! This is a clear
advantage for biomimetic adhesive pads based on wet adhesion, since
larger microstructures are easier to fabricate in a reproducible man-
ner. However, the strength of capillary adhesion is greatly influenced
by substrate roughness and environmental humidity.*3-%7

The typical models of wet adhesion of insects consider two unde-
formable flat substrates, separated by a continuous liquid layer.18: 17 A
liquid bridge is formed between the two surfaces, and the total adhe-
sive force is simply given by the sum of the surface tension, Laplace
pressure, and viscous Stefan adhesion.2° However, the major drawback
of such asystem lies in the low adhesive strengths (~ 1 MPa) that can be
achieved as compared to dry adhesion (~ 20 MPa).2% 22 The difference
can be overcome by making the adhesive pads deformable.2®

Insects and tree frogs have been observed to have soft adhesive
pads?* with a sponge-like structure.®> A soft adhesive pad (with a
low elastic modulus) deforms more easily at a given external force,
resulting in a larger contact area.?> This higher contact area in turn

increases the contact radius of the mediating liquid as the liquid is

pressed toward the outside of the pad, which then increases the cap-
illary force.2¢ The Young’s modulus of the soft pad also plays a role in
determining the capillary tension.2” However, this deformability inval-
idates existing adhesion models that rely on viscous Stefan adhesion,
which only considers undeformable substrates.® In the past few years,

there have been a few studies28-30

on the liquid-mediated adhesion
between two soft elastic substrates. However, the existing models are
not based on in situ measurements of live insects, thus suggesting that
there is room for improvement.

For an adhesive pad of area A that must support a mass m, the follow-
ing scaling is expected: Ac ~ m,3! where o is the adhesive strength (or
stress) of the pad. However, this follows the assumption that the nature
of the adhesive force acts per unit area, akin to a Laplace pressure or
constant adhesive stress. Moreover, the total available area of biologi-
cal adhesive pads was found to exhibit positive allometry, with the area
A scaling directly with the mass m of the organism, or A ~ m*,31 which
implies that o ~ mP, that is, biological adhesive pads generate the same
adhesive strength regardless of size and species. However, this means
that the adhesive pad area A then increases disproportionately with
body mass m. Indeed, as Labonte et al.3! pointed out, if we extrapolate
this to a human, nearly half of their total surface area would need to be
adhesive in order to fully support their weight, which is, of course, not
desirable if one wants to scale up an adhesive system.

On the other hand, in the same work,3! it was found that this direct
scaling between A and m only holds true across all animals possessing
such adhesive pads, that is, insects, arachnids, reptiles, and mammals,
whereas adhesive pad area was found to scale isometrically, or A ~
m?2/3, within respective phylogenetic levels. Therefore, phylogenetic
inertia (or phylogenetic constraint), or the tendency for previous adap-

tations to influence future adaptations,32 33

seems to limit how large
adhesive pads can grow within a clade. This issue of scaling gives rise
to the following questions: (i) Do adhesive pads in whole insects exhibit
the same stickiness, or adhesive stress, across size (or body mass)? (ii)
Are existing mathematical models of capillary-based adhesion capable
of predicting the adhesive performance of stick insects? And, (iii) what
are the desired physical properties of the secreted liquid in order to

adhere to smooth substrates?
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In this paper, we address these questions through a combination of
tethering experiments to measure the adhesive force of whole insects
(Figure 1B), frustrated total internal reflection (FTIR) for visualizing the
contact geometry of the insects’ adhesive footpads (Figure 1C), and
mathematical modeling to interpret the results and predict the phys-
ical properties of the secreted liquid in order to inform the design of
biomimetic adhesives. The experiments are conducted with live Indian
stick insects (C. morosus) spanning their life cycle and more than two
orders of magnitude in size (body mass m), with simultaneous and
synchronized force and FTIR measurements to directly probe the rela-
tionship between adhesive force F, contact area A, adhesive stress o,

contact perimeter P, pad sliding distance 8, and body mass m.

MATERIALS AND METHODS
Study animals

Female Indian stick insects (C. morosus; n = 63 used in this study) were
obtained as nymphs from Mierenboerderij (Apeldoorn, The Nether-
lands https://www.mierenboerderij.nl/). They were kept at 22.5°C
and 50% relative humidity, and were fed European ivy (Hedera helix)
that was picked from around Wageningen University in Wageningen,
The Netherlands.

