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ABSTRACT: Gecko relies on van der Waals forces to cling onto surfaces with a variety of
topography and composition. The hierarchical fibrillar structures on their climbing feet, ranging
from meso-scale to nano-scale, are hypothesized to be key elements for the animal to conquer
both smooth and rough surfaces. An epoxy-based artificial hierarchical fibrillar adhesive was
prepared to study the influence of the hierarchical structures on the properties of a dry adhesive.
The presented experiments highlight the advantages of a hierarchical structure despite a
reduction of overall density and aspect ratio of nano-fibrils. In contrast to an adhesive containing
only nanometer-size fibrils, the hierarchical fibrillar adhesives exhibited a higher adhesion force

and better compliancy when tested on an identical substrate.

1. Introduction

The mystery of gecko’s amazing ability to climb a variety of surfaces has been resolved in the
last decade. This ability has been attributed to the hierarchical fibrillar structures on the gecko’s
feet 2. These fibrils, ranging from micro-scale to nano-scale dimensions, are arranged within the
gecko’s feet in the shape of branches from a tree . Millions of nano-fibrils, which extend from
the top surfaces of micro-fibrils, interact with the climbing surfaces through van der Waals
forces. Numerous molecular attractive forces collectively constitute a large enough gripping
force for the gecko to defy gravity. Many attempts have been made to prepare artificial fibrillar
adhesives that mimic the structure of gecko’s feet. In early attempts, adhesives composed by
only arrays of micro- or nano-fibrils were prepared using various materials and studied for their
adhesion properties *'°. Adhesion of these adhesives can be as good as or superior to geckos’

when they are tested against very flat surfaces, such as glass slides and silicon wafers. These



adhesives containing only one size of fibrils have now probably reached their best possible

performance, which has been achieved by reducing fibril size !!, increasing fibril aspect ratio '2

and changing material composition '°.

Adhesives containing fibrils of different sizes appear to be another route to improve their
adhesion performance. In an early attempt, one type of hierarchical fibrillar adhesive was
prepared with a relatively simple shape that subsequently reduced the surface area of contact;
adhesion performance was, therefore, worse than for a non-hierarchical structure '*. Later,
hierarchical fibrillar adhesives were prepared that had further variations in shape and size in

attempts to mimic the geometry of the gecko’s adhesive. Mushroom cap shape fibrils '°, tilted
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fibrils with high aspect ratios '¢, reduced diameter fibrils '7, and the used of inorganic and
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coating materials were each explored as alternative methods and materials for hierarchical

adhesives. Most of these researches primarily focused on studying the adhesion response of these
materials and structures under an applied shear, or in other words through a measure of the

frictional force!®!®. It should, however, be noted that conditions of a high friction force typically
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result in irreversible fibril damage , which is unfavorable to most applications for which dry
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adhesives seem to be the most suitable, such as pick-and-place automation °, microchip
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handling ** and design of climbing robots . In one type of hierarchical adhesive, a
demonstrated advantage of having hierarchical structures is the ability to adapt to an increased
surface roughness of the test substrate '°. Based on the size of the fibrils, this increase in friction
might indicate that the nano-fibrils induce mechanical interlocking on the rougher surfaces in
addition to an increased van der Waals interaction. Another type of hierarchical adhesive, which
were characterized for their pull-off force instead of their frictional force, did not yet show any
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improvement when compared to adhesives that only contain nano-fibrils “°. Some other



hierarchical dry adhesives, which contain larger fibrils that are sandwiched by thin sheets of
polymer, are not suitable for a direct comparison to those hierarchical structures having separate
micro-fibrils since they have a radically different geometry 426,

