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ABSTRACT: Geckos have the extraordinary ability to adhere and move across varied
surfaces, while keeping their tiny high-aspect-ratio foot-hairs intact for thousands of
attachment—detachment cycles. Inspired by the dry adhesive structure of gecko sole,
various gecko-inspired artificial mimics have been developed, but many of them suffer
from premature failures and short fatigue life. Herein, we discover that individual gecko
seta is a functionally graded material. Its Young’s modulus gradually decreases from base
to tip, with up to 20 times of difference in magnitude. Finite element analysis indicates
that this gradient design is the key to make the natural setal stalks more flexible (critical
for producing large frictional adhesion on rough surfaces) and less stressed (critical for
achieving high fatigue resistance) during each attachment. Inspired by these findings, we
have fabricated poly(dimethylsiloxane) (PDMS)-based artificial gecko foot-hairs with a
gradient distribution of magnetic nanoparticles as the reinforcements, achieving similar
varying modulus/stiffness. The biomimetic hairs/pillars show enhanced fatigue

resistance compared to the uniform counterparts. This work opens a door in designing dry adhesives with both high adhesive

strength and long fatigue life.

KEYWORDS: gecko, gradient, durability, magnetic particle, adhesion mechanism

1. INTRODUCTION

Through millions of years of evolution, living organisms have
evolved a variety of intriguing structures with distinctive
properties, from which scientists learn to create novel material
systems with unprecedented functionalities and performance.
Some outstanding examples include, but not limit to, lotus
leaves," neépenthes alata,” mussel thread,’ spider silk,* Iadybird5
tree frog, 7 and gecko feet.®? Among them, geckos have
attracted a great deal of attention owing to their stron§
adhesion,” easy detachment,'® and self-cleaning properties."

Relying on these seemingly contradictory properties, geckos
can run on smooth or rough, dry or wet surfaces, while
retaining their adhesive performance for months between each
molting cycle.'”

It has been shown that van der Waals force alone is sufficient
to generate the level of adhesion measured at the animal scale,
on the basis of the setal/spatular density, toe pad area, and the
force generated by each individual spatulae.'’ Nevertheless,
humidity'* and surface wettability also play a significant role in
altering the adhesion via the water bridging effect and/or the
influence on the modulus of the keratinous setae.'>™"” Great
conformability or flexibility across multiple length scales is of
great importance for initiating a firm attachment by many
adhesive systems.'® This is especially true for sticking to
surfaces with unpredictable roughness, debris, and contami-
nants. Geckos and many insects (e.g., beetles and spiders) have
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adopted the “contact splitting” principle, using high-aspect-
ratio and relatively rigid fibrils for achieving reversible and
repeatable adhesion. In addition, directionality and anisotropy
play a critical role in facilitating easy detachment. Many
studies'”~** have been conducted to mimic the gecko adhesive
systems to achieve directional and switchable adhesion similar
to that of live geckos. Despite some synthetic dry adhesives
achieve 10 times adhesive strength than the gecko hairs,* the
artificial mimics still substantially lag behind the natural
counterpart in terms of durability and reusability. Further
understanding of the fundamental principles in gecko adhesive
systems, especially pertaining to longevity and fatigue
resistance is in high demand.

One of the phenomena, commonly observed across different
organisms, is the presence of functionally graded fibrils and
structures. It plays a critical role in strengthening the biological
structures and achieving multifunctionality.”® For instance, the
cacti Opuntia microdasys can survive in arid environment,
using multistructural spines featuring geometrical gradient and
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Figure 1. (a) Picture of a Tokay gecko sticking to an acrylic glass with the background showing the top part of a single seta; (b) confocal laser
microscope (CLSM) image of single gecko seta, showing an overlay image of three different autofluorescence of (c)—(e). The overall colors
become more intense from the base to the tip (i.e., from left to right in (b)), suggesting that there is an increasing amount of ff-keratin from the
base to the tips. Therefore, there is a gradient density distribution along the seta, consequently leading to gradient in mechanical properties. (c)—
(e) CLSM images of seta with single excitation wavelengths of 458, S61, and 633 nm, respectively.
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Figure 2. (a) Schematic of the AFM nanoindentation tests of single gecko seta at different setal stalk positions; (b) scanning electron microscopy
(SEM) image of the seta morphology and the AFM carbon probe used in the test; (c) calculated gradient distribution of the Young’s modulus of
the single seta based on the AFM force curve obtained at varied longitudinal positions; and (d) the raw data (i.e., force—separation curves) used in

