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biologically inspired fibrillar surface:
experimental observations

H. Yao, G. Della Rocca, P. R. Guduru* and H. Gao

Division of Engineering, Brown University, Providence, RI 02912, USA

Inspired by the adhesion mechanisms of several animal species such as geckos, beetles and
flies, several efforts in designing and fabricating surface engineering strategies have been
made recently to mimic the adhesive and frictional behaviour of biological foot pads. An
important feature of such biological adhesion systems is the ability to switch between strong
attachment and easy detachment, which is crucial for animal locomotion. Recent
investigations have suggested that such a ‘switching’ mechanism can be achieved by the
elastic anisotropy of the attachment pad, which renders the magnitude of the detachment
force to be direction dependent. This suggestion is supported by the observations that the
fibres of the foot pads in geckos and insects are oriented at an angle to the base and that
geckos curl their toes backwards (digital hyperextension) while detaching from a surface.
One of the promising bio-inspired architectures developed recently is a film-terminated
fibrillar PDMS surface; this structure was demonstrated to result in superior detachment
force and energy dissipation compared with a bulk PDMS surface. In this investigation, the
film-terminated fibrillar architecture is modified by tilting the fibres to make the surface
vertically more compliant and elastically anisotropic. The directional detachment and the
sliding resistance between the tilted fibrillar surfaces and a spherical glass lens are measured:
both show significant directional anisotropy. It is argued that the anisotropy introduced by
the tilted fibres and the deformation-induced change in the compliance of the fibre layer are
responsible for the observed anisotropy in the detachment force.

Keywords: gecko adhesion; fibrillar surface; anisotropic adhesion; anisotropic friction
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1. INTRODUCTION

Recent work (Autumn et al. 2000) has demonstrated
that the micro- and nanoscale architectures of gecko
foot fibres are responsible for the animal’s excellent
attachment capability; this work has led to several
investigations describing the mechanics of insect
attachment as well as creating surface engineering
strategies to mimic it (Jagota & Bennison 2002; Arzt
et al. 2003; Gao et al. 2003, 2005; Geim et al. 2003;
Persson & Gorb 2003; Hui et al. 2004; Peressadko &
Gorb 2004; Crosby et al. 2005; Huber et al. 2005;
Northen & Turner 2005, 2006; Persson et al. 2005;
Spolenak et al. 2005a,b; Tang et al. 2005; Yurdumakan
et al. 2005; Bhushan et al. 2006; Kim & Sitti 2006; Tian
et al. 2006; Yao & Gao 2006; Zhao et al. 2006;
Glassmaker et al. 2007; Gorb et al. 2007; Kim &
Bhushan 2007). For example, Kim & Sitti (2006)
fabricated arrays of polyurethane elastomer microfibres
with spatulate tips and demonstrated that their pull-off
force is over four times that of a flat surface of the same
material. In a recent paper, Gorb et al. (2007) showed
that a surface of polyvinylsiloxane fibres with
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mushroom-shaped tips results in an increase in the
pull-off force by more than a factor of 2. Bhushan &
Sayer (2007) measured the coefficient of kinetic friction
of a similar mushroom fibre surface to be about four
times that of a reference unstructured surface. Crosby
et al. (2005) showed that adhesion can be increased by
up to 400% by fabricating patterns of low aspect ratio
post structures on a surface. Yurdumakan et al. (2005)
explored the possibility of using aligned carbon
nanotube surfaces by measuring the adhesion of the
end of a nanotube to the tip of an atomic force
microscope cantilever. Zhao et al. (2006) developed
vertically aligned carbon nanotube surfaces whose
adhesion and shear strength were comparable to those
of a gecko foot. More recently, Ge et al. (2007) showed
that patterned carbon nanotube surfaces could support
shear loads four times as much as a natural gecko foot.
Glassmaker et al. (2007) developed a bio-inspired
architecture where a vertical array of PDMS micro-
fibres terminates in a continuous PDMS thin film and
showed that the pull-off force and the work of adhesion
can be increased several times over those of a bulk
PDMS surface by properly choosing the geometrical
parameters, such as the fibre aspect ratio, spacing, film
thickness, etc. They also carried out a detailed analysis

This journal is © 2007 The Royal Society
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of adhesion between the film-terminated vertical
fibrillar surface and a glass sphere and explained the
increase in adhesion in terms of a crack-trapping
mechanism due to fluctuating energy release rate
along the interfacial crack path.