Tethering animals

In order to tether an insect for an experiment, the insect was first
sedated using CO,, unless it was a fully grown adult (m > 500 mg)
and sedation was not necessary. For sedation, the insect was placed
on a porous block and CO, was infused at a volumetric flow rate of
approximately 1.0 m3/h. After the stick insect was sedated, two ends
of a fishing line (Nanofil size 0.04, with 0.0545-mm diameter) were
fastened to both ends of the dorsal side of the thorax of the insect
using UV-curable glue (Norland optical adhesive, type 60). The fishing
line was glued between their hindlimbs and forelimbs, as depicted in
Figure 1B, to apply a pulling force equally across the limbs and prevent
pitching rotation of the body. Then, their body mass m was measured
with a precision mass balance (Ohaus Corporation Adventurer Pro
AV114CU, with 0.1 mg resolution).

Force measurements and FTIR

A tethered and awakened (~ 10 min after sedation) stick insect was
positioned on the borosilicate glass plate in the test setup (Figure 2A).
The glass plate had LED strips along each side and was mounted on a
table with a rectangular hole. A high-speed camera (Mikrotron EoSens
25CXP) was mounted underneath the table to take recordings of the
contact geometry of the stick insects. For the smaller stick insects (m <
50 mg), a Nikon AF Micro Nikkor 105 mm f/2.8 lens was used, with
a spatial resolution of 19 um px~1, while, for the larger stick insects
(m > 50 mg), a Nikon AF Nikkor 50 mm f/1.8D lens was used, with a

spatial resolution of 44 um px~1.

MATLAB (R2015b) was used to control a linear motor (Thorlabs,
Z825B) that pulled the tethered insect across a distance of 25 mm ver-
tically upward from the glass plate. A 3D-printed hook was affixed at
the end of the tether to pull onto the stick insect via the tethering
wire. Both the high-speed camera and the tether were synchronized
by starting the filming, force recording, and pulling procedure at the
same time. Each experiment lasted 25 s, with a pulling speed of 1 mm
s~1. The experiments were conducted at 21.0 — 25.8°Cand 26 — 61 %
relative humidity.

A force transducer (Futek LSB200, 10-gram capacity) measured the
force pulling on the insect at a sampling rate of 1000 Hz. Before the
experiment, the force transducer was calibrated with four different
weights. The slope of the linear regression line through the four data
points was used to calculate force (in mN) from the measured change
in the electrical voltage (in mV V1) by the transducer. Figure S1 shows
the calibration data and the linear regression. The measured pulling
force for each insect was filtered using a moving average filter with
a window size of 25, and the peak (or maximum) force was extracted.
Following a free-body diagram, the insect’s weight mg was subtracted
from the peak force to obtain the adhesive force F. The temporal varia-
tion of the pulling force from a typical experiment is shown in Figure 2B.
Figure S2 shows two other examples from the smallest (m = 4.9 mg)
and largest (m = 1200 mg) insects used in the study.

The contact area was captured by the high-speed camera at 124 Hz
with 5-MP resolution using FTIR. A light beam will mostly reflect inter-
nally when it is shone into a medium that has a higher index of reflection
compared to the air surrounding it. However, when another object with
a similar index of refraction comes into contact with the medium, then
some of the total internal reflection will be frustrated and scatter out
of the medium. FTIR was used to visualize the contact geometry of the
adhesive pads on the glass plate, so that the contact area A and contact
perimeter P could be quantified.

Using the filtered force measurement, the time of peak force was
obtained and the associated image was analyzed in MATLAB (R2018b)
toobtain Aand P at the point of peak force generation. In order to quan-
tify these parameters, the image was binarized using a threshold of 0.5.
Then, the center of each pad was identified by manual clicking, and a
square region of 30 by 30 pixels (enough to encompass each entire pad)
was drawn around each pad. Typical images obtained using the FTIR
method are shown in Figure 2C-E, with the raw images on the left (i)
and binarized images on the right (ii).

To obtain the contact area A, the total number of pixels within
each square was summed and combined with a calibration value to
obtain the contact area of each pad. The area of the pads from all the
limbs of the insect was summed to determine the total contact area
A. Finally, to obtain the contact perimeter P, the bwperim function in
MATLAB (R2018b) was used to calculate the perimeter of each pad and
then summed.

