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Janus-faced pillar structures are a new class of bioinspired dry adhesives based on the
exploitation of unique physical and chemical properties when two different materials are
placed on two opposite faces. Using Janus-faced high aspect ratio (HAR) pillars, it is possi-
ble to control the geometry and surface chemistry that are key factors in designing gecko-
inspired artificial dry adhesives with high performance. In this review, first, we revisit the
conventional fabrication techniques for homogeneous, angled HAR structures. Second, we
present the fabrication methods for Janus-faced micro and nanopillars via physical and
chemical modification of one of the faces. Third, we discuss the geometric features of
Janus-faced structures with bending mechanisms of the pillars and the selection of contact-
ing faces. Finally, we cover the theoretical and practical viewpoints of adhesion behavior
with a particular focus on the role of work of adhesion, tilt angle, and adhesion hysteresis.
We emphasize that Janus-faced structures potentially provide powerful systems to control
anisotropic adhesion behavior by taking advantage of both physical and chemical aspects
of the angled structures.

Keywords: Janus-faced structures; angled nanopillars; dry adhesion; e-beam irradiation;
ion beam irradiation; oblique metal deposition; surface energy; adhesion hysteresis

1. Introduction

It has been intensively studied that many natural species such as insects (e.g. flies and bugs),
arachnids (e.g. spiders), and small reptiles (e.g. geckos, anoles, or skinks) use their fibrillar
structures for adhesion function [1,2]. Among them, gecko foot hair has been an attractive
topic to many researchers due to its fabulously high dry adhesion strength and locomotion
ability. The natural design of Tokay gecko (Gekko gecko) toe consists of structural hierarchy,
starting from millimeter scale overlapping lamellae. The outer part of surface contacting
lamellae is made of long, high aspect ratio (HAR) fibrillar structures (termed ‘setae’) with
average 110 μm height and 5 μm diameter. The end of a seta is branched into 100–1000 nano-
hairy structures (termed ‘spatulae’) with average height of 2 μm and diameter of 200 nm
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[1,3,4]. The material of gecko foot hair is made from relatively rigid, hydrophobic material
β-keratin (modulus of elasticity, E = 1–3GPa, water wetting angle of 128° [3,5]), including
the claw in each toe for mechanical interlocking. With the features given above, the gecko
has the ability to cling to almost all kinds of surfaces regardless of roughness, to detach
effortlessly from the surfaces with a speed of >1m/s, and to self-clean their pads [6–8].

Since the discovery of gecko’s adhesion system, the research in gecko-inspired dry adhe-
sives has been diverged into various topics including the adhesion mechanisms from both
physical and chemical viewpoints, the responsible forces and their contribution to the total
adhesion force, interactions between HAR micro and nanostructures, and modeling and tech-
nological applications. Especially, it is worthwhile noting that the HAR fibrillar structures of
gecko toe either at seta or spatula level are angled to a position from the adhering surface
normal. The underlying mechanisms have been intensively studied and now it is accepted that
the angled, HAR fibrillar structures help increase the directionality of adhesion force (i.e. high
adhesion force in shear direction and low adhesion in opposite direction) and reduce the
effective Young’s modulus closer to the tacky region in the Dahlquist criterion for tackiness
[9–12]. Autumn and co-workers showed that the tilt angle of a rod is critical to determine the
effective modulus of elasticity [9]:

Eeff ¼ 3EID sinð/Þ
L2 cos2ð/Þ½1� l tanð/Þ� ð1Þ

here, E is the modulus of elasticity, I is the area moment of inertia, D is the hair density, / is
the tilt angle of rod, L is the rod length, and μ is the friction coefficient. The ± sign in Equa-
tion (1) indicates, respectively, the shear direction along and against the rod orientation. It
can be easily expected that the surface becomes more compliant as the shear force is applied
along the natural orientation of gecko setae sloping angle to surface normal. A more specific
number from Equation (1) has been shown that natural-angled gecko seta of β-keratin mate-
rial with Effi 1 GPa has Eeffffi 105 Pa, which is close to the value of the Dahlquist criterion
for tackiness [9]. In addition to the advantages of increasing adhesion force uni-directionally
by lowering Eeff, the angled structures would enhance the interfacial crack propagation when
the detachment is initiated between the toe pad and substrate [13–15]. In this case, assuming
that the elastic energy stored in each spatula does not change during pull off, and the contact
between spatula and solid surface represents a contact between two perfectly flat solid sur-

faces, the normal pull-off force is given by F? ¼ F sin h ¼ �cB sin h
1� cos h

[13]. Here, F is the

pull-off force, h is the the peel angle, B is the the width of spatula, and Δγ is the change in
the interfacial energy (per unit area) when perfectly flat surfaces of the two solids are brought
into contact. Indeed, the gecko is believed to roll the toe to break the adhesion between the
toe pad and substrate for easy detachment [13].