A key feature of gecko and other insect attachment is
the ability to quickly switch between strong adhesion
and easy detachment, essential in locomotion. It is
generally recognized that the fibre geometry and the
fibre tip geometry play an important role in such a
switching mechanism. In an analysis of gecko adhesion
mechanisms, Persson et al. (2005) argued that the tilted
orientation of the gecko setae plays an important role in
enhancing adhesion by increasing the normal compli-
ance of the fibrillar foot pad. Such an argument suggests
that tilting the fibres with respect to the surface normal
in the architecture of Glassmaker et al. (2007) should
result in an improved adhesion performance. Gao et al.
(2005) showed that the asymmetric shape of spatula tip
makes the magnitude of the adhesion force to be a
function of its direction of application. Based on their
analysis, they suggested that the tip shape of the fibres
offers a possible switching mechanism between robust
adhesion and easy detachment. Also, Sitti & Fearing
(2003) proposed a model which predicts that the
friction of a slanted fibre tip will be a function of sliding
direction, and speculated that such anisotropy could
provide a possible release mechanism. The effect of fibre
orientation on making adhesion and friction anisotropic
was recognized by Autumn et al. (2000) as well during
their measurements on actual gecko setae.

Further, assuming that arrays of tilted fibres can be
viewed as an anisotropic elastic continuum, Yao & Gao
(2006) studied the conditions for the growth of a crack
at the interface between rigid and elastic transversely
isotropic half-spaces and showed that the critical far-
field traction for crack propagation is direction depen-
dent. It was shown to be maximum along the ‘stiff’
direction (direction of maximum elastic modulus) and
minimum along the ‘compliant’ direction (direction of
minimum elastic modulus). The ratio of the maximum
to the minimum was shown to be proportional to the 1/
4th power of the ratio of the elastic moduli in the
respective directions. Later, Chen & Gao (2007)
studied the adhesion of a cylinder to an elastic
transversely isotropic half-space and showed that the
pull-off force shows a sharp maximum along the stiff
direction and a shallow minimum along the compliant
direction. These analyses suggest that the fibre orien-
tation in an insect foot pad provides another possible
switching mechanism between the adhered and
detached states. Thus, a film-terminated tilted fibre
architecture is expected to possess not only an
improved detachment force but also anisotropic
adhesion and sliding response, which are of practical
interest in designing and fabricating biomimetic sur-
faces for optimized adhesion and friction performance.

This article describes an experimental investigation
of direction-dependent adhesion and sliding response of
a film-terminated fibre array architecture in which the
fibres are tilted with respect to the surface normal. The
main observations of this investigation are as follows:
(i) the pull-off force increases with fibre tilt angle,

J. R. Soc. Interface (2008)

(ii) there exists a direction of minimum pull-off force,
which tends to become sharp with increase in fibre tilt
angle, and (iii) under constant tensile normal force,
fibrillar surfaces show highly anisotropic sliding
resistance.

2. SAMPLE DESCRIPTION AND PREPARATION

The structure of the sample is schematically illustrated in
figure la. It is similar in architecture to that of
Glassmaker et al. (2007) except that the fibres are tilted
with respect to the surface normal by an angle ¢. Also, the
dimensions (fibre diameter, height, spacing, film thick-
ness, etc.) are much larger than those employed by
Glassmaker et al. (2007). Since the primary objective of
thisinvestigation is to establish the behaviour of the tilted
fibre system, the dimensions are chosen based on ease and
convenience of fabrication. The observed response is
expected to carry over to smaller scales as well.

The first step in sample fabrication is to prepare a
Teflon mould with a two-dimensional array of oblique
holes by conventional drilling. The thickness of the
Teflon sheet is 1.5 mm; each hole is 250 pm in diameter
and the normal distance between central axes of two
adjacent holes is 500 pum. A typical dimension of the
hole array is 21X21. A 10:1 ratio of Sylgard 184
silicone elastomer base and curing agent was mixed,
degassed and poured on the Teflon mould in low
vacuum. The samples were then cured in an oven at
75°C for 2 hours. Careful demoulding was necessary to
avoid fibre breakage. In order to fabricate the film on
top of the fibres, PDMS was poured on a clean silicon
wafer and was spun at a speed of 500¢ for 60 s, with an
initial acceleration of 50¢ s~ . The average thickness of
the film obtained is 125 pm. The tips of the fibre array
were then placed on top of the PDMS film, while making
sure that all the fibre tips were in contact with the
PDMS film. The assembly was then cured for 16 hours
at 75°C during which the fibre tips bond with the PDMS
film. The fibre array, along with the terminal film, was
then peeled off from the silicon wafer. A photograph of
the sample obtained is shown in figure 1d.