Using both force and contact geometry measurements, the adhesive

stress o was determined using the following expression:

o=k
=7
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(A) Schematic of the experimental setup combining tethered pulling measurements with frustrated total internal reflection (FTIR)

imaging. (B) Pulling force measurement for a typical experiment with an insect of mass m = 390 mg. The discrete data points in yellow represent
the experimental measurements, while the solid black line denotes the filtered data. The adhesive force F is taken as the peak force minus the
insect’s weight. (C-E) Images of three adhesive pads, from the same insect as in panel B, using FTIR with (i) raw and (ii) binarized images. The
binarized images are used for quantifying the contact area A and the contact perimeter P. The scale bar represents 1 mm. (F) Image of a footpad
after sliding, from the same insect as in panels B-E. The scale bar represents 2 mm. (G) Image of a footpad after sliding, from an insect withm = 21
mg. The scale bar represents 1 mm. (H) Schematic for mathematical modeling, inspired by Butler et al.3° Here, the solid pink line denotes the
undeformed footpad, while the dashed pink line represents the deformed footpad. The liquid bridge is represented in blue, while the gray line
denotes the substrate to which the insect is adhering. Variables are defined in the text.

TABLE 1 Summary of the power-law fits for measurements shown
in Figure 3A-D.

Parameter Unit Power-law exponent 95% ClI R?
Contact area A mm? 0.77 (0.69,0.85) 0.86
Adhesive force F mN 0.55 (0.49,0.60) 0.87

-0.22 (-0.31,-0.13) 0.27

(0.35,0.46) 0.79

Adhesive stress o kPa

Contact perimeter P mm 041

Abbreviations: Cl, confidence interval; R?, coefficient of determination.

Power law fitting

After the adhesive force F, contact area A, contact perimeter P, and
adhesive stress o were determined for each insect of mass m, the data
were log-transformed in order to determine the best-fitting power law.
The log-transformed data were fitted using a linear regression, with the
slope of the regression representing the exponent of the best fitting
power law. The data were plotted in log-log axes along with the best
power-law fits in Figure 3A-D, and the power-law exponents with 95%
confidence interval (Cl) and coefficient of determination R2 are shown
in Table 1.

Measurements of footpad sliding

Using the synchronized high-speed videos from the FTIR setup, we
quantified the sliding distance & of the footpads of the stick insects.
After finding the video frame associated with the point of maximum
adhesive force F, the frame when the footpads started to slide was
found for each trial. Then, using the imshowpair function in MATLAB
(R2018b), the two images (at the onset of sliding and when maximum

force occurred) were overlaid and the sliding distance of each foot-

pad was measured by clicking the center of each footpad before and
after sliding. Finally, the sliding distances of the six footpads were aver-
aged for an individual and reported as the sliding distance & (Figure 3F).

Figure 2F,G shows images of footpads after sliding.

Mathematical model

The stick insects studied in the current work have smooth, deformable
footpads that secrete a liquid. Thus, they create aliquid bridge between
the pad and the substrate, and make use of the elastocapillarity-
induced adhesion arising from both the elasticity of the deformable
footpad and the capillarity of the liquid bridge. The fluid dynamics of
this particular scenario has been recently studied by Butler et al.%? In
what follows, we briefly describe the model used in our study, which
is largely based on the model proposed by Butler et al.?, and the
assumptions and modifications we made.

The schematic of the model geometry is shown in Figure 2H. We
consider the insect footpad to be a circular, deformable membrane
of constant thickness and having Young’s modulus E. We restrict our-
selves to small axisymmetric deformations of the membrane about the
coordinate system shown in Figure 2H. We assume that the imposed
tension T on the footpad by the insect is uniform, and that the ends of
the membrane (footpad) are fixed at the radial positionr = L. Hence, by
modulating the tension T, the insect can only change the curvature of
the membrane. Note that, in reality, T can change due to the vertical
deformation of the membrane, but we neglect that here for simplic-
ity (also following Butler et al.3%). The insect adheres to a flat, smooth,
and rigid substrate at a vertical distance hy, from the membrane by
secreting a liquid of volume V and surface tension y between the mem-
brane and the substrate. From previous experiments,’? we know that
the distance between the membrane and the substrate is small, which

means that the aspect ratio hy/L < 1. Note that we exaggerate this
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FIGURE 3 Measurements of: (A) contact area A, (B) adhesive force F, (C) adhesive stress o, (D) contact perimeter P, (E) liquid tensiony, and (F)
sliding distance 8 across body mass m. The solid lines denote power-law fits, provided in Table 1. Panel B also shows the whole-insect centrifuge
measurements from Labonte et al.*? The data for this figure is provided in Table S1.

gap in Figure 2H for clarity. Previous studies®* suggested that the
secreted liquid volume V is small; hence, gravity can be neglected in the
mathematical formulation.

