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I
nspired by the micro- and nanobinary
structures and the composition of
gecko foot, various micro- and nano-

structured polymer films and carbon nano-
tube arrays have been explored for dry
adhesives.1�15 The adhesion forces of the
adhesives with nanohair arrays are mainly
attributed to the interfacial interactions of
synthetic nanohairs with target surfaces
and are usually limited by the low contact
fractions of the nanohairs.16,17 To fabricate
strong adhesives, the nanohairs are sug-
gested to be synthesized from materials
with high mechanical properties.18 Further-
more, the nanohairs should have high as-
pect ratios to provide sufficient flexibility,
and their stiffness and number density also
have to be maximized.18 In this paper, we
report nanohair adhesives based on bilay-
ered polythiophene (Pth) films that have an
aligned Pth nanotubule layer and a com-
pact Pth layer. The electrochemically syn-
thesized Pth was chosen as the starting ma-
terial because of its high Young’s modulus
(1.5 GPa) and tensile strength (120�130
MPa) and great flexibility.19 The Pth bilayer
films adhered strongly with their aligned
nanotubule arrays on various smooth sur-
faces such as glass, mica, GaAs, and plastics

after drying from their wet states under am-
bient condition. The normal (adhesion) and
shear (friction) forces of the films with con-
tact areas of 0.5�1.0 cm2 on glass were
found to be 80 � 8 and 174 � 10 N cm�2,
respectively; the macroscopic achievable
shear force is about 18 times that of a gecko
foot. It was found that the drying process in-
duced a high contact fraction of Pth nan-
otips on target surfaces and greatly en-
hanced the adhesion and friction forces.

RESULTS AND DISCUSSION
The Pth bilayer films were synthesized

by electrochemical polymerization of
thiophene in boron trifluoride diethyl ether-
ate (BFEE) using porous anodic aluminum
oxide (AAO) membrane as a template (see
Methods).20 The nanotubules have diam-
eters of 200 nm and lengths of 8�20 �m
(Figure 1). Therefore, the aspect ratios of the
nanotubules are calculated to be about
40�100. The mouths of the nanotubules
with a length of 8 or 11 �m are open (Fig-
ure 1a,b), while those of the 20 �m tubules
are sealed (Figure 1c). The nanotubules are
aggregated into bundles because of their
high specific surface areas and the capillary
forces during drying.21 However, the nano-
tubules roughly stand upright on the com-
pact layer without serious lateral collapse
and matting (Figure 1d�f). The thickness of
the compact layer was controlled to be 2
�m, and the outmost surface of this layer
is rough and compact (Figure 1g and inset).
The compact layer provides the film with
good mechanical strength. It is also thin
enough to keep the flexibility of the film.
The surfaces of Pth nanotubules were char-
acterized by Raman and X-ray photoelec-
tron energy spectroscopies, which indicate
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ABSTRACT Polythiophene (Pth) films with aligned nanotubule arrays were adhered strongly on various

smooth surfaces such as glass, mica, and GaAs after drying from their wet states under ambient condition. The

normal and shear dry adhesion forces of the films on glass with contact areas of 0.5�1.0 cm2 were measured to

be 80 � 8 and 174 � 10 N cm�2, respectively. These extraordinary strong adhesion forces are attributed to the

high strength and stiffness of Pth and the high contact fraction (�79%) of Pth nanotips on the smooth surfaces

induced by drying. During the drying process, there is little controlled preload, suggesting a real gecko-like

adhesion of Pth nanotubule arrays.
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that the tubules are made of polythiophene in the neu-
tral state (Supporting Information, Figure S3).20 The
treatments of the tubules by aqueous solution of KOH
during the template removing process and successive
washing extensively removed the doping ions and im-
purities of the polymer.

To investigate the adhesion force, a Pth bilayer film
in the wet state was collected by a clean glass sheet
with its aligned nanotubule array in contact with the
glass surface. The solvent was deionized water or 90%
ethanol. The sample on the glass slide was dried in air at
ambient temperature for over 1 day (for water) or 5 h
(for 90% ethanol) prior to adhesion and friction force
measurements (Figure 5 in Methods). The tubule sur-
face of a bilayer film adhered strongly on the smooth
surface of a glass sheet after drying from its wet state.
The dry adhesion and friction forces of the bilayer films
by using both solvents were measured to be essen-
tially the same, and they depend on the length of the
tubules. The normal (F�) and shear (F�) forces tested at
a slow stretching rate of 0.05 mm min�1 (Supporting In-