Two previously reported studies are particularly relevant to the work presented here with
implications to both the preparation and testing of gecko-inspired adhesives. Mohrig et al. used a
three-dimensional (3D) laser photolithography method to prepare hierarchical fibrils with control
over their aspect ratio, cap shape, density and tilt angle with respect to the substrate 2’. The
adhesion force of these fibrils was measured using an atomic force microscope (AFM) and a
colloidal probe, which combines a flat cantilever with an attached borosilicate sphere that was
brought into contact with the array of fibrils. The sphere diameter (~20 um) was much larger
than the diameter of both the nano-fibrils and micro-fibrils. The use of the AFM enabled a
correlation between adhesion forces and the physical topography of the hierarchical structures.
The adhesion force and topography were represented in two-dimensional plots, which were
referred to as adhesion force map and height map. Correlations between the two maps could be
determined by matching pixels located at the same coordinate in the adhesion force and height
maps. Although the conclusion of this study was that their hierarchical fibrillar adhesive did not
demonstrate an improvement of the adhesion properties over those for nano-fibrillar adhesives 7,
the massive amount of data acquired on the adhesion response with changing preload provided
further insight into the properties of the adhesive. Large standard deviation in the measured
adhesion for the hierarchical structure indicated the structure introduce more uncertainty than in
the measurements for a single level adhesive. The mushroom cap structure did, however, show a

positive effect on the adhesion.



In a second study that is also very relevant to our own studies, Lee et al. used a soft material to
demonstrate an enhancement of adhesion in hierarchical fibrillar adhesives 2®. The shape of the
fibrils in their hierarchical adhesives was much closer to that in a gecko adhesive than those
analyzed in the study described above ?’. Using an AFM with a colloidal probe, the measured
adhesion force of the soft hierarchical adhesive was twice as high as that for a single level
fibrillar adhesive with an aspect ratio of 5:1, length:diameter. Analysis of the frictional force
response versus preloading force was performed in this study, but the results were not relevant to
structure compliancy.

These previous studies also demonstrated a few limitations. First, the preparation of
hierarchical fibrillar adhesives was generally expensive due to the required instrumentation
and/or customized materials. Second, most of these studies demonstrated no improvement on the
pull-up force in comparison to that for single level adhesives. Third, very few studies
investigated normal adhesion. Finally, characterization methods provided limited information on
compliancy enhancement from the hierarchical structure.

In this article, a low cost and high yield method to prepare hierarchical fibrillar adhesives is
introduced and characterized. Importantly, this hierarchical adhesive demonstrated enhanced
normal adhesion forces comparing to the adhesive only containing nano-fibrils. Correlation
between structural compliancy and adhesion enhancement is discussed. The successful
fabrication of such hierarchical adhesive can potentially find use in applications requiring large

scale reusable adhesives such as pick and place tools '® and climbing robots 21237,

2. Sample Preparation and Evaluation Method

2.1. Preparation of hierarchical fibrillar arrays



The hierarchical fibrillar arrays were prepared using epoxy (TC-1622, BJB enterprise). An
overview of the procedures used in the preparation of the hierarchical fibrillar arrays is illustrated
in Figure 1. First, microscale fibrillar arrays were fabricated using photolithography. Circular
micro-fibrils with a diameter of ~10 um were fabricated using SU-8 (diluted from SU-8 2050,
solid contents 58%, MicroChem) on a polished silicon wafer substrate. The micro-fibrils were
arranged in arrays upon the silicon wafer. Spaces in between the micro-fibrils were 5 um, and
the micro-fibrils were ~20 pm in height. Selection of micro-fibril geometry was based on the
result of a previous work on optimizing polymeric micro-fibrillar adhesives 2’. The micro-fibrils
supported on a silicon wafer were subsequently placed into a desiccator for coating with a
release layer. A scintillation vial cap containing 30 pL of a mold release agent (1H, 1H, 2H, 2H
— perfluorodecyldimethylchlorosilane, Alfa Aesar, >90%) was placed beside the silicon wafer
overnight in the desiccator while vacuum was applied to the chamber. The wafer was
subsequently examined for its hydrophobicity by measuring static water contact angles. The
silicon wafer originally had a static water contact angle of ~20 degrees. The static water contact
angle increased to ~90 degrees after deposition of the silane coating. The silane coated micro-
fibrils and silicon wafer were immersed in a precursor to polydimethylsiloxane (PDMS, Sylgard
184, Dow Corning) as depicted in Figure la. The PDMS negative mold containing arrays of
micro-holes was separated from the SU-8 micro-fibrils after completely curing the polymer for
24 h at room temperature. An epoxy precursor was mixed from its two components and poured
onto the PDMS negative mold with an excess amount of epoxy precursor to form the substrate
that would connect all of the micro-fibrils (Figure 1b). To improve the filling of the recesses
within the mold, the PDMS mold with liquid epoxy precursor applied to its surfaces were placed