In order to utilize the directional, smart adhesion behavior mentioned above, many
researchers have been trying to fabricate artificial dry adhesive structures either in single scale
structure or multiscale hierarchical structures with various materials and fabrication methods.
From the viewpoint of conformal contact, it is critical to design the end tip of fibrillar struc-
tures as the adhesion force is linearly proportional to the size of contacting area. Accordingly,
many spatula shapes such as flat, mushroom, etc have been employed and analyzed in depth
by several research groups to optimize the adhesion force [16–18]. Interestingly, the shape
effect may become insensitive, when the diameter of fibrillar structures is scaled down to
about 100 nm [11,19]. Therefore, the design of artificial dry adhesives using fibrillar structures
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below or close to 100 nm can be focused on the work of adhesion and increasing the contact
length by forming angled pillar structures.

Motivated by the importance of tuning the geometry and surface chemistry in designing
dry adhesives, a new class of unique and robust dry adhesives has been introduced, which is
termed ‘Janus-faced pillar structures.’ Here, one side or face of the pillar is physically or
chemically altered to have remarkably distinct behavior from the other side. The properties of
Janus-faced pillar structures can be exploited in various ways to obtain optimum geometry
and surface chemistry of dry adhesive materials. In parallel, the actual governing forces and
structural design issues have been recently established from both physical and chemical view-
points, thereby widening applications of the Janus-faced structures [5,16,20,21].

In this brief overview, we present the recent developments for exploiting the unique adhe-
sion properties of Janus-faced structures. In the first part, we review the fabrication methods
for homogeneous, angled HAR structures in micro or nanoscale with a single material. The
second part discusses the fabrication methods for Janus-faced structures in the form of angled
pillars in micro or nanoscale. Finally, we discuss the theoretical aspects of the adhesion prop-
erties of Janus-faced structures. This review will be a useful guide for scientists and engineers
who want to utilize the Janus-faced structures in an artificial dry adhesive system.

2. Homogeneous, angled HAR structures

Homogeneous structures are comprised of monolithic objects having uniform properties
throughout the body. In angled structures, the tilt angle is defined as the tangential angle at
the tip of structures and is typically measured from the side view of scanning electron micros-
copy (SEM) images of the structures. Throughout the review, we classify pillars into micro
and nanopillars based on their diameter. Specifically, micropillars are pillars with diameters
on the order of several micrometers to several hundreds of micrometers; Nanopillars are pil-
lars with sub-micrometer diameters (a few tens of nanometers to several hundreds of nanome-
ters). The fabrication of homogeneous, angled HAR structures is summarized below.

2.1. Fabrication of homogeneous, angled HAR micropillars

To fabricate homogeneous, angled HAR structures, an advanced conventional photolithogra-
phy process was demonstrated. Aksak and co-workers [22] used inclined optical lithography
and polymer micromolding technique. In this process, the inclined microfiber arrays were
made from SU-8 photoresist with pre-baked backup layer on glass wafer to prevent delamina-
tion during microfiber removal. The aspect ratio of the microfibers was determined from the
thickness of SU-8 photoresist (SU-8 2025, MicroChem, MA, USA). The angled microfibers
made from polyurethane (PU) can be simply obtained by tilting the glass wafer during UV
exposure. A further development of the same process has been shown by integrating mush-
room [18] and spatula [23] tips. Using this method, the tilt angle of microfibers can be tuned
from 0° to 18° on large area up to 8 inch diameter of glass wafer.

Reddy and co-workers [24] used a shape memory thermoplastic elastomer to make angled
micropillars. Here, an elastomer with pre-patterned structures was heated at a temperature
higher than the glass transition temperature, T>Tg under the application of deformation shear
force. The sample was then cooled to below Tg while maintaining the deformed state of the
shape memory elastomer. On angled, micropillars thus formed with an angle of about 45°,
unlike what is expected, the adhesion force was somewhat lower compared to that of vertical
pillars due to the loss of contact area in the angled geometry. Another way to make angled
micropillars was reported by Santos and co-workers [11]. They used a triple-mold assembly
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in the process, which consisted of a bottom mold to provide flat base for micropillars, a mid-
dle mold with angled holes and bevel end for angled tips, and a top mold to cast the liquid
polymer into angled surfaces. A uniform, well-defined structure of directional polymer stalks
was achieved using PU after micromolding with the assembly.

The SEM images of homogeneous, angled HAR micropillars using the above techniques
are shown in Figure 1. It is noted that the fabrication of angled, HAR pillars, even at micro-
scale level, is not simple and straightforward and a specific modification would be required to
modify the conventional photolithographic or soft lithographic process [25,26]. Furthermore,
there are also potential limitations in materials selection, resolution in terms of size and shape,
maximum tilt angle, and uniformity over large-area coverage. A sophisticated process, which
is capable of fabricating angled, HAR micropillars with well-tuned geometry is still a techno-
logical challenge.