formation, Figure S4) increase as the tubule length in-
creased from 5 to 11 �m, then they decrease gradually
(Figure 2). The longer tubules are more flexible, which is
favorable for the attachment of their tips on the target
surface and contributes a higher adhesion force. How-
ever, entangled segments were observed on the top
surface of the 20 �m tubules (Figure 1c), which greatly
decreased the overall adhesion force.14,17 Furthermore,
the polydispersity of tubule heights also increased with
the increase of tubule length (Figure 1), which also re-
duced the contact fraction of the nanotips on the tar-
get surface and decreased the adhesion forces. The bi-
layer film with tubule length of �11 �m and area of
0.5�1.0 cm2 showed the optimum forces of F� � 80
� 8 N cm�2 and F� � 174 � 10 N cm�2. They are �8
and �18 times that of the overall adhesion force of a
gecko foot, respectively. Therefore, it is possible to hold
a 70 kg person by using the shear adhesion force of
only a 4 cm2 Pth bilayer film.

The excellent adhesion properties of the Pth bilayer
film (the length of the Pth tubules was controlled to

Figure 1. SEM images of the Pth bilayer films. (a�c) Top views of the tubule surfaces with 8 (a), 11 (b), and 20 �m (c) tu-
bules. Insets are the corresponding magnified views. (d�f) Side views of the bilayer films corresponding to a�c. (g) Top
view of the compact layer of a bilayer film. Inset is a cross section view. Inset bar scale � 2 �m.
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be 11 �m) on a glass surface in both normal and shear

directions were further verified by a homemade cantile-

ver. Figure 3a shows a 0.8 cm2 bilayer film dry adhered

on the surface of a glass sheet being hung by a 6.5 kg

weight, corresponding to a normal force of 81 N cm�2.

The weight can be stably hung for a long time without

detachment (we tested for 35 days). However, as a 7 kg

weight (corresponding to a normal force of 88 N cm�2)

was hung to the hoop, the bilayer film detached from

the glass surface within 2 min. These results confirmed

the adhesion forces measured by stretching at slow

constant rate described above. After detachment, the

film kept its original shape and size, without any dark

dots remaining on the glass surface (Figure 3b). The

nanotubules of the detached film deformed but still

stood well on the Pth dry adhesive tape in bundles (Fig-

ure 3c and inset). The tips of tubule bundles adhered to-

gether to form a flat surface for perfect interfacial

contact.22,23 The chemical structure and composition

of the surface were characterized to be the same as

those of the surface of original Pth nanotubule arrays.

The dry adhered Pth bilayer film can be detached auto-

matically from the glass surface by immersing the

sample into water for over 2 h, mainly due to the ab-

sorption of water molecules on the hydrophilic glass

surface, which reduces the adhesion.24 This result also

indicates that the dry adhesion of the bilayer film is at-
tributed to the weak intermolecular interactions such as
van der Waals force, hydrogen bonding, and capillary
effect. The adhesion forces were also found to depend
strongly on the polarizability (�p, polarity part of surface
energy, Supporting Information) of the target surfaces.
For examples, on the surfaces of mica (�p � 89 mJ m�2),
GaAs (�p � 27 mJ m�2), poly(methyl methacrylate)
(PMMA, �p � 17 mJ m�2), and Teflon (�p � 4 mJ m�2),
the macroscopic achievable normal adhesion forces
were tested to be 120, 80, 20, and 2 N cm�2, respec-
tively (Figure 3d). It is interesting to find that the adhe-
sive tape has high adhesion forces on both highly polar-
izable surfaces, such as glass and mica, and less
polarizable surfaces, such as GaAs and PMMA. The ad-
hesion force of the Pth bilayer film on a relatively hydro-
phobic GaAs surface (80 N cm�2) is close to that on a
hydrophilic glass surface (88 N cm�2). These results also
indicated that the dry adhesion forces mainly result
from van der Waals force, and the contributions of hy-
drogen bonding and capillary effects are relatively mi-
nor.23 This is possibly due to the fact that Pth lacks func-
tional groups for forming strong hydrogen bonds. The
Pth bilayer films, like gecko feet, fail to adhere to the
weakly polarizable surface of Teflon because of much
reduced van der Waals forces.23