().

roughness, to efficiently collect water from fog.27 In addition to
the structural gradient, chemical gradient coupled with laterally
graded physical properties was revealed in ladybird beetle
Coccinella septempunctata.” Tts adhesive tarsal setae show a
Young’s modulus ranging from 1.2 MPa at the tip to 6.8 GPa at
the base.

In the present work, we found that gecko setae are a
functionally graded material, in which the Young’s modulus
gradually decreases from setal base to setal tip over 20 times in
magnitude. We further showed through the finite element
analysis (FEA) simulation that the gradient along the setal
stalk significantly increases its contact compliance (critical for
producing large frictional adhesion on rough surfaces) and
reduces the stress concentration in the setal stalk (critical for
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achieving high fatigue resistance). The gradient modulus in
combination with the hierarchical toe pad structure allows the
gecko hairs to have both high adhesion and long fatigue life,
leading to geckos’ spectacular locomotion capabilities. Inspired
by the gradient setae, we developed a facile benchmark method
to fabricate functionally graded fibrillar adhesive arrays with
improved adhesive performance and fatigue resistance.

2. RESULTS AND DISCUSSION

2.1. Functionally Graded Setae. A gecko toe pad has
millions of small hairs named setae, and each seta further
branches into hundreds of smaller hairs named spatulae. Figure
1a shows the toe pad structure of a live Tokay gecko sticking to
an acrylic glass surface, with the spatulae as the background.
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The confocal laser microscope (CLSM) image in Figure 1b,
which is the combination of Figure lc—e, provides clear
evidence of the gradient distribution of elastic protein resilin
(f-keratin) aligned in the longitudinal direction of a single
seta.” In the middle of the seta, the material composition is
strongly dominated by resilin, whereas in the distal portion of
the seta (toward the right-hand side of each seta in Figure 1b—
e), other proteins exist, assuming a smooth transition from one
kind to the other. This effect is indicated by the dominant
green and red autofluorescence in these structures (Figure lc—
e).” It is hypothesized that the gradient distribution of different
proteins along the setae contributes to their robustness under
cyclic loadings, as will be discussed in later sections.

To quantitatively analyze the gradient distribution, we
harvested fresh setae from a live gecko, isolated single seta,
and immediately glued it tightly onto a piece of freshly cleaved
mica sheet. The Young’s modulus of the setae was measured
with an atomic force microscope (AFM), and the “nano-
indentation” procedure is depicted in Figure 2a. Equations 1
and Equations 1 (in Section 4) are adopted to calculate the
Young’s modulus. We have calibrated the modulus on a
standard material using the same tip. The moduli of dried and
fresh seta are almost identical (Figure S1). We chose different
positions along the longitudinal direction of the setal stalk to
obtain the force curves and then the Young’s modulus. The
color bar under the schematic shows a direct correlation of the
stiffness distribution along the sample. Force—separation
curves on different positions of the setal stalk are shown in
Figure 2¢,d. As shown in Figure 2d, the setal stalk exhibits a
distinct gradient distribution of Young’s modulus in the
longitudinal direction. This effect is reported for the first time
in the gecko adhesive system, though it has been demonstrated
previously that the gecko setae mainly consist of S-keratin.”® A
gecko seta is much stiffer and more rigid toward the proximal
position at the base (x = 65 um), whereas it is much softer
toward the distal region at the tip (x = 0 yum, close to spatulae
branches). The data points in Figure 2c highlight the smooth
transition of the stiffness in gecko setae, similar to that of C.
septempunctata but with different slope/curvature.5 The
Young’s modulus of the setal base (1725 MPa) measured
was nearly 20 times higher than that close to the tip (95 MPa).
We have avoided the measurement from the small roots
sticking out of the setal base, to exclude any complication from
the structural hierarchy. The adhesion/cohesion energy of the
single gecko setae on the surfaces was investigated using
surface force apparatus (Figure S2).