Figure 1. SEM images of various homogeneous, angled HAR micropillars fabricated by advanced
lithographic process. (a) PU with round tips. Reprinted from [22]. (b) PU with spatula tips. Reprinted
from [23]. (c) A shape memory thermoplastic elastomer, Tecoflex 72D (Thermedic Polymer Products,
MA USA), with angled structures resulted from deformation force. Reprinted from [24]. (d) PU with
directional stalk structures. Reprinted from [11].
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2.2. Fabrication of homogeneous, angled HAR nanopillars

The fabrication of homogeneous, angled HAR pillars in nanoscale is even more challenging
compared to that of angled micropillars. The first method to make angled HAR nanopillars
for dry adhesive applications was reported by Lee and co-workers [27], where a pre-patterned
polypropylene (PP) with nanoscale vertical pillars was initially fabricated. The vertical nano-
pillars were made by casting PP onto polycarbonate (PC) filter with 0.6 μm pores under vac-
uum at 200 °C. After the removal of PC in methylene chloride, an array of fairly uniform
vertical nanopillars was achieved. Next, the rolling process was applied onto the vertical
nanopillars, resulting in angled nanopillars. Recently, Jeong and co-workers used an angled
plasma etching process to make angled nanoholes on silicon on insulator (SOI) wafer [28].
Here, to uniformly direct the path of ions perpendicularly to the sample’s surface normal dur-
ing reactive ion etching (RIE) process, a Faraday cage was installed surrounding the sample.
By placing the SOI wafer in a certain angle, it was possible to etch away the exposed part of
the SOI wafer to obtain a Si mold with angled nanoholes. With the aid of controlled wet etch
and etch stop of the underlying SiO2 layer, it was also possible to modify the tip of nano-
holes into a flat structure. The SOI wafer mold was used in replica molding using polyure-
thane acrylate [PUA]). The SEM images of representative homogeneous, angled HAR
nanopillars are shown in Figure 2.

The difficulties in the fabrication of nanoscale-angled HAR pillars are attributed to the
optical limit of photolithography used to make the master mold, which is also considered as
an expensive process for large-scale production. Furthermore, pillars of single material com-
position are also potentially limited due to the lack of various functional properties from geo-
metrical, chemical, and electrical aspects.

A summary of the properties of homogeneous, angled HAR pillars in micro and nanome-
ter scales is presented in Table 1. It is noted that the maximum tilt angle of microscale pillars
usually is limited to about 30° due in part to the clumping problem between the homoge-
neous, angled HAR micropillars after treatment [22] or to the shadowing problem of beam
irradiation to create instability in Janus-faced micropillars [29]. In contrast, similar problems
were not encountered in nanopillars, where the maximum tilt angle could be tuned to nearly
90°. From the viewpoint of adhesion force, it is apparent that adhesion force will be higher in
nanopillars compared to that of micropillars due to the increased actual contact area [2]. Spe-

Figure 2. SEM images of homogeneous, angled HAR nanopillars by advanced lithographic process.
(a) PP fabricated by replica molding from negative Si mold with vertical etching followed by rolling
process. Reprinted from [27]. (b) PUA fabricated by replica molding from negative Si mold with angled
etching. Reprinted from [28].
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cific values for the comparison of adhesion strengths for nano and microscale pillars are listed
in Table 1, suggesting that the adhesion strength differs by an order of magnitude. For exam-
ple, the adhesion strength of angled micropillars can be only to 10N/cm2 [18] while angled
nanopillars can reach 120N/cm2 [30]. In the table, we have averaged the preloading force per
unit area. Here, preload is a normal load applied to dry adhesive patch to make conformal
contact between pillars and counter surface [28]. In general, the preload is not exerted during
the application of shear adhesion force. The detailed effect of tilt angle and surface chemistry
on the adhesion force is explained in subsequent sections.

Figure 3. Scheme of fabrication routes for Janus-faced pillars with physical and/or chemical
modification.
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3. Janus-faced structures and their fabrication methods

The word ‘Janus’ comes from the Roman god as the custodian for the universe who had two
opposing faces. In the area of dry adhesives, it was recently proposed that Janus-faced struc-
tures can be utilized as an efficient system for dry adhesive material due to their unique struc-
tural features [31,32]. Since the introduction of the concept, a series of new processes have
been developed for their better performance as an artificial dry adhesive [29,30,33,34]. Here,
we define Janus-faced structures as a new class of dry adhesive with the contrasting behaviors
of two opposing, vertically standing faces.

