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ABSTRACT: Optimal ﬁber designs for the maximal pull-oﬀ
force have been indispensable for increasing the attachment
performance of recently introduced gecko-inspired reversible
micro/nanoﬁbrillar adhesives. There are several theoretical
studies on such optimal designs; however, due to the lack of
three-dimensional (3D) fabrication techniques that can
fabricate such optimal designs in 3D, there have not been
many experimental investigations on this challenge. In this
study, we beneﬁtted from recent advances in two-photon lithography techniques to fabricate mushroomlike polyurethane
elastomer ﬁbers with diﬀerent aspect ratios of tip to stalk diameter (β) and tip wedge angles (θ) to investigate the eﬀect of these
two parameters on the pull-oﬀ force. We found similar trends to those predicted theoretically. We found that β has an impact on
the slope of the force−displacement curve while both β and θ play a role in the stress distribution and crack propagation. We
found that these eﬀects are coupled and the optimal set of parameters also depends on the ﬁber material. This is the ﬁrst
experimental veriﬁcation of such optimal designs proposed for mushroomlike microﬁbers. This experimental approach could be
used to evaluate a wide range of complex microstructured adhesive designs suggested in the literature and optimize them.

■

INTRODUCTION
The gecko’s exceptional climbing ability on vertical surfaces and
ceilings has encouraged extensive scientiﬁc investigations on
gecko-foot-hair-inspired dry ﬁbrillar adhesives for a decade.1−4
These synthetic adhesives have been used for a wide range of
applications such as manipulation,5 climbing,6 and medical
applications.7,8 It has been revealed that the eﬀect of stress
distribution on a contact interface plays an important role in
achieving higher adhesion.9,10 Theoretical11,12 and experimental13,14 studies on optimal shapes of tip patterns have shown
that the stress on the ﬁber tip should be distributed equally for
optimal adhesion. Campo et al. tested various elastomeric ﬁbers
with diﬀerent tip shapes experimentally and found out a
mushroomlike ﬁber tip shape could provide the highest
adhesion among many other tip patterns.15 Eﬀect of the
mushroomlike ﬁber tip ending on improving the maximal
adhesion by achieving more uniform stress distribution on the
contact interface has been previously studied.16−19 Recently,
Aksak et al. theoretically studied the optimal shape of
mushroomlike tip endings of elastomer microﬁbers as a
function of tip diameter relative to stalk diameter (β) and the
tip-ending wedge angle (θ) as shown in Figure 1a. They
reported β = 1.1−1.2 and θ = 45° as the optimal ﬁber
parameters for the maximal adhesion.20
Even though the previous work has already computed the
optimal shape of mushroomlike tip endings with maximal
adhesion for elastomer microﬁbrillar structures, they have not
been experimentally validated yet due to limitations on the
fabrication of three-dimensional (3D) optimal micro/nano© 2015 American Chemical Society

structures. Therefore, in this paper, we experimentally
investigated the optimal design of bioinspired elastomer ﬁbrillar
structures with mushroom-shaped tip endings to maximize their
adhesion. Beneﬁting from high-resolution 3D two-photon
stereo nanolithography techniques, we manufactured elastomer
microﬁbers with diﬀerent β and θ values precisely to verify such
optimal designs. Sixteen diﬀerent mushroomlike tip patterns
were fabricated using two diﬀerent polyurethanes with diﬀerent
stiﬀness, and their pull-oﬀ forces were compared to the
theoretical predictions. Finally, the eﬀect of diﬀerent tip
endings on the adhesion is discussed in terms of the stress
distribution and stiﬀness of the microﬁbers.

■

EXPERIMENTAL DETAILS

A schematic of a mushroomlike microﬁber is shown in Figure 1a.
While we kept the ﬁber tip diameter (dt = 100 μm) and the ﬁber
length (L = 100 μm) constant to have the same tip contact area and
height for all ﬁber designs, we varied the tip wedge angle θ and the tip
diameter relative to stalk diameter β in the ranges of 30−60° and 1.1−
1.5, respectively. Fifteen diﬀerent designs of mushroomlike tip endings
were fabricated, in addition to a cylindrical microﬁber that was
fabricated as a control ﬁber. The designed microﬁbers were fabricated
using a UV-curable negative photoresist (IP-Dip, Nanoscribe GmbH),
which can be polymerized in any arbitrary 3D shape based on a twophoton polymerization process. Diﬀerent steps in the fabrication
process are shown in Figure 1c. First, we polymerized the IP-Dip at the
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Figure 1. (a) Schematic of a mushroomlike elastomer microﬁber. (b) Scanning electron microscope (SEM) image of a 3D-printed microﬁber. The
inset shows a cross-sectional SEM image of the microﬁber tip edge, which is slightly rounded. (c) Fabrication process steps for the microﬁbers: 3D
printing the master ﬁber from a UV-curable photoresist using two-photon lithography, developing it, creating its negative silicone rubber mold, and
molding the negative mold with polyurethane elastomers to create positive ﬁbers.