Figure 4a shows a 0.5 cm2 Pth bilayer film dry ad-
hered on a glass surface and being dragged by a 7.5
kg weight in shear direction, corresponding to a shear
adhesion force of 150 N cm�2. This system is also stable
for a long time (we tested for 35 days) without detach-
ment (Supporting Information, Figure S5). This phe-
nomenon is different from that of a viscoelastic tape
(e.g., 3 M Scotch tape) reported by Ge et al.13 The adhe-
sion force of the viscoelastic tape was found to de-
crease quickly within 100 s during the shear stretching
process. Figure 4b shows the typical force of a bilayer
film pulled parallel to the surface at a stretching rate of
0.05 mm min�1. The overall features of this figure are
similar to those of single gecko seta pulled parallel on
a glass surface under a perpendicular preload.1 This
curve can be divided into three stages, corresponding
to (I) sample deformation, (II) sliding on the surface to
give the maximum shear force, and (III) film pull-off
from the surface. More importantly, according to the
data described above, the shear adhesion force is about
twice that of the normal adhesion force (i.e., F� � 2.17
F�). This value is nearly the same as that of gecko seta
array (F� � 2.15 F�).22 The phenomenon can be ex-
plained by the fact that the Pth nanotubules were bent
to a shape similar to a gecko’s setae during the pull par-
allel process (Figure 4c,d). Under shear deformation,
the tubules with curvatures along the drag direction
were in a compressed state to give an unusually high
friction like a gecko seta array.22 Finally, when the pull
parallel force is strong enough, the nanotips of tubules
are detached from the target surface and start to slide

Figure 2. Plots of normal or shear force versus Pth tubule
length. (a) Normal force. (b) Shear force. For Pth bilayer films
with the same tubule length, the normal or shear force was
measured for at least 10 repetitions with mean value and
standard derivation shown. Film area � 0.5�1.0 cm2,
stretching rate � 0.05 mm min�1.
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off. After detachment, the nanotips formed a flat sur-
face (Figure 4e).

The nanotip morphology of the bilayer films cannot
be recovered to the original state in air after detaching
from the substrates. As a result, the normal adhesion
force of a reused film on glass decreased to be only 3
N cm�2. However, when the detached film was treated
by cyclic voltammetric scanning or washing with aque-
ous solutions of detergents or KOH, its adhesive proper-
ties can be mostly recovered like many other fibril ad-
hesives (Methods).15

The extraordinary high dry adhesion forces of the
Pth bilayer films could be attributed to the high aspect
ratio (40�100) and high density (1.91 � 109 tubules
cm�2, the pore density of the AAO membrane25) of the
Pth tubules, and to the excellent mechanical proper-
ties of Pth films. More importantly, the drying process
greatly improved the contact fraction of the Pth nan-
otips to the target surface. The excellent mechanical

properties of Pth resulted in the formation of nonmat-
ting nanotubule arrays as shown in Figure 1, whereas
the nanohairs of usual polymers such as polyimide and
polyesters with high aspect ratios easily form self-stuck
mats.18 Furthermore, the high modulus and mechani-
cal strength of the Pth nanotubules made them bent
rather than lateral and collapse between neighboring
nanotubules during the pull parallel process.

Electrosynthesized Pth is a conjugated heteroaro-
matic polymer with delocalized chain structure. It is in-
soluble, intractable, and decomposed before melting.
Dynamic mechanical test indicated that the real and
loss moduli of the Pth film was kept nearly constant in
the temperature scale of 25 to 250 °C, and the loss
modulus is only 0.05 to that of real modulus.19 The
stress�strain curve of Pth film is linear and does not
show a yield point. In addition, the normal adhesion
force of a Pth bilayer film on glass is also increased lin-
early with the displacement of sample. We also mea-

Figure 3. Pth bilayer film pulled in normal direction. (a) Photograph showing a 6.5 kg weight hanging on a glass sheet sup-
ported Pth bilayer dry adhesive film; inset indicates the scale of a spring balance. (b) Photograph showing the dry adhesive
film detached from the glass (left) and the target glass surface after detachment (right). (c) SEM image of the dry adhesive film
after pulling off normally from the glass; inset is a high magnification view. (d) A comparison of the maximum achievable nor-
mal force of the bilayer dry adhesive film on mica, glass, GaAs, PMMA, and Telfon. Film contact area � 0.8 cm2 (0.8 cm �
1.0 cm) and the length of Pth nanotubules � 11 �m.
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sured the normal adhesion force of the Pth bilayer film

dry adhered on glass by stopping the stretching before

detachment for several seconds and then restretching

the same sample. The normal force measured through

this two-step process was found to be the same as that

by one-step stretching, indicating the nanotubules ex-

hibited elastic deformation under stretching. Therefore,

it is reasonable to conclude that the dry Pth bilayer

film is an elastic material. Actually, the nanotips of the

Pth nanotubule array showed plastic deformation in-

duced by drying (Figure 3c). Pth bilayer film in the wet

state was plasticized by water or alcohol; however, after

drying, it recovered to its elastic state. The adhesion is

attributed to the interaction of elastic dry Pth nanotips

with target surface. The normal dry adhesion force be-

tween an elastic spherical tip with radius of R and flat

surface is given by the Johnson�Kendall�Roberts (JKR)