2.2. Gecko-Inspired Functionally Graded Dry Adhe-
sive Pillar Arrays. It is hypothesized that the excellent
adhesive performance and longevity of natural gecko setae
stem from their gradient modulus, which may be the missing
piece in many synthetic dry adhesive arrays to date. To
elucidate this effect and the underlying mechanism, we have
fabricated functionally graded artificial dry adhesive micropillar
arrays similar to gecko setae. The individual pillars are 10 um
in height and 10 ym in diameter. To obtain a gradient modulus
distribution in the “artificial gecko setae,” magnetic nano-
particles were incorporated into the poly(dimethylsiloxane)
(PDMS) pillar matrices. Strong magnetic fields were applied to
redistribute the evenly mixed nanoparticles in the matrices
before the PDMS hardened, creating gradient moduli along the
axial directions of each individual pillar.”” Figure 3a—c shows
the schematics of the fabrication process of the gradient
micropillar arrays. The individual magnetic nanoparticles have

(a) Silicon template (d)

Figure 3. Schematics of the magnetically controlled molding
processing: (a) the silicon template, (b) nanoparticle—PDMS mixture
(colored brown) cast into the template (colored transparent gray),
and (c) gradient PDMS-based pillar arrays obtained after demolding.
(d) Images of cured pattern and elemental mapping: (i) SEM image
of a single pillar; (ii) EDS images of the pillar, showing a gradient
distribution of the magnetic particles; (iv) iron particles distribute
gradient along the pillars, while the (ii) oxygen and (iii) silicon display
the uniform distribution, which results in functionally graded pillars.
The green, red, and blue dots represent silicon, oxygen, and iron
elements, respectively.

a relatively uniform size distribution with a diameter of roughly
200 nm (Figure S3). The scanning electron microscopy
(SEM) as well as energy-dispersive spectroscopy (EDS)
images of one row of pillars are shown in Figures S4 and S§,
respectively. Figure S6 shows the influence of magnetic field on
the Young’s modulus of the samples. The element mapping of
the pillars shows a uniform distribution of the oxygen and
silicon, but the iron element (corresponding to the Fe;O,
nanoparticles) displays a gradient distribution along the pillar
longitudinal axis. Notably, the gradient distribution of these
particles in the longitudinal direction leads to the gradient
distribution of Young’s modulus similar to the natural
functionally graded setae, without introducing any structural
hierarchy (e.g., from lamellae to setae, and to spatulae). We
have measured the Young’s modulus of a Fe;O, particle
uniformly distributed and gradient distributed in PDMS pillars
(Figure 4). Since the Fe;O, particles are much harder than the
PDMS, the gradient pillars are softer at the tip but stiffer at the
bottom like the natural setae. The EDS images of single pillar
in Figure 3d confirm the gradient distribution of iron oxide
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Figure 4. Young’s modulus in the longitudinal direction of gradient
and uniform PDMS with Fe;0, and pure PDMS pillar without Fe;O,
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Figure 5. (a) SEM image of the gecko lamellar skin. (b) Schematic of the bending/conforming mechanism of gecko setae and lamellae during
attachment. (c) Magnetically induced nanoparticle alignment. (d) SEM and EDS images of longitudinal cross-sectional area showing the particle
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and blue dots represent the silicon and iron elements, respectively. The inset arrows indicate the orientation of the applied external magnetic field.