Figure 2. (a) Schematics of the custom automated adhesion characterization setup. A spherical glass indenter is attached to a load cell for vertical
force measurement. The load cell is connected to a motorized XYZ stage for motion control. An inverted microscope is used to observe the
interaction between ﬁber tips and the spherical indenter. (b) Diﬀerent steps in the adhesion test shown on a sample force−displacement data plot:
(A) The indenter approaches the ﬁber tip. (B) The indenter makes contact with ﬁber tip and remains in contact for 30 s. (C) The indenter starts the
retraction process. (D) The maximum reactive force is measured. (E) Full tip detachment occurs.
desired shape for positive structures using the two-photon lithography
machine (Photonic Professional GT, Nanoscribe GmbH). We then
developed the photoresist using 2-methoxy-1-methylethyl acetate
(PGMA) and hard baked the ﬁbers at 120 °C for 30 min. Next, we
made a negative mold for the ﬁbers using a soft silicon rubber (Mold
Max 20, Smooth-On, Inc.; mixed 10:1 by weight). We cured silicon
rubber for 24 h at room temperature. We ﬁnally fabricated the positive
ﬁbers using both ST-1060 polyurethane (BJB Enterprises Inc.; mixed
100:55 by weight) and ST-1087 polyurethane (BJB Enterprises Inc.;
mixed 100:50 by weight) elastomers. We degassed polymers 3 min
after mixing and 10 min after pouring them on the mold.21 Two sets of
positive ﬁbers for both ST-1060 and ST-1087 polyurethanes were

fabricated and cured for 24 h at room temperature followed by 16 h at
71 °C. Figure 1b shows a scanning electron microscope (SEM) image
of a sample polymerized master ﬁber (β = 1.2, θ = 45°). Beneﬁting
from the submicrometer resolution of the two-photon lithography, the
shape of the fabricated master ﬁbers had generally good agreement
with the original designs while the tip edge was rounded slightly as
shown in the inset of Figure 1b. Also, we noticed fabrication defects
(broken edge) for the master ﬁber with β = 1.3 and θ = 30°, and thus
we did not perform any experiments with this ﬁber.
The adhesion of fabricated microﬁbers was measured with a
customized setup shown in Figure 2a that was adapted from our
previous work.21 We used a plano-convex glass indenter with a
10120
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Figure 3. Reactive force Fre as a function of displacement z for ST-1060 polyurethane elastomer ﬁbers at (a) β = 1.1 and θ = 30−60° and (b) θ = 45°
and β = 1.1−1.5. Snapshots of crack propagation in ST-1060 ﬁbers at (c) θ = 45° and β = 1.3 (optimal) and (d) θ = 60° and β = 1.2 (nonoptimal).
Scale bars on (c) and (d) correspond to 100 μm. The ﬁrst images on both (c) and (d) show the crack initiation, and the last images on these parts
correspond to full detachment. The entire crack propagation process takes around 400 ms for the optimal set of parameters while it takes around
13.47 s for the nonoptimal case. (e) Experimental pull-oﬀ force Fp results in diﬀerent β and θ values. Each data point is an average of six
measurements, and the error bar indicates the standard deviation.
diameter of 6 mm and a radius of curvature of 4.7 mm for our
adhesion measurements. Diﬀerent steps in the adhesion measurement
process are illustrated in Figure 2b. We ﬁrst approached a ﬁber at a
speed of 10 μm/s and preloaded it with 2.5 mN of normal load. Next,
we made 30 s of contact with the ﬁber to make sure the viscoelastic
ﬁber material was relaxed and the contact force was leveled out. We
then retracted ﬁber at 1 μm/s until the indenter was fully detached
from the ﬁber. The pull-oﬀ force of each ﬁber Fp was characterized as
the maximum negative reactive force during the retraction step.