in a vacuum chamber for 20 min to remove gases trapped in these recesses. The array of epoxy



based micro-fibrils were cured over 24 h at room temperature and removed from the PDMS
mold as a single piece (connected to a single substrate of cured epoxy) for further attachment of

arrays of nano-pillars (Figure 1c).

a) PDMS
Epoxy
b)
%) Epoxy
Epoxy
d)
e)
Epoxy

Figure 1. Schematic procedure for the preparation of the hierarchical nanostructured adhesives. a)
A liquid PDMS precursor was poured over arrays of circular micrometer-size pillars, which were
fabricated from SU-8 using photolithographic techniques; b) a liquid epoxy precursor was

poured into the circular micrometer-size holes in the PDMS mold prepared following demolding
in the previous step; ¢) the epoxy was cured and separated from the PDMS mold; d) the arrays of
epoxy micro-pillars were brought into contact with a PDMS mold containing arrays of nano-

holes prefilled with a liquid epoxy; and e) epoxy in the arrays of nano-holes was cured and the



entire piece of epoxy peeled from the PDMS mold. Schematics are meant for represenation of

fabrication procedrues only.

Preparation of arrays of nano-holes in PDMS was introduced in a previous paper *2, which
enabled a broader material choice for preparing arrays of nano-fibrillar structures using arrays of
nano-holes in PDMS. To attach the epoxy based nano-fibrils onto the ends of the micro-fibrils,
freshly mixed epoxy precursor was poured on top of the array of nano-holes in PDMS, and
excess liquid precursor was removed from these surfaces. The previously prepared piece of
epoxy containing the arrays of micro-fibrils was immediately placed on top of these arrays of
nano-holes, with the ends of each of the micro-fibrils in contact with the uncured interface of
epoxy precursor within the arrays of nano-holes (Figure 1d). This stack of epoxy precursor and
PDMS mold were sandwiched by two 1 mm thick glass slides and held in place using binder
clips. The entire assembly was placed upon a flat surface to cure the epoxy over 24 h at room
temperature. The hierarchical fibrillar structure of epoxy (Figure le) was removed from the
PDMS mold containing the arrays of nano-holes. Scanning electron microscopes (SEM, Explorer
and Helios, FEI) were used to examine the appearance of these hierarchical structures. The nano-
fibrils were ~200 nm in diameter and ~0.8 pum in height. A higher magnification SEM image can
be found in the supporting information document, for dimension estimation of the nano-fibrils.

2.2. Evaluation of adhesion properties in hierarchical fibrillar adhesives

The adhesion force and uniformity of the hierarchical structure was examined using an atomic
force microscope (AFM, MFP-3D-SA, Asylum Research) with a customized script written (with
assistance from Jason Bemis, Asylum Research, Santa Barbara, CA) for moving the AFM probe

in specific directions. AFM cantilevers without sharp tips (specifically cantilever “A” in HQ:



NSC36/TIPLESS/CR-AU, MIKROMASCH) were used in the measurements. The cantilever was
110 um long and 32.5 um wide and its end had a triangular shape whose height was 18 um (see
Supporting Information document). The spring constant of the cantilever was calibrated every
time the cantilever was loaded into the AFM system for a new set of measurements. The spring
constant of cantilever “A” was ~1.7 N/m. There were two types of movements that the cantilever
used to locate the area of interest and to measure the adhesion forces between the two contacting
materials. The first type of cantilever movement is called a Push-Pull (PP) method, which lowers
(or pushes) the cantilever vertically towards the surfaces of an adhesive until reaching a certain
preload force, and subsequently the cantilever is vertically pulled up from these surfaces until the
cantilever is completely separated from the fibrillar surfaces. The second type of cantilever
movement is called the Load-Drag-Pull (LDP) method, which has an extra movement in between
the “push” and “pull” movements of the cantilever. The additional movement in this method
consists of a horizontal displacement of the cantilever with respect to the array of fibrillar
structures. The differences between these two types of cantilever movements are described in
further detail in our previous work 332, In this article, the PP method was used to locate the area
of interest and the LDP method was used to measure the adhesion forces of the fibrillar arrays.
The preload force was set to 100 nN. The contact area between the flat cantilever and the fibrillar
sample is estimated to be ~0.401 pm?. Estimation of the contact area is detailed in the supporting
information document.

A force map and height map were obtained using the automatic script running with the AFM.
The force map correlated the planar location in both X and Y directions. For example, measuring

an area of 20 x 20 um? with 400 individual measurements were executed using the following

procedures: the AFM cantilever first finished one measurement, moved 1 pum in the X-direction



(horizontal direction in the force map; moving from left to right) and performed another
measurement. These procedures were repeated 20 times in the X-direction, which constructed
one row of the force map. The cantilever subsequently moved 1 pum in the Y-direction (vertical
direction in the force map) and continued the measurements for another row data points
comprising the force map. Therefore, in each force map 400 individual measurements were
performed, which were represented in a grey scale map as an array of 20 x 20 small squares. The
height map represented the distance the cantilever moved toward the substrate, instead of the
adhesion force in the force map, during each measurement to maintain the same preload force.
The adhesion force and height information were simultaneously recorded in each measurement.

2.3. Statistical analysis of experimental results

Since 400 individual measurements were acquired for each sample, a statistical analysis was
required to evaluate the adhesion properties of the hierarchical structure. Histograms of the
measurements on different samples were plotted in order to better visualize trends in the main
population and its distribution. Mean values were calculated as a further indicator of the trends in
the main population. Friedman test, a non-parametric ANOVA method specifically for data of
non-Gaussian distribution, was performed to detect differences between the series of data

collected for each experiment.

3. Results and Discussion

Preparation of samples investigated in this work made use of a molding technique reported in
our previous work 32, which enabled the selection of different materials for preparing arrays of
nano-pillars. This method was extended to the fabrication of micrometer-size arrays of fibrils for

the formation of a hierarchical fibrillar structure. Combination of the two levels of fibrillar arrays
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was achieved by adapting the dip and transfer method reported in the literature !5 3334,

Advantage of using the dip and transfer method is that the excess liquid polymer can form a thin
film in the shape of a mushroom cap at the interface between the scale levels of structures.
Figure 2a depicts the mushroom shape of the micrometer-size fibrils arranged in an array upon a
substrate. The transferred thin film, which has a diameter slightly larger than the supporting
fibril, contains arrays of low aspect ratio nano-fibrils. Figure 2b shows a magnified view of this
thin film. Both SEM images were taken at a 45-degree stage tilt, which enables the observation
of the micro-fibril underneath the thin film cap. Figure 2c is a schematic of a 3D representation
of the fibrillar adhesives. The close packing fibrils have their rim of the mushroom caps touching
with each other. From examination of the spaces between the micro-fibrils, it was determined
that the radius of the mushroom shape thin film was ~2 pum wider than the supporting fibril.
Instead of dipping the arrays of micro-fibrils into freshly prepared precursor to the epoxy by the
dip and transfer method, epoxy was poured onto the PDMS mold containing arrays of nano-holes
and the excess amount of epoxy was scraped off from the mold. This scraping step created a very
thin film of excess epoxy, which enabled the micro-fibrils to remain separate in the final
hierarchical structure. This thin film of mushroom cap decreased the empty spaces due to the
design of individual micro-fibrils, which intended to provide extra flexibility and compliancy of
the entire structure. The mushroom cap itself is thin and flexible, being able to withstand and
comply with compression preloads, and stretch to provide extra energy for detaching the fibrillar
adhesive and the contact surfaces. Although the observable area containing nano-fibrils was
reduced due to the vacancies in between each micro-fibril, the thin film or mushroom cap shaped
array of micro-fibrils provided improved flexibility and compliancy towards the contacting