The interfacial tension y of the liquid bridge formed between the
membrane and the substrate results in a capillary force due to the
pressure difference between the inside and the outside of the liquid
volume. This pressure difference is proportional to the curvature of
the liquid bridge. We further assume that the liquid secretion perfectly
wets the footpad, as supported by previous studies that found the lig-
uid secreted by the pads is also secreted throughout the rest of the
body.®> Hence, the liquid covers the entire surface area of the mem-
brane (note that Figure 2H shows the more generalized case where
the liquid only partially wets the membrane). The interfacial tension is
expected to contribute to a discontinuity of the membrane tension at
the membrane-liquid contact line,° but this is neglected here as T >
v. While smooth adhesive pads of insects are soft in compression, in
order to conform to rough substrates, their internal fibrillar structure
provides high resistance to tension.3¢

For the squeezed thin liquid bridge (hy/L < 1) in the present sce-
nario, we can assume that the axial curvature dominates over the
azimuthal curvature in determining the capillary force.3” We further

approximate the meniscus cross-section to be a circular arc of radius

hy/2 (since the liquid is perfectly wetting the membrane and the sub-
strate with very low contact angles'?).%° The capillary pressure at the

meniscus (relative to the atmospheric pressure) can then be written as:

pm = Tt (2)

Before we discuss adhesion with a deformable membrane, it is
worth visiting the classical limit of adhesion with a rigid membrane, that
is,when T — 0. The adhesive force results from the capillary pressure

pm acting over an area A = V /hy;, and is given by

v
Frigia = 2Yh—2 : (3)
M

Thus, the adhesive force in this case is purely governed by the
separation gap hy.

Let us now consider the deformable membrane, which is the rel-
evant scenario in the present case. For the axisymmetric coordinate
system shown in Figure 2H, the membrane position is described by
z = h(r, t) with the substrate at z = O, where r is the radial coordinate, z
is the axial coordinate, and t is the time. We consider the static scenario
(i.e., no flow within the liquid volume) where the pressure field p(r, t)

within the liquid is uniform, and the membrane shape h(r, t), determined
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by alocal force balance, is a solution of the Young-Laplace equation:

Td /[ 6h
7505>—W' @

where we have assumed a small membrane slope because of the small
aspect ratio (hy /L < 1) and neglected the inertia of the membrane.
The secreted liquid volume is also constant, which results in the

following conservation equation:

L
V:27'c/ rhdr, (5)
0

where we have assumed that the meniscus shape has a negligible effect
on the volume due to the small aspect ratio (hy < L).

Since we consider here the equilibrium scenario where there is no
flow within the liquid volume, the pressure within the liquid p must
be uniform and equal to the pressure at the meniscus, py (given by
Equation (2)). Hence, Equation (4) can be rewritten as:

19/ dh 2y
() =T ©

subject to the boundary conditions arising from the imposed symmetry
atr = 0 and the meniscus position atr = ry (note that herery, = L since

we have assumed that the liquid perfectly wets the membrane):

@:O at r=0 and (7)
dr

h=hy at r=ry. (8)

The governing equation (6), along with the boundary conditions (7) and

(8), leads to the radial height profile given by

Y r2—r,%4 2
h:m< 5 +hM>. (9)

While all of these are interesting for understanding the contact

mechanics, perhaps the quantity most relevant to the present research
is the adhesive force F. We restrict ourselves to the “non-contacting”
scenario,®® where the membrane does not touch the substrate, that is,
there is always a thin liquid layer between the membrane and the sub-
strate. In such a case, following from Equation (3), the adhesive force
can be expressed as:

2
F = 2nyhﬂ s (10)
M

which indicates that the adhesive force scales with the square of the
contact radius but inversely with the liquid film thickness. In what fol-
lows, we use this result to rationalize our experimental findings and

discuss their implications.