(@
pressure
R RRAL O
glass
(c)
Cantilever
( | 4

) 4
- Single pillar

b
( )g 12 = Pur?
2 . O
£ 104
°
©
®
S 08
<
[
T 06
N
©
£ 04+
o
4
0.2
0 50 100 150 200 250 300
Repeating cycle
(d) 100
MMI.AA“AMMAAAAA“
L™
L LTTT] '0-.
80 . %0
° "
N ",
3 60 "
) »
=
S
&
W 40
=
& Pure R :
epeating cycle
204 , Uniform P g cy
A Gradient

0 500 1000 1500 2000 4000 6000 800010000

Figure 6. (a) Setup for measuring the macroscopic/device level (pillar arrays; 2 cm X 2 cm in size) shear adhesion of the biomimetic dry adhesives.
(b) Shear adhesion force of the pillar arrays in 300 repeated tests for the pure, uniform, and gradient PDMS-based pillar arrays (corresponding to
(a)). The uniform and gradient samples have the same doping ratio of Fe;O, nanoparticles. (c) Setup for measuring microscopic level (individual
pillar arrays; diameter of 10 ym and height of 10 ym) adhesion of the biomimetic dry adhesive pillars using AFM. (d) Adhesion durability tests on
single pillar with up to 10 000 cycles of attachment—detachment (corresponding to (c)).

particles. The EDS line mapping along the longitudinal
direction of single pillar has been performed with an
accumulation time of 130 s. The results reveal that the relative
intensity of the points on the top (0 ym), mid (S ym), and
bottom (10 ym) of a pillar has a ratio of 1:2:3. It is also worth
noting from the water contact angle measurement (Figure S7)
that the surface chemical composite was kept almost identical.

It is well known that gecko toe pads are multilevel structures,
consisting of lamellar skin at the macroscale, setal arrays at the
microscale, and spatulae brunching out from setal tips at the
nanoscale (Figure 5a,b). Figure S8 shows the schematic of the
deforming mechanism of the gecko setae. Besides the gecko
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setae and spatulae, lamellae offer additional levels of
conformability at the highest level, to cope with the roughness
of unpredictable daily surfaces. To imitate this hierarchical
design, researchers have fabricated mushroom-shaped pillars
on discretely supported thin films such that the deformation of
the contact elements can be partially transferred to and
absorbed by the noncontinuous base.*

Herein, we manipulated the magnetic particles by the
external magnetic field to make additional levels of anisotropy
and conformability in individual pillars. Specifically, as shown
in Figure Sc, controlling the direction of the external magnetic
field can feasibly change the particle aggregation orientation.
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gradient pillars for each specific gradient ratio, respectively.

The nanoparticles tend to aggregate along the magnetic
induction line, evident by the SEM images and the iron
element signal images in Figure 5d,e. We have fabricated the
base layer of the dry adhesive surfaces with gecko lamella-like
structures. The base layers were fabricated under: (1) vertical
magnetic field and (2) a field with ~20° of tilt. SEM and EDS
images in Figure 5d show a homogeneous distribution of Si,
while the nanoparticles obviously orientated along the
magnetic field induction direction, giving the base layers not
only a rigid skeleton but also good conformability along the
vertical direction compared to a uniformly distributed
composite substrate. When the tilted distribution of nano-
particles or anisotropy is introduced, under normal engage-
ment in the out-of-plane direction, the substrate can undergo
larger deformation (less stress concentration) to absorb/
alleviate more compressive loadings and energy than the one
with 0° of tilt. It is expected that this effect will significantly
improve the adhesion strength on rough surfaces and reduce
adhesive damage.