surfaces. The spaces in between the micro-fibrils provided enough room to sufficiently comply
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with rough surfaces and potentially to improve the adhesion performance of the dry adhesive.
Neighboring micro-fibrils are seen to be connected by the excess epoxy thin layer. This thin
layer is expected to confine the lateral movement of the micro-fibrils, but not as severe as
unmovable. Instead, this close packed arrangement of micro-fibrils provide support for the entire
structure to resist high compression preloads without damaging individual micro-fibrils. A detail
discussion about the flexibility of the micro-fibrils, which proved to have enhanced compliancy

towards different compression preloads, is presented in subsequent paragraph.
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Figure 2. The hierarchical fibrillar structure examined using scanning electron microscopy
(SEM) and the arrays of micro-posts examined using optical microscopy. a) Arrays of
hierarchical epoxy fibrils with a mushroom cap like thin film of nano-fibrils supported on the

ends of each micro-post. b) Magnified SEM image corresponding to the dashed box annotated in
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(a). ¢) Schematics of the arrays of hierarchical micro-fibrils, with dimension noted. Both a) and b)

were obtained by SEM at a 45 degree stage tilt.

To assess the adhesion properties of the hierarchical fibrillar structure, we adapted a technique
3031 that used an atomic force microscope to characterize surface uniformity and correlate
physical locations in the sample with the measured adhesion force between the sample and a flat
silicon nitride cantilever. Figure 3 depicts a typical set of measurements obtained from the
hierarchical fibrillar structures using the PP method. These measurements covered an area of 40
x 40 pm?, comprising of 20 x 20 independent data points (represented in Figure 3a). Both Figure
3b and c represent measurements over the same area of the sample, but report complementary
information. Figure 3b represents the vertical distance traveled by the cantilever before reaching
the set value for the preload force, which was 100 nN in this set of measurements. This figure
provides information on the sample topography. The slightly brighter region of the upper left
corner of the image indicates the substrate of the hierarchical array of fibrils was not parallel to
the cantilever within the scanning head of the AFM. It is clearly observed from the height map
(Figure 3b) that the data depicts 3 bright circles (numbered as circle 2, 3 and 5), each of which
represents a full cap of micro-fibril, and several other partial circles also appear in this measured
region. However, the corresponding adhesion map does not have as distinct a pattern (Figure 3c).
The colored circle and oval noted on both images represent the empty regions between adjacent
micro-fibrils. Specifically, the red solid circle indicates a region where the side of the cantilever
was in contact to the edge of a post during the measurements. We believe that in this region of
the sample the tip of the cantilever traveled below the surface of the thin film, referring to high

depth value represented as almost black data points in Figure 3b, into the space between the
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mushroom caps. When the preload reached 100 nN, the cantilever was underneath the thin film
and got “stuck” when a pulling force was applied to the cantilever. This behavior could explain
the relatively high adhesion observed (Figure 3c) in the location of the red circle. The adhesion
force measured in this location was, therefore, the force required to bend the mushroom caps

upwards, such that the cantilever was released from these structures in the sample.
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Figure 3. Correlations between height and adhesion force maps. Both sets of data (b and ¢) were
obtained simultaneously during these measurements. a) Schematics showing the top view of the
arrays of micro-fibrils. The white square depicts the area being measured, which represented in

the height map (b) and the adhesion map (c). b) Height map for an array of hierarchical fibrillar
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adhesives, representing the 3D geometry of the measured area. ¢) Adhesion force map for the

same region depicted in the topography map.