3. EXPERIMENTAL SET-UP

The measurement of the adhesion and lateral forces was
made with a microtribometer, designed and built
in-house, as shown in figure 1b. The measurement
procedure is similar to that employed by Liu & Bhushan
(2003) and Rennie et al. (2005). A stainless steel
cantilever with two arms acts as a two-dimensional
force transducer, as shown in figure 1¢. The normal and
lateral spring constants of the cantilever are 2334 and
5238 N m !, respectively. Normal and lateral forces were
measured indirectly by measuring the deflection of the
cantilever tip with fibre optic displacement sensors
(Philtec, Model: D20). A pair of perpendicular mirrors
islocated on the cantilever tip as shown in figure 1 ¢, which
provides reflecting surfaces for the displacement sensors.
Within the range of operation, the output sensitivity of
the sensors is approximately 10 mV pm . The crosstalk
between the normal and lateral force measurements has
been measured to be less than 1%. The output signals are
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Figure 1. (a) Schematic illustration of the geometry of the film-terminated tilted fibre samples. (b) A photograph of the set-up to
measure normal and lateral forces during directional adhesion and sliding experiments. (¢) A detailed view of the sample, probe,
cantilever and displacement sensors. (d) A photograph of the film-terminated tilted fibre sample. (e) Schematic illustration of
the cantilever and spherical probe assembly in which the bottom plane of the probe coincides with the mid-plane of the cantilever
in order to minimize crosstalk between the normal and the lateral force measurements.

digitized with a 14 bit analogue to digital converter and
sampled at 20 Hz. The signal noise is 0.3 mV. Hence,
cantilever displacements as small as 30 nm can be
detected. The smallest detectable change in force can be
tuned by changing the cantilever dimensions to modify
the cantilever spring constant. In the current experi-
ments, the stiffness was chosen such that the maximum
cantilever deflection was not greater than 200 pm.

The probe is a glass lens of radius 103.4 mm, which is
attached to the cantilever end as shown in figure 1. The
radius was chosen such that the area of contact is
sufficiently large to contain several fibre tips, and the
observed adhesive and frictional behaviour represents
an averaged response of the fibrous layer. The glass lens
is attached in such a way that its bottom plane lies in
the mid-plane of the cantilever, as illustrated in
figure le. This design minimizes crosstalk between
the lateral and normal force measurements. The
digitized signals are acquired with LABVIEW (National

J. R. Soc. Interface (2008)

Instruments, Austin, TX) software. Samples are
mounted on a motorized XYZ stage (Thorlabs, Inc.,
model: T25 XYZ-E/M), which has a displacement
resolution of 50 nm. However, when the direction of
travel is reversed, the backlash is 1-2 pm. The stage can
be programmed to follow any three-dimensional tra-
jectory through simultaneous control of all three axes.
LABVIEW routines are used to control the motors and to
synchronize data acquisition with sample motion. The
entire device is placed on a vibration isolation platform.
In order to assess the anisotropic adhesion and friction
behaviour of the tilted fibre samples, two types of
experiments were carried out, as described below.

3.1. Directional adhesion experiments

In these experiments, the sample is separated from the

probe at a constant speed v=3 pm s~ ! until pull-off at
angles spanning —90°<f#<90° in the y—z plane as
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Figure 2. Schematic illustration of the directional adhesion experiment. The plots illustrate the displacement and force histories
during a typical experiment. (a) The spherical probe is separated from the sample surface at an angle 6 from the normal, at a
velocity v. (b) It is accomplished by moving the stage in y- and z-directions simultaneously at the component velocities v, and v,,.
(¢) Displacement and force in the normal direction (z). (d) Displacement and force in the lateral (y) direction. The sample
approaches the probe normally and contacts it around A. Normal approach continues until a fixed preload is reached at B. At C,
the sample retracts from the probe normally until D, when the normal force becomes zero. At E, the sample stage starts moving
simultaneously in y- and z-directions. At F, the probe pulls off and the forces drop to zero.