theory as F � 1.5�RW12, W12 � �1 	 �2 � �12 


2(�1�2)1/2 is the work of adhesion, �1 and �2 are the sur-

faces energies of spherical tip and the substrate, respec-

tively, and �12 is the interfacial energy.18,26 For the Pth

films used here, �1 measured by

Owens�Wend�Rabel�Kaelble (OWRK) method to be

54 mJ m�2 and �2 for a glass sheet was measured to be

70 mJ m�2 (Supporting Information).27�29 Therefore,

111 N cm�2 pull-off force is theoretically expected tak-

ing R � 100 nm and the tubule density of 1.91 � 109 tu-

bules cm�2 for calculation and assuming all the nano-

Figure 4. Pth bilayer film pulled in shear direction. (a) Photograph showing a 7.5 kg weight pulling parallel on a glass sheet
supported Pth bilayer dry adhesive film; inset showing the scale of a spring balance. (b) Shear adhesion force recorded dur-
ing pulling parallel on a glass sheet supported Pth bilayer dry adhesive film at a stretching rate of 0.05 mm min�1. (c) Side
view SEM images of the dry adhesive film recorded during the pulling parallel process. (d) Side view SEM images of the dry
adhesive film recorded after detached from the glass substrate. (e) Top view SEM images of the adhesive after detaching
from the glass by pulling parallel; inset is a high magnification view. Film contact area � 0.5 cm2 (0.7 cm � 0.7 cm) and the
length of Pth nanotubules � 11 �m.

Figure 5. Setup pictures and geometries used for the force measurements.
(a) In normal direction. (b) In shear direction.
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tips interacted with the target surface.25 This theoretical
value overrated the real case if considering the polydis-
persity of nanotubule heights. Therefore, the macro-
scopic achievable 88 N cm�2 normal adhesion force
(pull-off force) indicated that at least 79% nanotips in-
teracted with the surface. This value (79%) is much
higher than that of physically pressed multiwalled car-
bon nanotube array on glass (�10%).17 The high con-
tact fraction of the nanotips was induced by drying.
During the drying process, the liquid layer between the
nanotubule surface and the target surface creates an at-
tractive capillary force that is sufficiently strong to pull
the Pth nanotips into contact with the target surface.30

Hence, the nanotips are adhered to the substrate sur-
face following the drying process. During this process,
there is little or no controlled preload, suggesting a real
gecko-like adhesion.31 For calculating the van der Waals
contribution to these adhesion forces, FvdW � HR/6d0

2

is used, where R � 100 nm is the radius of the nano-
tubule, d0 
 165 nm is the approximate interfacial cut-
off distance, and H is the Hamaker constant.18 Using H
� 60.5 � 10�21 for polythiophene (close to that of poly-
ester), 37 nN adhesion force for a single Pth tubule
and a total force of 61 N cm�2 (for 79% nanotip attach-
ment) were estimated.18 Therefore, about 69% of the
adhesion force of the Pth bilayer film (88 N cm�2) is due
to the van der Waals force, while the rest could be due
to the secondary adhesion forces and surface rough-

ness effects. As control experiments, a physically
pressed Pth bilayer film with the tubule surface in con-
tact with glass substrate showed a weak normal adhe-
sion force of �5 N cm�2. Likewise, a wet flat Pth film
without microtubules detaches from the glass surface
automatically during the drying process because of a
small contact area and the heterogeneity of the flat film
in the vertical direction.32

CONCLUSIONS
In summary, Pth nanotubule arrays exhibited strong

adhesions on various smooth surfaces after drying from
their wet states. The macroscopic achievable shear ad-
hesion force of the Pth bilayer film with Pth nanotubule
arrays on glass was measured to be about 18 times
that of a gecko foot. Drying the wet nanostructured
Pth films on both hydrophilic and hydrophobic sub-
strates has induced high contact fractions of the Pth
nanotips on the target surfaces and enhanced the ad-
hesion forces greatly. This simple technique can be
used in numerous other similar systems. The easy fabri-
cation of the films into large areas with desired shapes
and the high adhesion forces of the films make our
work as presented here highly promising for practical
applications in dry adhesion things with various shapes,
sizes, and weights. In addition, electrochemically restor-
able adhesion based on our materials may lead to
gecko-like robotic devices.