As mentioned above, we have fabricated the gecko-inspired
surface with gradient micropillars. The functionally graded
pillars and lamella-like base have been confirmed by the EDS
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analysis. We tested our gradient patterns using a conventional
method,*" as illustrated in Figure 6a. In the test, a moderate
preloading pressure of 0.25 N/cm” was applied to the gradient
patterns on a glass surface, to avoid plastic deformation (Figure
S9). The shear loading was then applied to the gradient
patterns and gradually increased until sliding occurred. Figure
6b shows the shear adhesion against the loading cycles for the
pillar arrays (Figure 6a). Interestingly, the uniformly
distributed pattern showed the highest shear adhesion among
all of the patterns at the initial stage but dropped significantly
in only 50 cycles and then leveled off. The shear adhesion of
pure PDMS sample also dropped by a large extent after 100
cycles. Among these samples, the gradient pattern exhibits the
highest performance in terms of durability. We further
implemented a durability test on a single pillar with a SiO,
particle modified AFM tip. The contacts (attachment and
detachment) between the pillar top surface and the SiO,
particle were imposed repeatedly, as schematically shown in
Figure 6¢c. We have tested 10000 cycles of attachment—
detachment for the single-pillar arrays (Figure 6d). It is evident
that the single pillar with gradient distribution can maintain the
highest original adhesion force after several experiments.
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Figure 7 shows the adhesion test of the pillar arrays and
SEM images of the uniform sample after 300 cycles. The
results (Figure 7a) show that the pure PDMS patterns are less
durable than the gradient and uniform ones. This is consistent
with our previous works.””*® The Fe;O,-doped composite
pillars (i.e., 2 wt %) with lower stiffness at pillar tip had a
higher adhesion strength. The shear adhesive force of the
gradient pillars was slightly lower than that of the uniform ones
presumably due to the magnetic redistribution process of the
magnetic particles. However, after 300 loading cycles, the
gradient pillar arrays kept up to 90.7% of initial adhesion while
the uniform and pure PDMS pillar arrays only maintained 74
and 57% of the initial adhesion forces, respectively (Figure
6a,b). In the single-pillar test, the gradient pillar maintained
91% of its initial adhesion after 10 000 cycles of attachment—
detachment, while the uniform distributed pillars and pure
PDMS pillars only maintained 80.1 and 60.2% of initial
adhesion forces, respectively (Figure 6c,d). Besides, the
gradient pillar shows intact SEM images, as shown in Figure
7b, while the uniform pillar shows break at the edges.

2.3. Finite Element Analysis of Gradient vs Uniform
Micropillars. To gain an insight into the mechanism of the
robustness and longevity of the adhesive fibrils featuring
functional gradient, finite element analysis (FEA) simulations
were conducted to calculate the stress and deformation of
pillars under each loading cycle. As shown in Figure 8a, the
gradient pillars (with identical dimensions and geometries) are
modeled as a solid cylindrical cantilever beam with length 100
pm and diameter 8 um. A cantilever beam with uniform
Young’s modulus and geometrically identical to the gradient
one is also generated for comparison. The beams are mashed
into 20 regions longitudinally and then assigned with gradient
Young’s modulus ranging from 100 to 5000 MPa and a
Poisson’s ratio of 0.5. Here, we define a parameter, gradient
ratio, i.e., the ratio between the modulus of the fixed end and
that of the free end of the cantilever beam, as a measure of the
degree of gradient. For instance, when the gradient ratio is 20,
the modulus of the gradient beam decreases linearly from 2000
to 100 MPa, from the fix end to the free end longitudinally
(Figure 8c).