The current patterning technology has enabled one to obtain various HAR vertical struc-
tures including projection lithography [35], scanning beam lithography (e-beam [36,37],
focused ion beam [38,39]), and unconventional processes such as soft lithography [40,41].
Nonetheless, the fabrication of angled HAR micro and/or nanostructures composed of a single
material is still limited due to several obstacles as explained in the previous section. To tackle
some of the limitations, several alternative ways of preparing Janus-faced structures have been
introduced either in single step or multistep methods. In general, Janus effect can be utilized
by bending one of the faces with a physical treatment to the existing vertical pillars. During
the process, one side of the as-prepared vertical pillars is physically altered, resulting in the
transformation of vertical structures into angled ones together with a change in mechanical
properties such as Young’s modulus and stiffness.

Here, we classify physical modification into three types: e-beam irradiation [31,33],
oblique metal deposition [32,34,42,43], and broad ion beam irradiation [29,30], which is
schematically shown in Figure 3. In all cases, the initial vertical pillars either in micro or
nanoscale can be prepared using the conventional process (i.e. photolithographic and/or
soft lithographic processes by replica molding) [25,26]. Subsequently, the vertical pillars
are exposed to the physical treatment and become slanted to a certain angle with respect
to the bottom substrate. If special surface functionalities need to be added, the angled pil-
lars can be further treated by post chemical vapor deposition using oxygen ion beams or
physical process using thin film deposition. An example of the combination of both obli-
que Ar-ion beam irradiation and post-oxygen ion beam treatment was recently investigated
to make angled nanopillars as well as to tune surface energy of the angled pillars [30].
Below are specific techniques to fabricate angled micro and nanopillars on the basis of
physical modification.

3.1. E-beam irradiation

The first physical modification method was introduced by utilizing e-beam irradiation emitted
from an electron gun in a vacuum chamber. Kim and co-workers suggested e-beam irradiation
using commercial SEM system to make angled nanopillars [31,33]. The angled nanopillars
with tilt angle from 0° to 30° can be obtained by simply tilting the sample to the e-beam
direction. Since the effective coverage area of e-beam is relatively narrow (about 3� 3 μm2)
in the SEM system, it requires relatively long time process (up to several hours to bend 1
cm2 of nanopillars dry adhesive patch) and good technical skills to obtain uniformly angled
structures. The fixed e-beam irradiation duration and acceleration voltage were used as basic
parameters. The relationship between tilt angle and irradiation time was reported to be linear
up to certain irradiation time [31].

As for the bending mechanism, the electron beam with short scanning distance in the
SEM system would carry electrons with lower energy. Therefore, it is not easy to produce a
scissoring effect or etching on the surface to create carbonaceous or silica-like stiff skin on
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the surface. The possible reaction is, therefore, chemical decomposition, where the bending
process is material and size dependent. In the case of PUA which is composed of PU back-
bone with acrylate groups [44], the C=O units will be decomposed into COOH at the first
stage, and then followed by CO2 gas formation at the next stage under the e-beam irradiation
[45]. The consequence of this process is the reduction in volume of the e-beam irradiated
part. Finally, the volume shrinkage of the irradiated polymer face made the vertical pillars to
bend towards the direction of e-beam irradiation.

An example of angled nanopillars made by the e-beam irradiation can be seen in Figure 4(a).
Here, the distinct difference can be seen between exposed and unexposed regions to the e-beam.
The low productivity of using this method has been restricting the widespread use for large-area
dry adhesives.

3.2. Broad ion beam irradiation

To address the low speed of the e-beam irradiation, broad ion beam irradiation utilizes sur-
face-ions interactions to bombard the target surface over a large area up to meterscale which
depends on the ion gun size. To physically change the surface properties without any chemi-
cal reactions, the ions from inert gas like argon are usually used. To conduct broad ion beam
irradiation process, a typical hybrid ion beam system with high vacuum chamber
(Pffi 10�5 Pa) can be used [29,46]. Specifically, argon gas is introduced into an end-Hall type
ion gun, a permanent magnet ion source in the anode to produce ion beam with a controllable
energy. The path of ions is directed towards the sample position in the cathode assisted by
applying a bias voltage. The energy and directionality of ions are affected by the substrate
bias voltage. To obtain specific facial modification, the sample can be simply tilted into a cer-
tain direction. As a consequence, the surface or face of pillars that is irradiated by Ar-ion
beam has distinct characteristics compared to shadowed parts of the opposing face on the
same pillar.