illustrated in figure 2a. The angle 6 is taken to be
positive in the orientation shown in figure 2a. Figure 2¢
illustrates details of initial attachment and the sub-
sequent separation process: these schematic plots are
time histories of displacement and force in the normal
and lateral directions, respectively. A typical experi-
ment is initiated at time O when the probe and the
sample are not in contact. The sample approaches the
probe normally (6=0°) and contacts it around A, which
is associated with a ‘pull-in’ instability. The corre-
sponding pull-in kink in the force is illustrated in
figure 2c¢. Normal approach continues until a fixed
compressive preload is reached, at point B. At point C,
the sample retracts from the probe normally until D,
when the normal force becomes zero. At E, the sample
stage starts moving simultaneously in the y- and z-
directions at velocities v, and v,, respectively, as shown
in figure 2b. This movement results in a separation
velocity v at an angle §. At F, the probe pulls off and
both force components drop sharply to zero. Alterna-
tively, when 6 is close to 90°, the pull-off and the sharp
drops in the forces shown in figure 2 are replaced by
stick—slip and the corresponding force oscillations,
respectively. Note that during AB and CD, even
though there is only normal displacement, the lateral
force changes owing to the elastic anisotropy of the
tilted fibre layer.

3.2. Sliding under tensile force

In these experiments, the sample is moved laterally at a
constant velocity v=3 pm s~ with a constant tensile
force P between the sample and the probe. The history
of displacement and force in a typical experiment is
shown in figure 3. The lateral or tangential force is

J. R. Soc. Interface (2008)

taken to be positive if the sphere is sliding in the
positive y-direction with respect to the sample, i.e. in
the direction of fibre tilt, and is negative in the opposite
direction. The sequence of events from O to D is the
same as in the directional adhesion experiment, except
that the force at D is now tensile and has a magnitude
P. Owing to elastic anisotropy of tilted fibre layer,
lateral force is non-zero at D. At E, the sample starts
moving laterally at a velocity v. During this lateral
motion, the z-position of the sample is continuously
adjusted to hold the normal force constant. Hence, the
normal displacement is shown as a dotted line in
figure 3b. To maintain a constant tensile force, the z-
position is adjusted through a feedback control
algorithm, implemented in LaBViEwW. At F, the probe
pulls off, resulting in a sharp drop-off in both the force
components to zero. Alternatively, if stick—slip occurs,
such drop in lateral force is replaced by the correspond-
ing force oscillations.

4. EXPERIMENTAL RESULTS
4.1. Directional adhesion experiments

To study adhesion and friction response of the tilted fibre
samples, four values were chosen for the fibre tilt angle ¢
shown in figure 1a: ¢=0°, 20°, 30° and 40°. In addition,
bulk PDMS samples were also prepared for reference. To
ensure that the bulk sample surface is identical to the top
surface of the fibrillar samples, a thin PDMS film was
transferred to the top of the bulk sample using the same
procedure as that for the fibrillar samples. The detach-
ment force, along with its normal and tangential compo-
nents, of directional adhesion experiment on bulk PDMS
is shown in figure 4a. Note the expected symmetry of the
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Figure 3. Schematic illustration of the ‘sliding under tensile force’ experiment. The plots illustrate the displacement and force
histories during a typical experiment. (a) The spherical probe is moved laterally at a velocity v while holding the normal tensile
force P constant. The corresponding lateral force is T. (b) Displacement and force histories in the normal direction (z).
(c) Displacement and force histories in the lateral (y) direction. The sequence of events from O to D are the same as given in figure 2,
except the force at D is now tensile and has a magnitude P. Owing to elastic anisotropy of tilted fibre layer, lateral force is non-zero
at D. At E, the sample stage starts moving laterally at a velocity vwhile the normal force Pis held constant. The probe pulls off at F.
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Figure 4. (a) Directional adhesion response of bulk PDMS, showing the variation of total detachment force and its normal and
lateral components as a function of the separation angle 6. Note that the total force is the magnitude of the force vector at pull-
off /sliding. The measurement uncertainty is approximately 5%. The error bars are omitted for clarity (soild square, dashed line,
normal; solid triangle, dashed, dot line, lateral; solid circle, solid line, total; open circle, stick—slip). (b) Force versus time plot for
6=40°, showing monotonic increase in forces until pull-off (dashed line, normal; dashed, dot line, lateral; solid line, total).
(¢) Stick-slip instabilities for §=285° before pull-off (dashed line, normal; dashed, dot line, lateral; solid line, total). (d) For
6=90° the normal force remains close to zero and the stick—slip instabilities persist without a clean pull-off separation (dashed
line, normal; dashed, dot line, lateral; solid line, total).