Figure 8b,d shows the von Mises stress concentration
distribution and the maximum stress and tip displacement as a
function of the gradient ratio, respectively. The maximum von
Mises stress in the beam and the maximum displacement at the
free end are normalized by the corresponding values of beams
with identical dimension/geometry but with “uniform”
modulus under the same shear loading. The modulus of the
uniform beam used to normalize the data (i.e., maximum stress
and free-end deflection) is set to be the average modulus of the
gradient beam. For instance, when the gradient ratio is 20, the
modulus of the gradient beam decreases linearly from 2000 to
100 MPa, from the fix to the free ends longitudinally, while the
uniform beam used for normalizing this data point is set to be
(100 + 2000) + 2 = 1050 MPa. As shown in Figure 8d, as the
gradient ratio increases, the normalized maximum stress
decreases first and keeps at a constant value (slightly above
0.5), while the normalized free-end deflection is increased two
times (from 1 to slightly above 2). Thus, functionally graded
beams are more compliant (i.e, higher shear-induced
deflection) and have much lower stress concentrations than
the uniform ones under the same shear loadings. With these
attributes, functionally graded beams will perform better on
rough surfaces and are more durable under cyclic shear
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loadings than the uniform counterparts. Although there is no
direct evidence showing that the gradient significantly
improves the life cycles and makes the setae more durable
(because there is no uniform natural seta), it has been shown
experimentally that functionally graded cellular pillars have
high fatigue strength and energy adsorption, which is superior
to the uniform structures.’*

Specifically, the higher the shear-induced deflection, the
larger the real contact area will be generated between the tip
free end and the opposing surface. This will result in higher
levels of frictional adhesion,™ especially for rough surfaces.
Data shown in Figure 8d indicate that the gradient beam will
perform better than their uniform counterparts in terms of
both adhesion strength and longevity under cyclic shear
loadings. When same levels of shear/frictional forces are
applied by the “load and drag” procedure in each engagement
loading cycle, the maximum stress (or stress concentration)
developed in the gradient pillar is much lower than that of the
uniform counterparts (~50%), while the deflection on the tip/
free end of the gradient pillar is increased to more than two
times. The lower stress of the gradient pillar would significantly
contribute to its high fatigue life. Thus, variation in the
mechanical properties of seta enhances contact compliance (on
top of the geometric/structural hierarchy, e.g,, from lamellae to
setae and to spatulae), while retaining great robustness against
bending-induced fracture. This phenomenon serves as an
intriguing inspiration to increase the longevity of synthetic
high-aspect-ratio fibrils that are constantly under cyclic and
dynamic loadings. Hence, the gradient modulus is hypothe-
sized to be the key factor for achieving robust adhesion and
high fatigue resistance, seen in the gradient gecko setal stalks
and the synthesized artificial nanocomposite mimics (i.e.,
Fe,0,/PDMS). Other factors, e.g., crack-resisting mechanism
due to the mismatch at the reinforcements and matrix
interfaces may also contribute to the longevity of heteroge-
neous micro-/nanopillars/fibrils, which will be investigated in
future studies.

Notably, geckos use a load and drag procedure to engage the
strong “frictional adhesion.” The larger the setal stalk deflects
at the tips/free end, the more real contact area it can generate
between the spatula branches and the opposing surface. With
the gradient modulus, if same levels of deflection are induced
on the free end, stresses developed at the setal base are much
lower than that of hypothetically uniform gradient stalks,
making each seta extremely robust and sturdy.

Density functional theory (DFT) simulations have been
implemented to further analyze the molecular mechanisms
between the PDMS matrices and the gradient distributed
Fe;0, nanoreinforcements. The molecular structure of the
PDMS matrix is modeled by the dimethyl siloxane polymerase
chain, as shown in Figure 9a, while the structures of gradient
PDMS pillars are modeled by the dimethyl siloxane polymer-
ase chain jointed with Fe**, Fe’* ions, and with both Fe’* and
Fe*, as shown in Figure 9b—d, respectively. Formation
energies of these four structures shown in Figure 9a—d are
—3.24, —7.37, —11.27, and —16.37 eV, which indicate the
increasing stability from nonjointed structure to single- and to
dual-jointed Fe;O,-containing PDMS. These results indicate
that as the concentration of Fe;O, in individual PDMS pillars
is increased from the tip to the base, increasingly more PDMS
molecules tend to bond with Fe*" and Fe®" via divalent iron
cation, making the pillar stronger and stiffer from the tip to the
base. As discussed above, this changing in mechanical/material
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Figure 9. (a) Dimethyl siloxane polymerase chain, (b) two dimethyl
siloxane polymerase chain jointed with one Fe**, (c) three dimethyl
siloxane polymerase chains jointed with one Fe, (d) dimethyl
siloxane polymerase chain jointed with one Fe** and one Fe’*. The
purple, red, yellow, gray, and black balls represent Si, O, Fe, C, and H
atoms, respectively.

properties greatly contributes to the robustness and fatigue
resistance of the gradient synthetic adhesive pillars seen in the
adhesion durability tests.

