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a b s t r a c t

We studied the influence of the elastic modulus on the gecko-inspired dry adhesion by regulating
the elastic modulus of bulk polyurethane combined with changing the size of microarrays. Segmented
polyurethane (PU) was utilized to fabricate micro arrays by the porous polydimethyl siloxane (PDMS)
membrane molding method. The properties of the micro arrays, such as the elastic modulus and adhesion,
were investigated by Triboindenter. The study demonstrates that bulk surfaces show the highest elastic
vailable online 10 November 2010
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modulus, with similar values at around 175 MPa and decreasing the arrays radius causes a significant
decrease in E, down to 0.62 MPa. The corresponding adhesion experiments show that decrease of the
elastic modulus can enhance the adhesion which is consistent with the recent theoretical models.

© 2010 Elsevier B.V. All rights reserved.
. Introduction

The climbing ability of geckos is attributed to fibrillar arrays,
onsisting of stiff, hydrophobic �-keratin which covers the bot-
om of gecko’s feet. Such high dry adhesion between the feet and
urfaces originates from Vander Waals forces [1–3]. Dry adhesion
hich is clean and environment-friendly, can be applied to biomed-

cal patch [4] and climbing robot [5,6]. As a consequence, increased
ffort has been paid recently to mimic gecko’s feet by using polymer
rrays structures [7]. Fabrication techniques such as electron-beam
ithography, photolithography, etching techniques and polymer

olding techniques were utilized for fabricating pillar structures
8,9]. To mimic gecko foot hairs, surface design parameters such as
illar size, shape, elastic modulus, or tilt angle need to be considered
10–15]. In particular, Autumn et al. [16] found that the effective
odulus of a gecko setal adhesion is much lower than that of bulk
-keratin and decrease of effective modulus can enhance the adhe-
ion. Maybe it is such combination of “hardness” and “softness” that
ealize the high dry adhesion. Up to now, the influence of the elastic

∗ Corresponding author at: Institute of Intelligent Machines, Chinese Academy of
ciences, Hefei 230031, PR China. Tel.: +86 551 5593360; fax: +86 551 5592420.

E-mail address: awzhao@iim.ac.cn (A. Zhao).

169-4332/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.apsusc.2010.11.017
modulus on dry adhesion has seldom been studied experimentally,
although recent theoretical models [17,18] predict the importance
of the elastic modulus in dry adhesion. Following this concept, we
try to utilize a material whose elastic modulus can be tuned easily
to realize the modulation of the dry adhesion. As we know, seg-
mented polyurethanes consisting of hard segments (HS) and soft
segments (SS) can be obtained easily, which makes them useful
in some applications such as adhesives and biomedical materials
[19]. The mechanical properties of segmented polyurethanes, such
as elastic modulus are highly dependent on the HS/SS ratio and the
phase separation [20,21].

In this paper, we fabricated a series of segmented PU from
4,4′-diphenylmethane diisocyanate (MDI), polyoxytertramethy-
lene glycol (PTMG) (Mn = 1000), with 1,4-butanediol (BDO) as
the chain extender. Microarrays patterned surfaces with differ-
ent radius were obtained by the porous polydimethyl siloxane
membrane molding method. By varying the ratios of hard and
soft segments of the bulk PU and changing the radius of the
PU arrays, regulation of the elastic modulus of PU micro arrays

is achieved. The influence of these parameters on the adhesion
properties of the surface is described and compared with the-
oretical predictions. To measure the adhesion properties of the
arrays, such as elastic modulus and adhesion, Triboindenter was
utilized.

dx.doi.org/10.1016/j.apsusc.2010.11.017
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
mailto:awzhao@iim.ac.cn
dx.doi.org/10.1016/j.apsusc.2010.11.017
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r the synthesis of polyurethane.
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Fig. 1. Elementary steps fo

. Experimental

.1. Chemicals

MDI and PTMG were purchased from Mitsubishi Chemical. BDO
as purchased from Chemical Co. Sylgard 184 was purchased from
ow Corning (MI, USA). BDO and PTMG were dried at 80 ◦C under
acuum overnight to ensure the removal of water that may inter-
ere with the isocyanate reactions. Dimethylformamide (DMF) was
ried over MgSO4. All the reagents used in this work were of ana-

ytical grade.