METHODS
Fabrication of Pth Bilayer Films. The procedures for preparing

the bilayer films are schematically illustrated in Figures S1 and
S2 in Supporting Information. Electrochemical syntheses were
performed in a one-compartment cell using a computer-
controlled Model 273 potentiostat�galvanostat (EG&G Prince-
ton Applied Research). The synthesis of aligned Pth tubules was
described in re 20, and also see Supporting Information.20 After
the growth of Pth nanotubules, the stainless steel was taken
away; overturn the membrane to make the gold layer face the
counter electrode. A platinum wire with a diameter of 0.2 mm
was connected to the gold layer for connecting the working elec-
trode to the potentiostat. The membrane with the platinum
wire was fixed between two Teflon rings and used as the work-
ing electrode. Then a compact Pth film was grown on the surface
of the gold layer under the same electrochemical conditions
used for the growth of Pth tubules. Free-standing bilayer film
with a Pth tubule layer and a compact Pth layer was obtained
by dissolving the AAO template with NaOH. After being washed
repeatedly with distilled water, a diluted HCl solution was used
to neutralize the bilayer film and washed again with distilled wa-
ter to ensure the pH of the medium around or slightly lower
than 7 to remove the residual OH� in the film, avoiding the re-
action of OH� species with glass (SiO2) during the drying pro-
cess. The surface morphology of the samples was studied by us-
ing a scanning electron microscope (FEI Sirion 200, Japan).
Raman spectrum was recorded on a RM 2000 microscopic confo-
cal Raman spectrometer (Renishaw, UK) with an excitation of
632.8 nm laser light at 0.5 mW. X-ray photoelectron energy spec-
troscopic (XPS) examinations were performed by the use of a ES-
CALAB 220i-XL spectrometer (VG, UK).

Adhesion Force Measurements. To investigate the adhesion force,
a Pth bilayer film in the wet state was collected by a clean glass
with its aligned nanotubule surface in contact with the glass sur-

face. After the drying of a Pth bilayer film on a target surface, an-
other clean glass slide with a metallic hook on it (for normal
force measurements) or only a clean glass slide (for shear force
measurement) was glued on the compact surface of the bilayer
film as a supporting substrate by 5 min epoxy. The epoxy adhe-
sive was coated on the central region of the bilayer film with an
area smaller than that of the polymer film. The compact Pth layer
together with the thin gold layer on the backside of the Pth
nanotubule layer successively prevented the penetration of ep-
oxy through the Pth bilayer film to pollute the Pth nanotubule
surface. To further exclude the possibility of the epoxy adhesive
creeping up to the stalks of the specimen, we precured the ep-
oxy gel for about 1 min before applying it to the specimen. Suc-
cessively, we wiped off the marginal polymer film around the
supporting glass by a knife or controlled the area of epoxy coat-
ing to make the sample size slightly larger than the area with ep-
oxy adhesive (Figure 5). Then, another hook was glued to the
backside of the substrate glass for measuring the normal pull-
off force (i.e., normal adhesion force, Figure 5a) or a SS foil (1.5
cm � 5.0 cm � 1.0 mm) was glued on the edge of each glass
slide for measuring the parallel pull-off force (i.e., shear adhesion
force, Figure 5b). The sample sizes were controlled to be 0.5�1.0
cm2. Other smooth surfaces, such as freshly cleaved mica, GaAs
wafer, highly cleaned poly(methyl methacrylate), and Teflon
plates, were also used for collecting the Pth bilayer films.

Recovery of the Used Pth Bilayer Adhesives. (1) Electrochemical
route: after detachment from the target surface, the glass sup-
ported Pth bilayer film was used as the working electrode; a
stainless steel sheet was used as the counter electrode, and a Ag/
AgCl wire was used the counter electrode. The distance be-
tween the counter and working electrodes was 0.5 cm. Freshly
distilled BFEE was used as the electrolyte, and it was deoxygen-
ated by bubbling dry pure N2 gas. Then, the film was treated by
voltammetric scanning in the potential range of �0.5 to 1.0 V at
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a scan rate of 0.1 V s�1 for five cycles and finally stopped at
�0.5 V. Successively, the film was washed extensively with wa-
ter or ethanol for dry adhesives. (2) Chemical route: the film was
immersed in KOH (0.1 mol L�1) for 2 h and then washed exten-
sively with HCl (0.1 mol L�1), and successively with water or 90%
ethanol for dry adhesives. The normal adhesion forces of the re-
used films were measured to be 67 � 10 N cm�2 for method 1
and 55 � 8 N cm�2 for method 2, respectively.
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