The yellow dashed ovals in Figure 3b and c depict another gap between the mushrooms caps.
In this case, we believe that the thin film of the mushroom caps that surrounded the gap was
thicker and the displacement of the cantilever was not sufficient to penetrate under this region of
the mushroom cap. Interlocking of the mushroom cap and the cantilever was, therefore, not
dominating in this case, as observed in the force map (Figure 3c¢).

It should be noted that the measured force observed in the force map was randomly distributed
for the hierarchical arrays when tested under the same preload conditions. The apparent
disadvantage of empty regions between the separated micro-fibrils, which supposed to provide
zero adhesion force, had a negligible effect on the observed adhesion forces. This result would
be particularly important for the situation that the adhesive must comply with rough surfaces,
simulated by the normal movements and small dimensions of the cantilever, where interlocking
of the two surfaces may occur. These interlocking forces observed in Figure 3 are usually
counted as adhesion forces in macroscopic tests *7-*1>. The techniques used in our adhesion tests
provide this extra information correlated to the complicated topography of the hierarchical
fibrillar structure. To investigate the adhesion provided only by the fibrillar structure, adhesion
measurements have been done on the area containing only the nano-fibrils on different micro-
fibrils (see Figure 4).

The average adhesion force for the hierarchical structures in Figure 3¢ was ~32 nN, which was
higher than the measured average adhesion force (23.2 nN) of a single layer containing only

nano-fibrils 32, To further investigate adhesion strength and uniformity, measurements were also
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obtained from a small area located on top of a mushroom cap (see inset of Figure 4).
Measurements using the LDP method were repeated on 10 different, randomly chosen micro-
fibrils. The results are plotted in Figure 4 with a vertical offset in the y-axis, which represents the
total number of measured counts at each force. Each line corresponds to 400 measurements
obtained from a force map over a 5 x 5 um? area corresponding to a single mushroom cap. For
each of the 10 separate sets of measurements, the corresponding average adhesion force is noted
on the right-hand side of each line graph (Figure 4). The average force from the total of 4,000
independent measurements was 36.7 nN. The minimum and maximum average adhesion forces
were 22.3 nN and 57 nN, respectively. This large variation in the adhesion force suggests a
relatively poor uniformity of the hierarchical fibrillar adhesive. The lowest measured value (22.3
nN) was, however, similar to the average adhesion force measured using a single layer of nano-
fibrils (23.2 nN reported in our previous work 3?), thus indicating the overall improved

performance of the hierarchical structure.
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Figure 4. Line graphs of measurements obtained from 10 different micro-pillars. The black
square in the inset showed the measured areas (5 x 5 um?) on top of the mushroom-cap. Each
analysis contains 400 measurements, and these trend lines are vertically stacked with an offset of
50 measurements. Annotation above each line indicates the average value of each set of 400

measurements.

In Figure 4, these sets of measurements can be grouped into two types: either (1) relatively low
or (2) high average adhesion forces. Measurements with average adhesion forces less than 30 nN
are plotted in the top most 5 line graphs (marked as points 6 to 10 in the sample). Each of these