.2. Synthesis of polyurethane

The preparation procedure of PU is shown in Fig. 1. MDI was
laced into a four-necked beaker equipped with dropping funnel,
echanical stirrer, heating oil bath, Ar inlet and outlet. The temper-

ture of the oil bath was increased to 60 ◦C. Then PTMG was added
ropwise into beaker through dropping funnel. It took almost 1.0 h
o obtain NCO terminated prepolymer. The resulting viscous solu-
ion was diluted with 10 ml of DMF. Conversion of the prepolymer
nto the final PU was carried out by stirring the prepolymer vigor-
usly, and then adding chain extender, BDO. The resulting polymer
as cast into a PDMS plate to form a uniform sheet of 2–3 mm

hickness. The synthesized polymer was then placed in a hot air
irculating oven at 100 ◦C and cured overnight.
.3. Fabrication of gecko-mimic hair arrays

We obtained microarrays by pouring variable synthetic
olyurethane over the PDMS template in a vacuum chamber which

ig. 3. Scanning electron microscopy image of fabricated polyurethane microarrays: (A
rray; (B) an enlarged view of A.
Fig. 2. Fabrication process of gecko-mimic microarrays.

is depicted in Fig. 2. PU microarrays can be peeled off from PDMS
easily due to hydrophobicity and thermodynamic stability of the
PDMS. The first step was to create a positive mold for the hairs
by a patterned silicon wafer. The silicon micro cylindrical fiber
arrays were fabricated by inductively coupled plasma (ICP) etch-
ing process. In the second step, PDMS was poured over the mold
and then solidified at 70 ◦C for 4 h in the oven. After peeling off
from the silicon mechanically, the PDMS template with microhole

arrays was obtained. Shown in Fig. 3 are the scanning electron
microscopy images for one of the microarrays with 7 �m diame-
ter 50 �m length and 5 �m spacing between each array. Therefore,
microarray with high-aspect-ratio can be achieved.

) microarrays with 7 �m diameter 50 �m length and 5 �m spacing between each
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methods, We can clearly see from Fig. 7 that for the PU with the
same composition, bulk surfaces show the highest elastic modulus,
with similar values at around 175 MPa and decreasing the arrays
radius causes a significant decrease in E, down to 0.62 MPa. We
Fig. 4. FTIR spectrum of synthesized polyurethane.

. Results and discussion

.1. IR characterization of synthesized PU

Infrared spectrum was obtained on a Thermo-Fisher Nicolet is
ourier transform infrared spectrometer (FTIR). Fig. 4 displays the
TIR spectrum of fabricated polyurethane. There are characteris-
ic peaks of N–H (3314 cm−1) and C O (1701–1730 cm−1). C–H
liphatic stretches bands (2936, 2848 cm−1) are also observed. The
bsorption band at 1106 cm−1 originates from C–O–C group. There
re phenyl C–H absorption bands at 1600 cm−1. The disappearance
f the absorption bands of the NCO group (2270 cm−1) of MDI also
roves the synthesis of the polyurethane.

.2. 1H NMR characterization of synthesized PU

1H NMR spectrum of PU was run at 400 MHz on a Bruker AVANCE
VIII 400 with the sample dissolved in CDCl3 in a 5 mm tube with

etramethylsilane (TMS) as internal standard. It is evident from
ig. 5 that the peak appears at 6.746 ppm, which is assigned to
he protons of –CONH–. Two peaks at 7.290 and 7.079 ppm are
elative to the benzene protons, and the peak appears at 3.411
eals with –CH2O– protons of PTMG and 4.179 ppm originates from
olyether–urethane –COOCH2–. Besides, the peaks at 3.876 ppm
ssigned to the protons of BDO adjacent to oxygen atom, the peaks
t 1.617 ppm corresponding to the –CH2CH2– protons of PTMG and
DO.

.3. The elastic modulus and adhesion

The elastic modulus and adhesion of PU materials were mea-
ured by Triboindenter (Hysitron, Inc., Minneapolis, USA). The
anoindenter was operated in displacement control to obtain
he curves of the load versus displacement. The selected probe
as Berkovich tip (1 �m × 100 �m). Indenter loading resolution

atio < 1 nN and displacement resolution < 0.04 nm. Tests were
epeated six times on each PU sample to obtain the mean data.
he sample was placed on the positioning stage, and the probe

as brought in contact. After compressive preloading, the probe
as retracted. The maximum vertical displacement of the probe
as 200 nm, and the positioning accuracy was 1 nm. Tests were

epeated six times on each PU sample and obtained the mean data.
he elastic modulus was calculated from the unloading curves by
Fig. 5. 1H NMR spectrum of synthesized polyurethane.