The bending mechanism of pillars in broad ion beam irradiation process is different from
e-beam irradiation. Depending on the material and energy of ion beam, surface may undergo
chemical reaction upon exposure to energetic ions which alter the physical properties of the
surface. On polydimethylsiloxane (PDMS), Ar-ion beam irradiation would create a stiffening
process on the surface by polymeric chain-scissoring process of oxygen and carbon bond,
resulting in a SiOx-rich PDMS surface. A thin skin with stiffness �100 times higher than
PDMS was observed in the compressive stress state [47,48]. To release the stress, the stiff

Figure 4. SEM images of angled Janus-faced pillars fabricated from vertical pillars: (a) nanoscale
HAR PUA pillars bent by e-beam irradiation. The Janus-faced pillars are shown as bent pillars in the
exposed area while pillars in the unexposed area remain vertical. Reprinted from [31]. (b) Microscale
HAR PDMS pillars bent by broad ion beam irradiation. Reprinted from [29]. (c) Nanoscale HAR PUA
pillars bent by oblique metal deposition. Reprinted from [32].
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skin would shrink to form wrinkles and squeeze the irradiated surface. Furthermore, with the
increase of the ion beam irradiation duration, a material loss would occur due to sputtering of
polymer material induced from continuous bombardment of ion beam, which accompanies
shrinkage on the ion beam facing side of the pillar. Finally, the vertical pillars are bent
towards the irradiation direction. The tilt angle was found to change from 0° to 32°. An SEM
image of Janus-faced micropillars fabricated using the broad ion beam irradiation process is
shown in Figure 4(b).

In the case of PDMS with Ar-ion beam irradiation for time duration of t, using accelera-
tion voltage of 1 keV, and a bias voltage of �600V, the local shrinkage ɛ is given by the rela-
tion ɛffi 0.57t. The theoretical tilt angle h due to the local shrinkage, ɛ is given by [29]:

h ¼ e
h

d

� �
; ð2Þ

here, h and d are the height and diameter of pillar, respectively. It is important to note that
the angled pillars obey Equation (2) to certain time duration. After a certain treatment time,
the bending angle was no longer linearly related to the treatment duration. The reason can be
attributed to the dominance of etching effect over stiffening process at long irradiation times,
and therefore the tilt angle is relatively independent of treatment duration.

The irradiation process using broad ion beam offers a high yield with fast processing and
good uniformity. The tilted pillar structures after broad ion beam irradiation can further be
integrated with chemical face modification [30]. The limitation of broad ion beam irradiation
process is the requirement of vacuum process with high initial costs.

3.3. Oblique metal deposition

As an alternative to e-beam or ion beam irradiation, oblique or glancing angle deposition of
metals has been introduced recently [32,34,42,43]. Oblique metal deposition on polymeric pil-
lars is a versatile process to make angled HAR pillars as it is possible to cover large area, is
a fast process, and uniform yields are obtained. The process is also relatively simple and fea-
tured with the controllability in tilt angle and direction of HAR pillars. In this process, a thin
metallic film is deposited by tilting the sample with vertical pillars. The metal-coated pillars
possess different properties in term of surface energy and modulus of elasticity on the two
sides. Depending on the nature of metal film, thickness, and deposition process, the as-coated
pillars can show an auto-bending phenomenon, which is associated with the residual stress
releasing process of the deposited film on the pillars. In general, a metal film deposited with
high energetic process such as thermal evaporation or sputtering will have residual stress
either in tensile or compressive state [49]. Here, to release the generated stress in the film
after deposition, geometry change compensation should arise as the film is constrained by the
polymer substrate. This mechanism is further expressed by a contraction or expansion,
depends on the residual stress state of a single side of the pillar, which result in bending pillar
structure with certain tilt angle. The minimum thickness of the film to show auto bending
was reported to be 20 nm in the case of PUA pillars coated with Au and Al with thermal
evaporation process [43]. Taking the advantage of the bending characteristics in the system of
oblique metal deposition process on polymeric pillars, one can further exploit the control of
face selection of the Janus-faced structures.

To further amplify the bending curvature of the Janus-faced pillars through oblique metal
deposition method, a second process of annealing is required when the film is very thin (less
than 15 nm). The exposure of samples to high temperature allows the two different materials
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to expand differently. As they have different expansion coefficients, vertical pillars will be
bent to the side with larger expansion coefficient with permanent plastic deformation. When
sample is cooled, the two materials shrink but the deformed or stooped state of the sample
remains.

Yoon and co-workers suggested a simple oblique Pt deposition on PUA nanopillars using
a Pt ion coater [32]. By tilting the sample holder to a certain angle, only one side of the pillar
was coated with Pt. Because of low deposition energy of standard Pt ion coater in the SEM
system, the stress generated in the film was low so that no bending was observed initially.
During the subsequent annealing process at high temperature, the metallic face with larger
thermal expansion coefficient expands causing thermal expansion mismatch at the interface.
As the temperature decreases during cooling, the metal film shrinks at a larger strain (ratio of
volume change to initial volume) rate compared to native polymer substrate with the residual
stress produced being in compressive state. Therefore, the pillars were angled to the direction
of metal face. The SEM image of Janus-faced structures produced by this process is shown
in Figure 4(c). It was found that the angle was highly dependent on the annealing temperature
and time [32].