3. CONCLUSIONS

To the best of our knowledge, the present work reveals for the
first time that individual gecko setal stalk has optimized
modulus gradient for achieving robust adhesion with great
durability and reusability. This natural design enables the
elastic hairs to be both flexible toward the tips (critical to
initiate strong frictional adhesion) and rigid at the base (key to
achieve high fatigue resistance). The AFM tests show that the
Young’s modulus of a single setal stalk gradually reduces from
the base to the tip by nearly 20 times in magnitude. We have
fabricated biomimetic dry adhesives of gradient micropillar
arrays through a facile method, by incorporating gradient
distributed magnetic nanoparticles. The artificial gradient
adhesives inspired by the natural setae were tested and
characterized on both the macroscopic level (pillar arrays) and
the microscopic level (single pillar). The results on the shear
adhesion force (i.e., the pillar arrays) demonstrate that the
gradient pillar adhesives are significantly more durable than the
pure PDMS and the uniformly distributed pillar arrays. The
adhesion forces of three different samples (i.e., individual
pillars which are pure, uniform, and gradient) were measured
with an AFM probe. At this microscopic level (ie., single
pillar), the gradient samples are demonstrated to be more
durable than the pure PDMS pillars, but its cyclic adhesive
performance is comparable to the uniformly distributed pillars.
FEA simulation reveals that variation in the mechanical
properties of natural setae and gradient micropillars is the
key to enhance contact compliance (on top of the geometric/
structural hierarchy, e.g, from lamellae to setae, and to
spatulae), while retaining great robustness against bending-
induced fracture and failure. This phenomenon serves as an
intriguing inspiration to increase the longevity of synthetic
high-aspect-ratio fibrils that are constantly under cyclic and
dynamic loadings. This work paves the way for fabricating
gecko-inspired dry adhesive arrays with extraordinary adhesive
performance and longevity.
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4. EXPERIMENTAL SECTION

4.1. Confocal Laser Scanning Microscopy (CLSM) Imaging.
Freshly harvested gecko setae were transferred to glycerine (Z99.5%,
free of water, two times distilled, Carl Roth GmbH & Co. KG) and
mounted using high-precision coverslips. Then, the autofluorescence
of gecko setae was analyzed using the confocal laser scanning
microscope TCS SP8 (Leica, Germany) equipped with an inverted
microscope and two solid-state lasers (wavelengths: 561 and 633 nm)
and an argon laser (wavelengths: 458, 488, and 514 nm). For the
visualization, a 40X objective lens (HCX PL APO CS 40X 1.30 OIL,
506358, Leica, Germany) was used.

4.2. Preparation of Single Gecko Setae. Setal arrays (dead skin
of gecko) were collected from Tokay geckos and immediately stored
in a sealed container to prevent contamination from dust and
moisture. Fresh mica sheets were cleaved and glued on the top of a
glass substrate under UV curing glue and ready for use. First,
individual setae were isolated from setal arrays with micromanipulator
installed inside the atomic force microscope (Scan-Icon AFM, Bruker
Co., Inc.) with a tipless cantilever (ACTA-TL-50, AppNano) and
glued onto the cylindrically curved surface of a silica disk with
cyanoacrylate adhesive (Loctite 410, Henkel Loctite Corp., Rocky
Hill, CT), with spatula facing up and mounted as the substrate surface
in the surface forces apparatus (SFA) (SFA 2000, SurForce LLC,
Santa Barbara, CA), 3.8 N/m. All of the process was operated in a
clean room to prevent the contamination of the freshly cleaved mica
surfaces. The glued setae were cured for 24 h in the SFA chamber
before the tests.