Oliver–Pharr method [22]. The typical loading–unloading curves of
PU sample are illustrated in Fig. 6. Solid and broken arrows indi-
cate linear fits for loading and unloading, respectively. Force versus
displacement of microarrays loaded and unloaded vertically. The
elastic modulus of bulk PU is then analyzed according to the equa-
tion:

S = dp

dh

∣∣∣
h=hm

= 2√
�

E
√

A

where S = dP/dh is the experimentally measured stiffness of the
unloading data. E is the elastic modulus, and A is the contact area
evaluated at hm the area of the elastic contact. For the microarrays
patterned surfaces, the effective elastic modulus can be calculated
from Hookean elasticity model as following:

� = P

A
; ε = h

L
; E = d�

dε
= L

A

dP

dh

where P is the applied load. A is the contact area and L is array height
and h is change in array height in response to this force. Based these
Fig. 6. Loading–unloading curves of bulk polyurethane sample. Solid and broken
arrows indicate linear fits for loading and unloading, respectively.
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Fig. 7. Decrease of the elastic modulus versus composition and surface feature.
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Fig. 9. Enhancement of the adhesion versus the preload.

� = =
ig. 8. Nanoindenter adhesion test results for a microarrays structure indented with
hree-side pyramid-type Berkovich tip.

an also see that for the microarrays with the same size diameter,
ecreasing the ratios of MDI and PTMG causes a significant decrease

n E. This means that, by varying the composition of segmented
olyurethanes, elastic modulus decreases when the percentage of
oft segment increases. The hard segments of PU have urethane
roup, i.e. –NHCOO– and the soft segments of PU have the ester
roup, i.e. –COO–. By varying the ratios of hard and soft segments
f the bulk PU and changing the radius of the PU arrays, regulation
f the elastic modulus of PU micro arrays can be achieved easily.
ereby, we successfully realize the regulation of the elastic mod-
lus by changing the size of microarrays of patterned surfaces and
arying the ratios of hard and soft segments of the PU.

To determine the adhesion, Operating in displacement control,
oad versus displacement data were collected from the nanoin-

enter and analyzed to determine the adhesion. The sample was
laced on the positioning stage, and the probe was brought in
ontact. After compressive preloading, the probe was retracted.
he maximum vertical displacement of the probe was 200 nm,
nd the positioning accuracy was 1 nm. Indenter loading resolu-

Fig. 11. The contrastive SEM images of foot-h
Fig. 10. Enhancement of the adhesion measured on the polyurethane patterned
with 3-�m-diameter microarrays versus the composition of polyurethane.

tion ratio < 1 nN and displacement resolution < 0.04 nm. Adhering
surfaces would produce a distinctive pull-off behavior, where the
unloading curve would make a sudden jump (Fig. 8). In the case of
an adhesion event the number is negative, taken to be the max-
imum adhesion. Based on this, from Fig. 9 we can clearly see
that, for the polyurethane with the same composition, microar-
rays patterned surfaces with decreasing pillar radius showed higher
adhesion at any preload. 3-�m-diameter arrays hold higher adhe-
sion force than that of 5-�m-diameter arrays. The size effect of
adhesion can be analyzed by Johnson–Kendall–Roberts (JKR) theory
[23]:

P
(

3��E2
)1/3
�a2 2�2R

where �� is work of adhesion, E the elastic modulus, R radius. So
the adhesion � is inversely proportional to the one-third power of
the equivalent radius. Thus, the adhesion increases when radius

air before detection and after detection.
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ecreases, which is consistent with the adhesion test results.
n addition, it is obviously from Fig. 10 that, for the same size
rrays patterned surface, by varying the composition of segmented
olyurethanes, the adhesion increases when the percentage of soft
egment increases. As mentioned in the elastic modulus tests, for
icroarrays with the same size, decreasing the ratios of MDI and

TMG causes a significant decrease in E. These adhesion test results
re consistent with the results of the elastic modulus that decrease
f the elastic modulus can enhance the adhesion. The data for
ll samples were found to be reproducible and no much collapse
nd twist was observed because the theoretical buckling criterion
24] predicts a minimum compressive load required for buckling
41 mN), which is well above our maximum preload (6 �N). For
his reason, buckling events can be neglected in our experiments.
ig. 11 is the contrastive SEM images of foot-hair before detection
nd after detection.

. Conclusions

In this study, we have achieved to regulate the adhesion of PU
icro arrays by varying the ratio between MDI and PTMG combined
ith changing the size of micro arrays. The results show that bulk

urfaces show the highest effective modulus, with similar values at
round 175 MPa and decreasing the arrays radius causes a signifi-
ant decrease in E, down to 0.62 MPa. For the same surface features,
ecrease of the ratios of MDI and PTMG causes a decrease in E. For
he PU with the same composition, the micro arrays patterned sur-
aces with decreasing pillar radius showed higher adhesion than of

ulk smooth PU at any preload. 3-�m-diameter arrays hold higher
dhesion force than that of 5-�m-diameter arrays. For the same size
rrays patterned surface, the adhesion increases when the percent-
ge of soft segment increases. It is consistent with theoretical model
hat decrease of effective modulus can enhance the adhesion.
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