diﬀerent pull-oﬀ forces; the larger the wedge angle, the lower
the pull-oﬀ force for this β value. By changing θ from 30 to 60°,
the pull-oﬀ force on average decreased from 2.00 ± 0.30 to 0.96
± 0.03 mN for ST-1060 ﬁbers and from 3.75 ± 0.02 to 0.31 ±
0.02 mN for ST-1087 ﬁbers.
As can be seen in Figures 3a and 4a, the larger the pull-oﬀ
force, the sharper the trough. A sharper trough in this case
represents a faster crack propagation and quicker detachment.
Such detachment is due to relatively uniform stress distribution,
which is one of the main reasons resulting in a higher pull-oﬀ
force. As shown in Figure 3c,d, the crack propagation time td at
θ = 30° and β = 1.4 resulting in the maximal adhesion for ST1060 ﬁbers fabricated in this study was around 400 ms.
However, the crack propagation time at the minimal pull-oﬀ
force (θ = 60° and β = 1.1) was 13.5 s, approximately 34-fold
longer than that of the maximal adhesion. Figure 4c,d illustrates
the maximal (θ = 30° and β = 1.2, td < 60 ms) and nonoptimal
(θ = 45° and β = 1.3, td = 2.5 s) set of parameters for ST-1087
ﬁbers. As shown in these ﬁgures, stiﬀer ﬁbers made of ST-1087
show higher sensitivity to the shape of wedge angle θ than the
softer ST-1060 ﬁbers, approximately a 42-fold diﬀerence
between the maximal and minimal adhesion.

■

RESULTS AND DISCUSSION
Experimental measurements of reactive force Fre as a function
of vertical displacement z for ﬁbers with β = 1.2 and θ = 30, 45,
and 60° are plotted in Figures 3a and 4a for ST-1060 and ST1087 polyurethane elastomer ﬁbers, respectively. When
applying a preload, the reactive force is shown to be positive,
resulting in a positive displacement. With the retraction of the
indenter, the reactive force becomes negative, exerting the pulloﬀ force as shown in Figures 3a and 4a. Since the ratio of tip to
base diameter β is constant for these samples, slopes of force−
displacement curves during the preload are the same for all of
them. However, diﬀerent tip ending wedge angles θ resulted in
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Figure 4. Reactive force Fre as a function of displacement z for harder ST-1087 polyurethane elastomer ﬁbers at (a) β = 1.1 and θ = 30−60° and (b)
θ = 45° and β = 1.1−1.5. Snapshots of crack propagation in ST-1087 ﬁbers at (c) θ = 30° and β = 1.2 (optimal) and (d) θ = 45° and β = 1.3
(nonoptimal). Scale bars on (c) and (d) correspond to 100 μm. The ﬁrst images on both (c) and (d) show the crack initiation, and the last images
on these parts correspond to full detachment. The entire crack propagation process takes less than 60 ms for the optimal set of parameters while it
takes around 2.53 s for the nonoptimal case. (e) Experimental pull-oﬀ force Fp results in diﬀerent β and θ values. Each data point is an average of six
measurements, and the error bar indicates the standard deviation.

experimentally (θ = 30° and β = 1.4 and 1.2 for ST-1060 and
ST-1087 ﬁbers, respectively). One of the possible reasons for
the discrepancy between the theoretical predictions and
experimental results could be the rounded shape at the edge
of the ﬁber tips, as shown in the inset of Figure 1b. Aksak et al.
predicted that even the nanoscale rounded shape of the edge
could have a signiﬁcant impact on the normalized pull-oﬀ
stress.20 They also showed that for θ = 45° there is a lower limit
for the pull-oﬀ force resulting in a robust adhesion. However, at
larger values of θ, there will be a stress singularity at the tip
edge resulting in a reduced pull-oﬀ force.20
According to Tang et al., the normalized pull-oﬀ stress Φ =
σs/σ0 (σs is the pull-oﬀ stress and σ0 is the theoretical strength
of the interface, which could be in between E/10 and E/5
where E is the elastomer material’s Young’s modulus22) of a
soft elastic cylindrical ﬁber that is in contact with a ﬂat rigid
surface depends on dimensionless parameter χ as23