More recently, Chu and co-workers reported an alternative method to bend metallic nano-
pillars by using oblique gold deposition. [42]. Here, a set of Si vertical pillars were obliquely
deposited with a thin gold film by e-beam-assisted thermal evaporation. The hot gold atoms
condensed on the Si pillars were in tensile residual stress during the deposition. Meanwhile,
the Si pillars were heated by the hot gold atoms that condensed on the surface. When the
coated sample was cooled down to room temperature, the combination of the residual stress
in the gold film with the thermal residual stress in the Si pillars from the thermal expansion
mismatch between gold film and Si pillars made the vertical Si pillars angled.

3.4. Angle directionality of Janus-faced pillars

The physical modification of Janus-faced pillars using broad ion beam and e-beam irradiation
produced a permanent bending of the structures towards the beam direction. However, using
metallic film deposition, it is possible to control the bending direction by applying different
metals when the film is relatively thick. For example, Au films would make the pillars bend
towards the metal-coated face. However, Al coating would make the pillars bend oppositely
towards the polymeric face. This phenomenon is depend on the state of residual stress in the
metallic film deposited on the pillars (i.e. a tensile residual stress will bend the pillars towards
the film side, while a compressive residual stress will bend the pillars towards the polymer
side) [43]. The intrinsic stress of most metallic films deposited with evaporation or ion bom-
bardment is in tensile state [49]. During thermal evaporation, the individual metal atoms are
in tensile state due to larger thermal expansion coefficient relatively to the polymer substrate.
When a metal is deposited on the substrate with lower temperature, the metal film will con-
tract to pull the pillars towards the metal face as the metal film is confined by the polymer
substrate. On the other hand, for specific reactive metals such as Al, the impurities in the film
can easily modify the stress state into compression. The mechanisms can be attributed to
direct diffusion of interstitial impurities, compound formation in the grain boundaries, and
impurities absorption below the top surface of the growing films [49]. Figure 5 shows the
face selection in Janus-faced pillars based on the residual state in the film.

Another way to control the bending direction is the additional process using chemical
decomposition by e-beam irradiation [32]. Once tilted Janus-faced structures were made either
by metallic coating or ion beam irradiation, the subsequent e-beam irradiation on the unex-

Journal of Adhesion Science and Technology 377

D
ow

nl
oa

de
d 

by
 [

Se
ou

l N
at

io
na

l U
ni

ve
rs

ity
 o

f 
T

ec
hn

ol
og

y]
 a

t 2
2:

12
 0

1 
D

ec
em

be
r 

20
14

 



posed face will induce shrinkage in the irradiated part. As the result, the bending direction of
Janus-face structures can be flipped to the opposite face direction.

3.5. Post-treatment of Janus-faced structures after physical modification

In nanoscale adhesion, the work of adhesion depends on the surface energy of the contacting
materials. After conducting physical deposition on the selected face of micro or nanopillars,
Janus-faced structures can be varied in surface energy with chemical face modification. In this
case, the tilted samples with vertical or pre-bent pillars are exposed to ion beam irradiation,
which increases the surface energy of the exposed surface [30]. In our recent work, oxygen
ion beam was utilized to alter the surface energy of polymer pillars. Depending on the dura-
tion of ion beam irradiation, the chemical reaction was controlled to induce the oxidation only
while preventing the etching process. Using the PUA sample, X-ray photoelectron spectros-
copy (XPS) measurement showed that the profile of radicals (C⁄) in the linear chain of
(–[C⁄H2–CH2]n–) backbone in the PUA materials were increased as well as the –CO, and
–COO bonds (data not shown). It is indicative that the oxygen ion beam breaks the carbon
chains backbone and oxidizes the substrate, resulting in a significant increase in the apparent
surface energy [30].

A brief summary for the comparison of available fabrication methods for Janus-faced
structures is presented in Table 2. From the table, it is apparent that both physical and chemi-
cal face modifications offer complementary avenues for optimum design of artificial dry adhe-
sives.

Figure 5. Face selection in Janus-faced pillar structures based on the residual stress state in the film:
(a) compressive and (b) tensile. The transmission electron microscopy (TEM) images of metallic films
on native PUA pillars deposited by thermal evaporation: (c) an Al film on PUA shows a compressive
stress, therefore, the pillars bent towards the polymer face direction. On the other hand, (d) an Au film
on PUA shows a tensile stress, therefore, the pillars bent towards the film face direction. Images are
reprinted from [43].
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Figure 6. The vertical pillars with Pt coating on one side and native polymer on the other side. The
scheme shows the directional shear adhesion along the pulling direction. Reprinted from [32].