RESULTS

By combining the tethered force measurements with the FTIR images,
the adhesive force and pad contact geometry were measured simul-
taneously for n = 63 Indian stick insects varying in body mass m from
4.9 to 1200 mg. The results are shown in Figure 3, with the power-law
fittings provided in Table 1.

For contact area A (Figure 3A), it was found to scale as m%77 (95%
Cl: [0.69, 0.85] and R? = 0.86), while adhesive force F (Figure 3B)
was found to scale as m%3% (95% Cl: [0.49, 0.60] and R? = 0.87). The
combination of these two scalings, via Equation (1), reflects what was
found for adhesive stress o (Figure 3C), which scaled as m=9-22 (95% Cl:
[-0.31, -0.13] and R? = 0.27). Therefore, the adhesive strength of the
pads decreased as the insects grew in size. Spearman’s rank correlation
indicated that stress ¢ and mass m were correlated with a decreasing
trend (p = —0.52 and p < 0.001). The contact perimeter P (Figure 3D)
was found to scale as m%41 (95% Cl: [0.35, 0.46] and RZ = 0.79).

Using the mathematical model (Equation (10)), the surface tensiony
of the adhesive liquid secretion was predicted (Figure 3E). The height
hy of the liquid layer was assumed to be 90 nm, as previously mea-
sured using interferometry.!? The predicted surface tension y ranged
between 0.68 and 12 mN m~1, This is lower than the surface tension for
oil-based liquids of approximately 20 mN m~1, which is the value typi-
cally assumed for the secreted liquid.3® 37 If we instead assume surface
tensiony = 20 mN m~1, then the predictions of liquid height hy, range
from 150 to 2600 nm, which are greater than those measured using
interferometry (90- 160 nm).%?

Figure 3F shows how sliding distance &, which is associated with the
shearing of the footpads, varies with body mass m. In the live insects,
we observed a similar relationship as was reported for the controlled,
single-pad measurements from Labonte et al.*® The sliding distance &
was relatively constant for small insects and then increased for larger
insects. Using Spearman’s rank correlation, we found that sliding dis-
tance 8 and mass m were correlated with an increasing trend (p = 0.52
and p < 0.001).

DISCUSSION

The adhesive pad area was previously measured for various animals
using microscopic images.3! For Indian stick insects, the area was found
to scale as m®79, following what is expected from isometry, with area
scaling as m2/3. The measurements reported here show a scaling rela-
tionship slightly higher than isometry, but with the lower bound of the
95% confidence interval overlapping with the previous pad area mea-
surements of Indian stick insects from Labonte et al.3! In addition to
quantifying contact area A, we measured the contact perimeter P of the
pads and found that the perimeter P ~ A1/2_ as expected from isometry.

Previous research investigated the scaling of Indian stick insect
adhesion by combining whole-insect experiments with a centrifuge
and single-pad measurements with a motorized stage and feedback
loop.*© In this previous work, it was found that the adhesive force F ~
m@6? (95% Cl: [0.59, 0.79]) in whole insects. For single pads, F ~ m°-34
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(95% Cl:[0.27, 0.40]) without shearing, F ~ m%71 (95% Cl:[0.61, 0.82])
with a shear force proportional to m?/3, and F ~ m%87 (95% ClI: [0.70,
1.03]) with a shear force proportional to m*. While the forces measured
here are similar to those reported for the centrifuge measurements
(see Figure 3B), the scaling with mass differs slightly, with a small
overlap of the 95% confidence intervals.

In our direct measurements, we observed that the adhesive stress o
decreased with body mass m, albeit with a poor goodness of fit (RZ =
0.27). Therefore, it is possible that ¢ is instead independent of body
mass m. According to Labonte et al.*?, if the stress o decreases with
mass m, or o ~ m~1/3 it would indicate that the insects are not shear-
ing their adhesive pads. However, as shown in Figures 2F,G and 3F, the
insect pads were observed to shear, with the sliding distance & vary-
ing between 0.24 and 8.4 mm, which is significantly higher than the
range of sliding distances reported for the single-pad measurements
in Ref. 40 (0-2 mm). Similarly, a previous study on beetles*! observed
greater sliding distances in live, freely climbing beetles when compared
to controlled single-pad experiments with simulated steps.*?