lines shows a clear peak in their overall counts. The range of measured adhesion forces in these
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samples is relatively small, typically within 100 nN. For measurements with an average adhesion
force greater than 30 nN the corresponding line graphs are plotted in the bottom-most traces in
Figure 4 (marked as points 1 to 5 in the sample). There was no obvious peak force in the
measured counts for these five data sets; the peak was not as sharp as those observed in the other
line graphs for points 6 to 10. The range of adhesion forces measured for points 1 to 5 were also
much broader with a spread of up to 200 nN. In summary, the hierarchical arrays of fibrils,
which overall have a higher average adhesion force than the single layers of fibrils, have broader
distribution or more variation in their adhesion performance. The non-uniformity of the
handcrafted scraping method to remove excess liquid epoxy precursor from the mold might be
the reason for this observed phenomenon. The scraping method, which used a flat spatula, might
in fact be squeezing epoxy out of some regions of the mold if the relative scrapping pressure is
too high. The pressure of the spatula varies since the procedure was performed manually.
Furthermore, the binder clips could provide an uneven pressure during the process that combines
the epoxy micro- and nano-fibrils into a single hierarchical structure, although the non-
uniformities in applied pressure will be partially compensated by the backing glass slides.
Variations in the conditions across the molded sample resulting from the preparation method
could lead to a non-uniform performance of the hierarchical fibrillar adhesive. Despite the non-
uniformity of the hierarchical fibrillar adhesive, the average adhesion forces of these structures
outperformed those of the single level fibrillar adhesive. It should be noted that the nano-fibrils
of the single level fibrillar adhesive reported in our previous work 2 had a higher aspect ratio
and a more well-defined shape than the nano-fibrils within the hierarchical fibrillar adhesive

presented herein. The observed improvement in adhesion of the hierarchical fibrillar adhesive is
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attributed solely to the changes in geometry of the fibrils, since the material composition was
identical between these two types of samples.

To further investigate the effect of geometry on the fibrillar adhesive, measurements on a
freshly prepared single level nano-structured adhesive were compared with those from the
hierarchical fibrillar adhesive. A range of different preloading forces was investigated to reveal
the compliancy of these structures. The single level nano-structured adhesive contained the
similar topography as reported in our previous work 2. Measurements performed in this
comparative study were obtained using the LDP method. From this point forward in the
discussion, the single level adhesive refers to adhesive that is comprised of arrays of only nano-
fibrils; the dual level adhesive refers to the hierarchical fibrillar adhesive that contained arrays of
both micro-fibrils and nano-fibrils. Figure 5 illustrates the effect of varying the preload force on
the measured adhesion forces for both the single and dual level adhesives. The measured area
was held unmoved for each sample. Each data point is the average adhesion force from 400
independent measurements obtained from a single force map. Adhesion forces increased in
proportion to the increase in preloading force for both the single and dual level adhesives. The
rate of observed increase in adhesion force for the dual level adhesive is more than two times
greater than that for the single level adhesive, if using a linear trend line to estimate the
increasing rate. Adhesion force differences between the single level adhesive and the dual level
adhesive were also investigated using a statistical method. Suspecting that the data were not from
normal distributed populations, the Friedman test, a non-parametric statistical test, was
performed on the two series of data. The p-value of this test was much smaller than 0.01, which
indicated there were substantial differences in adhesion forces between the two samples. The

slight decrease in adhesion force for the hierarchical structure at a preloading force of 170 nN

20



raised concerns for fibril damage and adhesion force saturation. Measurements were, therefore,
performed using a preloading force of 300 nN to further investigate the possibility of either
scenario. The 300 nN preloading force was selected because of the maximum deformation this
particular cantilever could withstand. Average adhesion forces measured, using a 300 nN preload
force, were 31.2 nN on the single level adhesive and 42.3 nN on the dual level adhesive. The
enhanced adhesion force measured using a higher preloading force suggested a limited damage
to the fibrils, which was further confirmed by SEM analysis of the tested regions of the samples.
The high variation observed in the data points for the dual level adhesive (Figure 5) is, therefore,
attributed to deformation of the micro-fibrils. Specifically, during adhesion force measurements
using the LDP method, the shear movement applied to the sample could cause the micro-fibrils
to bend rather than sliding over the nano-fibrils with the AFM cantilever. After overcoming the
micro-fibril deformation with a higher compression force, nano-fibrils were severely bent and
adjust themselves to conform to a less stressed position. We believe that the tips of the fibrils
overcome the initial static friction and release the stress of deformation while the flat cantilever
continues compressing them (please see the cantilever deflection curves in the supporting
information, which depict the cantilever response during dragging for preloading forces of 10 nN
and 70 nN). Once the compression force passes a threshold that causes the deformation of fibrils,
which was represented by the observed plateau in the measurements between 10 and 70 nN
(Figure 5), the advantage of having micro-fibrils becomes more relevant. This advantage is
observed in the subsequent increase in measured adhesion force associated with the large
increase in the adhesion force measured when changing from a preload force of 70 nN to 90 nN.