Figures 3b and 4b show the reactive force for θ = 45° and β =
1.1−1.5. In this case, the largest pull-oﬀ force occurred at β =
1.4 for ST-1060 (Fp = 2.04 ± 0.25 mN) and β = 1.5 for ST1087 (Fp = 0.66 ± 0.10 mN) ﬁbers. Moreover, the larger the β,
the smaller the slope of the force−displacement curve. This is
mainly due to the decrease in stem diameter and thus its lower
stiﬀness with increasing β. In addition, β also has an impact on
stress distribution as illustrated by changes in the sharpness of
the troughs in Figures 3b and 4b.9
Figures 3e and 4e illustrate pull-oﬀ force Fp for ﬁbers with
diﬀerent β and θ values. We used two samples for each
combination of β and θ and performed three measurements on
each ﬁber (90 measurements for each material). The measured
pull-oﬀ force for all ST-1060 ﬁbers ranged from 2.56 ± 0.06 to
0.87 ± 0.05 mN and from 3.75 ± 0.02 to 0.31 ± 0.04 mN for
ST-1087 ﬁbers. As shown in Figures 3e and 4e, changing β had
diﬀerent eﬀects depending on the tip-ending wedge angle and
the ﬁber material. The highest theoretical pull-oﬀ force for
ﬁbers of diﬀerent β and θ was estimated at β = 1.1−1.2 and θ =
45° before.20 In comparison to the theoretical predictions,
approximately similar values for optimal β and θ were observed

χ=
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where a is the ﬁber stem radius, ν is the ﬁber Poisson ratio, and
wadh is the work of adhesion at the ﬁber−surface interface. In
our study, χ was between 2 and 3 for soft ST-1060 ﬁbers and
between 20 and 30 for stiﬀ ST-1087 ﬁbers. Figure 5a,b shows

material could be better for higher adhesion strength if we
could more precisely fabricate the optimal tip ending shape of
microﬁbers and achieve full tip contact on the surface.

■

OUTLOOK
Theoretical studies of optimal adhesion for bioinspired
mushroomlike ﬁbers have shown the signiﬁcance of tip
diameter relative to stalk diameter (β) and the tip-ending
wedge angle (θ).20 However, there has been no experimental
veriﬁcation of such studies due to issues related to the precise
fabrication of 3D mushroomlike ﬁber tip endings with
controlled β and θ. In this study, we used 3D nanolithography
techniques to fabricate polyurethane elastomer mushroomlike
ﬁbers with diﬀerent β and θ values. Conducting measurements
of single ﬁber adhesion, we found that changing β at each θ
aﬀects the slope of the force−displacement curve as a result of
changes in ﬁber stiﬀness; the higher the β, the lower the slope
of this curve. Moreover, θ had a signiﬁcant impact on the
sharpness of the troughs on force−displacement curves and
thus on crack propagation, which is mainly due to diﬀerent
stress distributions at diﬀerent values of θ (although β also has
an impact on the stress distribution by changing the ﬁber
stiﬀness).9 θ = 30° resulted in the sharpest troughs and fastest
crack propagation (for both tested polyurethane elastomer
materials) due to a relatively uniform stress distribution. In
addition, we found the maximal pull-oﬀ force at θ = 30° and β
= 1.4 and 1.2 for ST-1060 and ST-1087, respectively. The
discrepancy between the computational estimation and
experimental results could be mainly due to the rounded
shape at the edge of the microﬁbers as predicted by Aksak et
al.20 The proposed fabrication technique could be used to
fabricate many other complex microstructured adhesive designs
on a similar scale with high precision. With the adhesion
characterization setup used in this study, we can measure their
adhesive force and investigate their optimality. Thus, arrays of
microﬁbers with such optimal tip endings could be fabricated
and used in a wide range of repeatable adhesive applications in
robotics, consumer products, manufacturing, medical and
electronic devices, and so forth requiring strong pull-oﬀ or
peel strength.
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that soft ST-1060 ﬁbers could achieve a higher normalized pulloﬀ stress Φ than stiﬀ ST-1087 ﬁbers over the entire range of
diﬀerent β and θ values. Also, as predicted by Aksak et al., at the
rounded edge shown in the inset of Figure 1b, Φ was observed
to decrease with increasing χ, as shown in Figure 5c.20 We
should note that even though Φ of the stiﬀ ﬁbers is much
smaller than that of the soft ﬁbers, the actual pull-oﬀ force of
stiﬀ ﬁbers was higher than that of the soft ﬁbers due to the high
theoretical strength of the interface σ0, implying that the stiﬀer
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