data about #=0°, where the detachment force is The normal component decreases to zero as 6 gets close
minimum. As # increases, the normal component to 90°. A plot of force versus time for #=40° is shown in
decreases while the tangential component increases. figure 4b, which is qualitatively representative of all

J. R. Soc. Interface (2008)
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Figure 5. (a) Directional adhesion response of 40° tilted fibre sample, showing the variation of detachment force and its normal
and tangential components as a function of the separation angle 6. The total force is the magnitude of the force vector at pull-
off/sliding. Note that the total detachment force is minimum at an angle of approximately —30°. Also, the normal component
continuously increases with . The measurement uncertainly is +5%. Error bars are omitted for clarity (soild square, dashed
line, normal; solid triangle, dashed, dot line, lateral; solid circle, solid line, total). (b) Force versus time plot for §= —50°, showing
discrete slip events before final pull-off (dashed line, normal; dashed, dot line, lateral; solid line, total). (¢) Force versus time for
6=280°, showing an almost monotonic increase in forces until pull-off even at such a high angle. (dashed line, normal; dashed, dot
line, lateral; solid line, total). (d) Stick—slip behaviour for §=90° (dashed line, normal; dashed, dot line, lateral; solid line, total).

angles |§| <80°. Both normal and tangential force compo-
nents increase monotonically and reach a maximum
before unstable separation or pull-off. The detail of inter-
facial processes such as propagation of slip, etc., in such a
single asperity contact subjected to simultaneous normal
and tangential forces has been a subject of several past
investigations (Savkoor 1987; Israelachvili 1992; Carpick
et al. 1996; Johnson 1997; Kim et al. 1998). A discussion
of these issues is deliberately omitted here since the
immediate objective of this article is to examine the
performance of the fibrillar surface architecture; the bulk
sample is tested merely to provide a reference for the
performance of the fibrillar surfaces. When || >80°, the
separation process transitions to stick-—slip regime as
shown in figure 4¢,d for §=85° and 90°, respectively. In
figure 4c, since the surfaces are normally moving away
from each other due to the normal component of the
separation velocity, the normal tensile force builds up
slowly and the two surfaces pull off with respect to each
other after a few stick—slip cycles. However in figure 4d,
since the relative displacement is nominally parallel to the
surfaces, the increase in the normal force is negligible and
the stick—slip process appears to continue indefinitely.

It is interesting to note that the magnitude of the
detachment force increases substantially as a function
of 6, as seen in figure 4a. Assuming that pull-off at an
oblique angle is governed by a critical energy release
rate criterion (similar to the JKR model), the most
likely explanation for the increase in the detachment

J. R. Soc. Interface (2008)

force for bulk PDMS as a function of the angle of
detachment @ is the dependence of the critical energy
release rate (or interface toughness) at the contact
periphery on mode mixity. As 6 increases, sliding (mode
IT and III) component at the contact periphery
increases. In fracture mechanics of adhesive joints, it
is well known that the interface toughness increases
rapidly as a function of the mode-mixity parameter
an~ '(Ky/K;), where Ky and Kj are the mode II and
mode I stress intensity factors, respectively. For
example, Liechti & Chai (1992) showed that the
interface toughness of a glass—epoxy interface can
increase by an order of magnitude when a significant
sliding component is present. Some of the possible
mechanisms for such an increase include inelastic
dissipation, microbranching, asperity interlocking and
frictional dissipation. A similar increase in the interface
toughness for the adhesive contact in our experiments
between the glass sphere and PDMS can explain the
observed increase in detachment force in figure 4a.
However, the dependence of interface toughness on
mode mixity for such an adhesive contact has not been
measured before and remains an open problem. A
detailed investigation on this issue is currently under-
way by the authors, which will be reported separately.

Figure 5 is a similar summary of the directional
adhesion results for the 40° tilted fibre samples. The
main features of the response are as follows. (i) The
detachment force has a relatively sharp valley near
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Figure 7. Normalized detachment force along §=0° as a
function of the fibre tilt angle ¢. The detachment force is
normalized with the normal pull-off force for bulk PDMS. The
plot shows the total detachment force as well as its normal
component (solid diamond, total force; solid square, normal
component).