Previous mathematical models were proposed for capillary-based
adhesion. However, many of them do not account for the height hy
of the liquid film. For instance, the capillary adhesion model used to
predict the attachment performance of an array of small liquid bridges
inspired by a leaf beetle states that o ~ P~1,4% neglecting height alto-
gether. While we also found a decreasing trend in the adhesive stress
o versus the size, we do not find the same inverse scaling relation
between ¢ and the contact perimeter P. Another capillary adhesion
model, based on Hertz contact theory of elastic solids with attraction
effects via the extension by Johnson, Kendall, and Roberts (JKR the-
ory), predicts that F ~ R, where R, is the radius of curvature of the
adhesive pad.1? 44 For our measurements, we find that adhesive force
F does not seem to scale with pad radius (or AY/2). However, it remains
unknown whether the radius of curvature R, scales isometrically with
the body mass m.

For hairy adhesive pads with secreted liquid, like in the green dock
beetle (Gastrophysa viridula), the elastocapillary adhesion of individual
fibers was modeled using a similar capillary model as in Equation (10),
based on the capillary Laplace pressure.?® Using this model, the adhe-
sive force that each fiber generated was predicted and found to agree
with previous experiments on single fibers of the same species.38 4>

From our predictions, based on Equation (10), we find that if the lig-
uid height hy is constant, then the secreted adhesive liquid does not
require high surface tension in order to generate the observed adhe-
sive stress . An average surface tension of y = 2.7 mN m~1 was found
to be sufficient, given a liquid film height hy; = 90 nm. Therefore, it is
possible that stick insects prioritize the wettability of their secreted
adhesive liquid. Insect adhesive secretions exhibit low contact angles
on substrates, 17° on glass and 1.3° on hydrophobic polyimide.1?-4¢
Secreting a liquid with such a low surface tension may explain how
versatile insect adhesion is with respect to substrate properties. A
previous study with three stick insect species found that adhesive
force was not significantly affected by the surface free energy of the
substrate.” With low surface tension, the secreted liquid can easily flow

into the asperities on rough substrates in order to maximize contact
area. By using the capillary model proposed by Butler et al.*° (Equa-
tion (10)), engineers can make informed decisions on the development
of capillary-based adhesives, especially regarding the working liquid.

The elastocapillary adhesion model we used from Butler et al.30
assumes a static situation, where the pad is not sliding and the
secreted liquid is not flowing. We did observe significant sliding in
our experiments (see Figure 3F), so future work should be dedicated
to developing a dynamic model that includes the effects of shearing.
Previous work has shown that the adhesive force F is linearly propor-
tional to the shear force*®47; however, the mechanisms underlying
this linear relationship are still unknown. Therefore, shearing should
be accounted for in a more sophisticated model in order to determine
if the liquid height hy, is affected by the amount of shearing and how
this could relate to the size of the insect, especially since the sliding
distance & was observed to increase with mass m (Figure 3F) and the
secreted liquid is deposited onto the substrate during shearing (see
Figure 2F,G and Labonte et al.*?). Moreover, the inverse relationship
between the adhesive force F and the liquid height hy has been found
to not hold true when attaching to rough substrates.?348:4? There-
fore, further developments in mathematical modeling should also aim
to include the effects of substrate roughness on adhesion force.

Given the adhesive stresses observed here, we can estimate the
amount of adhesive surface area that would be required for biomimetic
adhesives. If a biomimetic, elastocapillary adhesive achieves the max-
imum stresses observed for the stick insects, o ~ 100 kPa, it can
support a kilogram of mass per cm? of adhesive area. This adhesive
stress is comparable to adhesive stresses observed for the capillary-
based gripper of Vogel and Steen*® with pore sizes between 1 and 10
wm, as well as those measured for various gecko-inspired adhesives
(i.e., mushroom-capped and microindented) that do not use liquids or
glues.>® Therefore, given the ability of capillary adhesives to conform
to rough substrates without the need for micro- and nano-scopic fibers
and their competitive adhesive stresses, they present a promising
option for future biomimetic adhesives. However, the material proper-
ties and microstructures, as well as the working liquid, are critical for
their performance, especially across a multitude of substrates. Addi-
tionally, environmental conditions, such as temperature and humidity,

need to be considered.
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