Table 2. Comparison of Janus-faced structure characteristics using various methods.

Physical face modification Chemical face
modification

E-beam Ion beam
Oblique metal
deposition

Chemical vapour
deposition

Fabrication
process

Two-step:
molding
+ irradiation

Two-step:
molding
+ irradiation

Three-step: molding
+metal coating
+ annealing

Three-step: molding,
irradiation, oblique
CVD

Coverage area Very small Large Large Large
Fabrication

speed
Slow Fast Fast Fast

Shape and
morphology

Non-uniform Uniform Uniform Uniform

Changes in
mechanical
properties

Negligible Depends on
exposure time

Yes Negligible

Changes in
chemical
properties

Negligible Depends on
exposure time

Yes Yes

Maximum tilt
angle (deg.)

30 80 20 NA

Modification
state

Permanent Permanent Pseudo-permanent Reversible to
permanent

Note: NA – Not applicable.
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4. Adhesion properties of Janus-faced structures

4.1. Role of work of adhesion

The adhesion properties of Janus-faced structures are different on the two opposing faces due
to mechanical and chemical differences. Yoon and co-workers studied the macroscopic adhe-
sion force and directional adhesion hysteresis with Janus-faced nanopillars (Pt film coated on
PUA pillars) [32]. After oblique angle deposition of Pt film on vertically aligned PUA
nanopillars, the shear adhesion force tests were conducted in such a way that the shear direc-
tion was parallel to the Pt film face in the first case and to polymer face in the other case.
Figure 6 shows the SEM image of the Pt coated PUA nanopillars and the directions of shear
adhesion force test.

The directional sensitivity of Janus-faced nanopillars can be attributed to material proper-
ties of the Janus structures brought into contact with the test surface. The general relationship
on the effect of surface properties and work of adhesion can be explained, for example, by
the harmonic mean equation. When two different materials are in contact, the work of adhe-
sion, W12 is given by [50]:

W12 ¼ 4
cd1c

d
2

cd1 þ cd2
þ cp1c

p
2

cp1 þ cp2

� �
; ð3Þ

Here, the superscripts d and p are the dispersion and polar components of surface tension γ,
respectively. The surface tension force can be measured from the wetting angle on flat sample
using polar and nonpolar probe liquids. The probe liquids of de-ionized water and formamide
were used for polar and dispersion components measurement, respectively, using the Owens–
Wendt method [51]. It was observed that the intrinsic surface energy of nanohairy structures,
widely controlled from 21.3 to 72.8mJ/m2, was shown to increase the adhesion strength by
more than fivefold as shown in Figure 7.

4.2. Role of tilt angle

In general, it is reasonable to expect that the shear adhesion force is highly dependent on the
contact length of pillar geometry which is varied by the tilt angle of the pillars. However, the
direct determination of actual contact length is not easy with the current approaches, espe-

Static wetting angle (deg.)
Surface energy (mJ/m2)

Shear adhesion strength (N/cm2)

21.3±0.9

7.5±2.8

86.4±1.3

11.0±2.0

72.8±0.3

58.1±9.7

Untreated surface Treated surface

Figure 7. Effects of oxygen ion beam treatment on the PUA surface properties: static wetting angle,
surface energy, and shear adhesion strength. Redrawn from [30].
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cially when the pillar size is in nanoscale. With Equation (3) together with macroscopic shear
adhesion force measurements, the work of adhesion between Janus-faced pillar surface and
test substrate, W12 can be used to estimate the contact length of the system. By considering
the Janus-faced pillars as elastic solids and using the Johnson–Kendall–Roberts theory [52],
the contacting Janus-faced pillar surface makes a square interface with the length Lc and con-
tact width Wc expressed by [53,54]:

Wc ¼ 8
ð1� t2ÞR2W12

pE

� �1=3

; ð4Þ

here, υ and R are the Poisson’s ratio and radius of pillar, respectively. The shear adhesion
force of a single pillar can be expressed as [53–55]:

Fs ¼ As ¼ WcLcs; ð5Þ

where τ is the interfacial shear strength of the pillar and Lc is the contact length induced by
the leaning angle of pillar. Finally, one can estimate the actual contact length from the macro-
scopic shear adhesion force of the sample. Jeong and co-workers showed that the contact
length induced by tilt angle has a linear profile with respect to shear adhesion [53]. It was
estimated that increasing tilt angle from zero to 45° produced about fourfold increase in shear
adhesion strength [53].