6= —30° (the values of # are taken to be positive
towards fibre tilt, as shown in figure 2a), which can
serve as a direction of easy detachment. (ii) The
magnitude of the normal component increases almost
monotonically with 6. Unlike the bulk samples, the
tilted fibre sample can retain its normal attachment
capability even under relatively large tangential forces.
(iii) For positive angles as high as 80° the interface
undergoes pull-off separation without stick—slip as
shown in figure 5¢. Stick—slip response for = +90° is
shown in figure 5d; the interface does not regain its
stick-strength after the initial slip. A typical force curve
for negative angles is shown in figure 5b for §= —50°,
which is characterized by several small slip events
before pull-off. A summary of directional adhesion
experiments for all cases considered is shown in figure 6.
Here, the features described above for the 40° sample
seem to generally hold for other angles as well, with a
gradual transition between ¢=0° and 40°. Note that, as
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Figure 8. Sliding under tensile force—results for bulk PDMS.
(@) History of normal force P and tangential force T for three
different values of P. The dashed and solid lines represent P
and T, respectively. As P decreases, critical T at pull-off, T,
increases. (b) Critical tangential force T as a function of the
tensile normal force P. The inset figures show the direction of
sliding. Note that the increase in T, is gradual and almost
linear over most of the range of P except at the extreme left.

the fibre tilt angle ¢ increases, the detachment force
increases significantly over a substantial range of 6.
This observation is shown in figure 7, which plots the
normalized detachment force and its normal com-
ponent with #=0° for the four values of ¢ considered.
The forces are normalized with the normal (§=0°) pull-
off force for the bulk sample. For ¢=0° the improve-
ment in adhesion is only marginal. This result is
consistent with the work of Glassmaker et al. (2007)
who showed that significant enhancement in adhesion
with vertical fibres is realized only for certain range of
parameters, such as fibre aspect ratio, film thickness,
fibre spacing, etc. Thus, it is not surprising that the
adhesion of the vertical fibre sample used here results in
only marginal increase in pull-off force. Increases in
detachment force appear to become substantial beyond
¢ =20°; for the 40° sample, the total detachment force is
three times and its normal component is approximately
2.5 times that of the bulk sample. These results
demonstrate that the tilted fibre architecture is an
effective biologically inspired surface engineering
strategy to realize strong adhesion. By optimizing the
geometric parameters, it should be possible to realize
even greater enhancement than the results shown here.

A comment on the fibre tilt angle is necessary in the
context of the above experiments. 6 is the direction of
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Figure 9. Sliding under tensile force—results for vertical fibre samples (¢ =0°). (a) History of normal (P) and tangential (7')
forces during sliding. The inset shows a detailed view of the plots at the lower left corner. For P=66.5 mN and above, T increases
as in the bulk PDMS case and the surfaces pull off at critical T,. However, for a slightly lower P=64.7 mN, the contact area
expands with lateral motion and the interface can sustain an order of magnitude higher T without slip. At the highest value of T
(approx. 1650 mN), there was neither separation nor relative sliding. Further loading was stopped to prevent fibre fracture.
(b) Critical tangential force T, as a function of normal tensile force. Note the steep increase in T in contrast to the bulk PDMS

case. The estimated measurement error is +5%.

the spherical probe and ¢ is the ‘initial’ fibre tilt angle.
When the spherical probe is retracted, the fibre tilt
angle does change within the area of contact; it remains
unchanged away from the area of contact and gradually
varies in between. Clearly, 6 can be controlled
independently. However, the fibre tilt angle changes
during attachment and detachment, by different
amounts in different parts of the sample. While
presenting the results for samples with particular
value of ¢, it is not implied that the fibre tilt angle
remains fixed and independent of § during an experi-
ment. Designating a sample by its value of ¢ is merely a
convenient way to show that samples with different
initial fibre tilt angle display quantitatively different
directional pull-off behaviour.