4.3. Fabrication of PDMS Samples. First of all, silicon wafer
with patterned holes was fabricated through a conventional
photolithography process. Then, a mixture (10:1 base monomer-to-
cross-linker ratio) of PDMS resin and magnetic nanoparticles was
poured into the silicon mold for a specific amount to achieve certain
desired thickness. Then, after degassing in a vacuum dryer for 10 min,
the PDMS was cured in a lab-made large oven at 60 °C for 24 h and
finally peeled off carefully. A magnetic field (VSM Model 8600,
Lakeshore, OH) was applied (between —10 and 20 kOe at 20 °C) to
redistribute the magnetic particles while curing to concentrate more
toward the base of the pillars so that setae-like gradient pillars could
be formed before curing and peeling off. The ultimate tensile
strengths of pure and uniform PDMS is 846.849 and 1669.978 kPa,
respectively, and the moduli of pure PDMS, uniform PDMS with
Fe;0,, and gradient PDMS with Fe;O, are 949, 1248, and 980—2583
kPa, respectively (Figure 4). The diameter of the Fe;O, particle is
around 20 nm average

4.4, Measuring Adhesion and Cohesion Energies. The
adhesion/cohesion energy of the single gecko setae on the surfaces
was investigated in surface force apparatus (SFA). One molecular-
smooth freshly cleaved back-silvered mica sheet was glued on
cylindrical glass disks with a radius of curvature of around 2 cm, which
was used as a hydrophilic substrate. Another freshly cleaved mica
surface was then treated with molecular vapor deposition (MVD) of
heptadecafluro-1H, 1H, 2H, 2H-hydradecyltrichlorosilane (FDTS)
using the MVD system (Applied MST, San Jose, CA) and used as
hydrophobic surfaces. The contact angles of pristine mica and the
FDTS-treaded one were measured as <10 and 140°, respectivelzr.
Detailed operation principles of the SEA were discussed elsewhere.”®
Briefly, surface separation can be measured down to 0.1 nm by
employing an optical multiple beam interference technique. During
the loading process, the setae at the terminal part of the seta was
controlled to approach, make contact, and retreat at a controlled
pulloff speed in the range of 1—100 nm/s. The temperature was
controlled at 23 + 1 °C, and the environment humidity was kept at
33% in all of the tests.

The Young’s modulus was calculated based on our experiment
results through a traditional hertz model between a spherical indenter
and an elastic half-space by

B EF(I — nu®)
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where E is the Young’s modulus, F is the force, nu denotes Poisson’s
ratio, R represents the radius of the indenter, and d is the indentation
depth. The Young’s modulus is also calculated by

_1- ”2(

2RC, )
where constants C;, C,, and C; have values of 0.549 N, 0.07516 N,
and 0.025 mm, respectively; R is the radius of the durometer’s
indenter (R = 0.395 mm); u is Poisson’s ratio (known as 0.50); and
Shy is the material inner value.

4.5. Finite Element Analysis of Uniform/Gradient Pillars.
Abaqus (version 6.11) was used to make finite element analysis of the
mechanical behavior of setae and uniform/gradient pillars under shear
loadings. The uniform setal stalk has the size of 8 ym in diameter and
100 pm in length (Figure SSa) and the Young’s modulus and
Poisson’s ratio are 100—S000 MPa and 0.5, respectively. The
“gradient” setal stalk has the same size as the uniform one, and its
modulus linearly increases from 100 MPa at the tip to a certain value
(100—5000 MPa) at the root such that its average modulus is the
same as the uniform one. The root of seta is fixed while the tip is
imposed to a force in the direction perpendicular to its axis.

C, + C,Sh
E(N/mmz) 1+ 2 A]

100 — Sh,
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