A more general viewpoint on the effect of tilt angle and aspect ratio of pillar structures is
shown in Figure 8. Here, to describe the general adhesion performance regardless of the scale
(in micro or nanoscale), the adhesion strength is represented by the pull-off strength (the nor-
mal adhesion force per unit contact area). As shown, for pillar structures of the same material,
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Figure 8. The pull-off strength profile as a function of tilt angle and aspect ratio of angled, HAR
structures.
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an increase in tilt angle would give approximately an exponential rise in the pull-off strength.
On the other hand, an increase in aspect ratio would give approximately a logarithmic rise in
the pull-off strength.

A brief summary on the dependency of shear adhesion strength on tilt angle of HAR
structures is shown in Figure 9. Here, the shear adhesion strength and tilt angle of spatula in
real gecko foot is shown for comparison. The shear adhesion strength can be calculated
empirically from the shear adhesion force of the individual pillar in Equation (5) (multiplied
by the total number of pillars per unit area). In general, it is observed that the measured shear
adhesion strength is lower than the theoretical calculation due to existence of defects in the
structures or inaccurate estimation of τ [30,53]. It can be seen clearly from Figure 9 that the
contact length induced by tilt angle has a linear profile with respect to the shear adhesion
force and, therefore, the shear adhesion strength.

From the analysis of adhesion properties discussed above, the control of surface energy
and tilt angle is a key factor in designing high adhesion strength artificial dry adhesives. It is
also obvious that Janus-face structures can provide versatile options for simultaneous control
of tilt angle and surface energy for angled micro and nanopillars.

4.3. Adhesion hysteresis in Janus-faced structures

The unique properties of Janus-faced structures enable one to amplify the difference in adhe-
sion strength in the two opposing face directions. In particular, we can expect that adhesion
hysteresis on Janus-faced structures would be very high towards the angled face and signifi-
cantly low in the opposite face [32]. Such unidirectional or anisotropic adhesion property of
Janus-faced structures is an important feature for optimum design of a smart adhesive system
with high adhesion and easy detachment.

Figure 10 shows the summary of adhesion hysteresis of various systems having Janus-
faced structures. In particular for PUA/Pt Janus system with vertical nanopillars, the maxi-
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Figure 9. Plot of shear adhesion strength of various angled HAR structures. A linear profile of shear
adhesion strength is attributed to the linear increase of contact length induced by increasing tilt angle.
The star symbol represents the shear adhesion strength and tilt angle of real gecko foot for comparison.
A remarkable increase in shear adhesion strength in [30] is attributed to the using of high-surface
energy materials.
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mum adhesion strength is about 18N/cm2 in the foreface direction (PUA face direction),
while the maximum adhesion strength in the backface direction (Pt face direction) is
about 9N/cm2. On the same Janus-faced system of PUA/Pt with angled structures, the
maximum adhesion strength is elevated to 31N/cm2 in the foreface direction and about
4N/cm2 in the backface direction. This result shows that the tilt angle of pillar structures
plays a key role in increasing the shear adhesion strength as well as to amplify the adhe-
sion hysteresis.

5. Conclusion

We have presented recent developments on a new class of artificial dry adhesives based on
Janus-faced micro and nanopillars. The unique properties of Janus-faced structures can be
exploited in terms of surface chemistry and geometry aspects. The fabrication method for
Janus-faced structures mainly involves a certain type of physical modification in the form of
e-beam irradiation, broad ion beam irradiation, and oblique metal deposition. The physical
modification offers permanent or pseudo-permanent deformation to the as-prepared vertical
pillars that are typically made by conventional photolithography and/or soft lithography by
replica molding. The bending mechanism is quite different for each method by utilizing, for
example, volumetric shrinkage, formation of a skin layer in the stiffening process, and differ-
ence in the thermal expansion coefficients. After the physical modification, the surface of
angled micro and nanopillars can further be tuned to have a higher surface energy or a differ-
ent surface roughness. It appears that the fabrication techniques presented in this review are
relatively complicated especially for angled nanopillars, typically involving multistep pro-
cesses. A trade-off generally arises between the quality of resulting structures and cost issues.
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Figure 10. Comparison of adhesion hysteresis, the difference in shear adhesion strength by foreface
and backface pulling force direction, of various Janus-faced pillars with different tilt angles and test
surfaces. The direction of shear adhesion strength is shown in the scheme (the closed and open symbols
indicate the foreface and backface pulling force directions, respectively).
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Therefore, it is advised that a suitable fabrication technique should be selected considering
the material properties and desired adhesion performance.

It was shown that several unique features in Janus-faced structures are useful for artificial
dry adhesives. First, the structures provide the flexible design and control of pillar shape and
tilt angle, which are of great importance to high shear adhesion strength as well as high adhe-
sion hysteresis. Also, the distinct contrasts in physical and chemical properties on the oppos-
ing sides of Janus-faced structures are potentially useful for other applications such as
directional wetting and friction. Overall, it can be seen that Janus-faced structures have the
potential to be an efficient system in realizing the optimum design of artificial dry adhesives.
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