The flexibility provided by the arrays of micro-fibrils enhances the process of aligning the nano-
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fibrils, which subsequently increases the measured adhesion force (see supporting information

document).
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Figure 5. Average adhesion forces measured for samples containing either nano-fibrils or
hierarchical fibrillar structures as a function of different applied preload forces. Every data point
in the graph, either for the single layer adhesive (only containing the nano-fibrils) or the dual
level adhesive (containing both micrometer-size and nanometer-size fibrils), was measured over

the same area while changing the preloading force.

Histograms of the vertical displacement of the AFM tip for both single and dual level
adhesives are plotted in Figure 6. Each histogram consists of independent measurements

obtained by first placing the AFM cantilever in contact with the sample and then gradually
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increasing its preloading force up to a maximum of 100 nN. The vertical displacement when this
preload was applied was recorded in 400 locations distributed in the sample.

Two primary conclusions can be drawn from the two histograms of Figure 6. The first
conclusion is that the hierarchical adhesive was more compliant than the single level adhesive. In
fact, the median of vertical displacement for the dual and single level adhesives was respectively
250 nm and 217 nm. The enhanced compliancy supports the hypothesis that adhesion forces
increased through the use of a hierarchical fibrillar structure.

The second conclusion is that the variability of the dual level adhesive in terms of vertical
deformation was higher. In fact, while the histogram of the single level adhesive presents a
distribution that is close to a Gaussian distribution and has a well-defined peak (Kurtosis 0.2),
the histogram of the dual level adhesive is much more evenly distributed (Kurtosis -0.9). This
observation is also confirmed by the variance of these two histograms - the variance observed in
the dual level adhesive is 1.5x10* nm?, which is almost two times higher than the one of the
single level adhesive (0.84x10* nm?). The high variance and the negative Kurtosis of the
histogram of the dual level adhesive imply it has a flat distribution *°. The flatter distribution of
the hierarchical adhesive indicates that the variability of its stiffness was higher than the one of
the single layer adhesive. This result was expected, as the stiffness at the center of each micro-
post is higher than at the edge of its mushroom cap ?’. This variability in compliancy is believed
to facilitate adhesion to surfaces with high topographic variability. This aspect is however to be
verified in future studies needed to extensively and methodologically test the adhesive behavior

against a large number of surfaces having different values of roughness.
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Figure 6. Histograms of the vertical deformation measurements on dual and single level
adhesives. The preloading force reached 100 nN for each of the 400 measurements that were

performed.

4. Conclusion
This work presented a hierarchical fibrillar adhesive prepared using epoxy. The hierarchical
adhesive comprised of two levels of fibrils in both micro- and nano-meter size. The “dip and

transfer” method yielded mushroom shape micro-fibrils. A measurement technique was
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implemented using an atomic force microscope to characterize the adhesion properties of the
hierarchical structures. The average adhesion force of the hierarchical fibrillar adhesive was
generally greater than that measured for an adhesive only containing a single level of nano-
fibrils. Given that the material composition of both the single and dual level adhesives was
identical, these results suggest that the improvement in measured adhesion force was due to the
hierarchical structure of the dual level, which provided higher compliancy. Hierarchical fibrillar
adhesives could find a large range of applications and enable new products to be developed such

1

as equipment for handling liquid-crystal-displays '©, skin patches for medical use *®, and wall

climbing robots *’.
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Table of Contents Graphic and Synopsis:

A hierarchical fibrillar nano-structure was fabricated using a novel fabrication process. Adhesion
and compliancy tests were performed with an atomic force microscope to characterize
performance of the functionalized material. Experimental results support the hypothesis that

adhesion increases for hierarchical structures due to their decreased stiffness.
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