4.2. Initiation of sliding under tenstle force

An alternative way to characterize the combined
adhesion—friction behaviour of a surface is to measure
the critical tangential force necessary to cause separ-
ation or sliding under a constant normal tensile force.
As described in figure 3, a constant normal tensile force
is applied between the sample and the probe sphere
while the sample is translated laterally at a constant
velocity of 3 um s~ ', As the sample moves, the normal
force tends to change; the z-position of the sample is
adjusted continuously to maintain a constant normal
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force until the samples separate. Consider the results
shown in figure 8 for the bulk PDMS sample. Figure 8a
shows the history of the normal force (P) and the
tangential force (7T') for three values of P=83.5, 48.8
and 29.3 mN. Note that the normal pull-off force is
92.2 mN. The dashed lines represent P and show that P
was held constant during the experiment, while T,
shown by solid lines, increases monotonically until pull-
off. As P decreases, the critical tangential force T,
increases gradually, as shown in figure 8b. For most of
the range of P considered, the relation between T, and
P is almost linear, with significant deviation from
linearity only for low values of P, on the left end of the
plot. Now consider the results for the vertical fibre
sample, shown in figure 9. For values of P close to the
pull-off force, the behaviour is similar to the bulk
sample, i.e. T, increases almost linearly with decrease
in P, as seen in figure 9a,b for P=88.5, 68.9 and
66.5 mN. However, the response changes radically for a
small further drop in P, as shown in figure 9a for
P=64.7 mN, a mere 1.8 mN smaller than the previous
value (P=66.5 mN). The magnitude of T continues to
increase with sliding displacement and with no appa-
rent interfacial slip to a value T~1650 mN, more
than an order of magnitude greater than that for
P=66.5 mN. During such loading, in the absence
of interfacial slip, the fibres get stretched and
deformed severely to accommodate the large lateral
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displacement. At T'~1650 mN, further loading was
stopped to prevent fibre fracture and sample destruc-
tion. It was also observed that, in contrast to the cases
of higher P which resulted in pull-off, the area of contact
expands with lateral displacement. Thus, at a critical
value of P, the sliding response undergoes a sudden
transition from a simple pull-off separation to very high
sliding resistance with no separation where the fibre
strength appears to be the limiting factor, not the
interface. The critical value of P at the transition was
highly repeatable within +2 mN. Also, as expected,
the response was symmetric with respect to sliding in
either direction. Thus, the film-terminated fibrillar
samples show significantly higher sliding resistance
compared with bulk samples for tensile normal forces
except when they are very close to the pull-off value.
Although the detailed mechanics responsible for this
behaviour will not be discussed here, it is a consequence
of the increased lateral compliance introduced by the
fibrillar structure and, more importantly, the increase
in the normal compliance of the fibres under the sphere
as the lateral displacement is increased. Consider the
vertical fibre sample in the current experiment with a
given lateral displacement applied to the sphere in
contact. The fibres would have deformed from their
initial straight configuration to a bent shape, while still
satisfying normal slope condition at the top and the
bottom. In this deformed geometry, the normal
compliance of the bent fibres is higher than that
of the initial straight fibres. A further increment in
lateral displacement causes the lateral force T to
increase, which in turn tends to decrease the area of
contact and/or cause relative slip within the area of
contact. However, the increment in lateral displace-
ment also causes the fibres to bend more and cause a
further increase in their normal compliance. The
increase in normal compliance in turn tends to increase
the area of contact. The competition between these two
effects, mediated by the magnitude of P, determines
which sliding behaviour results: pull-off separation or
expanding area of contact with no separation. A
quantitative description of these ideas will be discussed
elsewhere.

Now, consider the results for the 40° sample, shown
in figure 10. Sliding the sphere in the direction of fibre
tilt and against the tilt is designated as positive and
negative, respectively, as indicated in figure 10. The
response is observed to be strongly direction dependent.
Sliding in the positive direction is similar to that of the
vertical fibre samples, showing a sudden shift in T, at a
critical P. Sliding in the negative direction is similar to
that of the bulk sample within the range of values of P
considered. Thus, the tilted fibre samples display a very
interesting ‘one-way clutch’ like behaviour under
tensile normal loads: one direction is highly resistant
to sliding compared with the other. Note that, unlike
the bulk and vertical fibre samples, T, is positive for
high values of P, even for the negative direction curve
(inverted triangles). Positive values of T. at high
normal force P are a consequence of elastic anisotropy
of the tilted fibre layer. It is easily understood by
considering the extreme right point in figure 10b.
It corresponds to bringing the sphere into contact

J. R. Soc. Interface (2008)

@ Py = 1823mMN P,=1965mN P, =1465mN
of " 50:;;g‘ooti me(950 200 250
£ T
[~eomm 1 T2 @ P
=X T4
E _500 -_ \ .... \.\..\
é - P T sl
8 - O T
O L T~
* -1000 |
3 \..\Ts
i no separation; s
_1500 [ further loading stopped —._ .
(b) [
1500 | ~ no separation;
- further loading R T _~
1000 L stopped 6
z B =]
€ C oT
~ 500 ——
= -
0-...|../.|...—| oy = gt .“.'T—.—..l
100 120’ v}_ 140~- "160 180 200 220
v 7 i P (mN)
-500

Figure 10. Sliding under tensile force—results for tilted fibre
samples (¢ =40°). (a) History of normal (P) and tangential (T")
forces during sliding. For sliding in positive direction, the
behaviour is similar to the vertical fibre samples, i.e. sliding
resistance undergoes an almost step change with the normal
force P. (b) Critical tangential force T, as a function of normal
tensile force P. The response in the negative direction (against
the fibre tilt) is similar to that of the bulk PDMS, i.e. T,
increases almost linearly with decrease in P. The estimated
measurement error is approximately +5%.
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Figure 11. Summary of results for sliding under tensile force
experiments, for all cases considered. Data for each case
considered have two branches, corresponding to sliding in
positive (along the fibre tilt) and negative (against the fibre
tilt), respectively. The measurement error for all samples is
approximately +5%. The bulk and the vertical fibre sample
behaviour is symmetric in positive and negative directions.
The behaviour in the two directions is radically different for
the tilted fibres, showing very strong anisotropy in sliding
resistance.

with the sample and retracting in the normal direction,
without any lateral motion of the sample. Since the
fibre layer is elastically anisotropic, normal retraction
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of the sphere results in both normal and tangential
forces. In other words, the extreme right point
represents the normal and tangential forces at normal
pull-off. Note that, owing to fibre orientation, the
tangential force component at pull-off is positive, i.e.
acting on the sample to the right. For the negative
direction curve, the sphere moves to the left relative to
the sample, applying a negative force. Hence, as P is
decreased, T. gradually changes from the initial
positive value to negative values. Results for all fibre
orientations considered are shown in figure 11, which
show that all tilted fibre samples show similar strongly
anisotropic response. However, for small values of ¢, i.e.
¢=20°, even the negative branch shows a sudden
increase in T, for sufficiently low values of P.

5. SUMMARY

This article presents experimental observations of the
adhesion and friction responses of surfaces with a film-
terminated tilted fibre architecture. The most signi-
ficant observations of the study are as follows. (i)
Detachment force increases significantly with tilt angle;
in the case of the 40° sample, it increased by a factor
greater than 3 compared with the bulk sample. The
results presented here can serve as a starting point to
develop a quantitative description of the mechanics of
these surfaces and to optimize the geometric par-
ameters for maximum detachment force. (ii) As the
angle of tilt increases, the samples display an increas-
ingly sharp minimum at a negative angle, which can
serve as the direction of easy detachment. In contrast to
the prediction of the analysis of Chen & Gao (2007), no
peak in detachment force aligned in the direction of
maximum elastic modulus was observed. Some of the
possible causes of the deviation could be the depen-
dence of the critical energy release rate on the mode
mixity at the contact edge and the finite thickness of
the fibrous layer. In addition, the analysis of Chen &
Gao (2007) is for a cylinder in contact with an
anisotropic half-space, within the framework of small-
strain elasticity. Moreover, the axis of anisotropy
remains fixed during attachment and detachment.
However, the current experiments have a sphere in
contact with a discrete fibrous layer of finite thickness,
where the fibres can undergo large deflections and
rotations during detachment. Such a situation is quite
different from that assumed in the analysis. (iii) Under
constant tensile normal load, the vertical fibre samples
display a fascinating switch from easy pull-off to very
strong sliding resistance with a small perturbation in
the normal load, almost like a phase transformation.
This situation is very different from the response of bulk
samples, which shows an almost linear relation between
the normal load and the critical tangential force. (iv)
The response of the tilted fibre samples under sliding
has two branches. In the positive direction along the
tilt, they behave similar to the vertical fibre samples,
showing the sudden transition from pull-off to no
separation. In the negative direction, the response is
similar to that of the bulk samples. Thus, the tilted
fibre samples display a strong anisotropy in sliding
resistance. It is necessary to develop a quantitative
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description of the above observations to optimize the
desired behaviour and develop the considered surface
architecture for practical applications.
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