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Abstract
We report directional switchable adhesion behavior inspired by the locomotion mechanism of gecko lizard. The robust 
mushroom-like polydimethylsiloxane microline arrays are fabricated by using silicon based over-etching process and replica 
molding. The line gecko patterns attached to the glass substrate exhibit strong shear adhesion forces in parallel and perpen-
dicular directions with respect to the line direction and high adhesion hysteresis property only in the parallel direction. We 
have explained the directional adhesion behavior of the line gecko pattern by comparing peeling propagation and normal 
adhesion phenomenon. Then, we have successfully demonstrated silicon wafer transportation with the line gecko pattern by 
using directional adhesion behavior of the pattern, which is high shear adhesion force and low peeling force in the parallel 
direction with respect to the line direction.
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MEMS  Microelectromechanical systems
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1 Introduction

It has been decades for a large amount of research group to 
reveal the mechanism of climbing creatures. Among them, a 
gecko lizard is one of the most interesting creatures because 
of its superior dry adhesion properties. The adhesion prop-
erty of gecko with strong attachment and easy peeling-off 
allows for switchable and repeatable adhesion on any rough 
surfaces. Inspired by these intriguing features, there have 
been many efforts to mimic locomotion and principle of dry 
adhesion of gecko lizard [1–6]. As it is widely known, the 
unique adhesion property of gecko lizard comes from the 
multiscale fibrillary structures on the feet of the creature. 
Motivated by such structures, a number of artificial gecko-
inspired surfaces have been demonstrated by using various 
fabrication methods including mechanical machining, modi-
fied MEMS etching process, diamond cutting, wrinkling sur-
face methods and soft lithography [7–12]. Furthermore, the 
unusability of the fabricated gecko-like structures have been 
proved by applying diverse application fields such as climb-
ing robot, skin adhesive patch and material transportation 
system [13–17].

Meanwhile, most of the previous researches on the bioin-
spired dry adhesives have focused on increasing normal or 
shear adhesion force of the fabricated surfaces. To achieve 
the desired attaching force, much morphology such as mush-
room-like micropillar arrays [18, 19], slanted nano hairy 
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structures [2] and hierarchical structures [10] have been 
developed by using various fabrication methods mentioned 
above. However, in spite of the remarkable attaching force of 
the gecko-inspired fibrillary adhesives, it is still difficult to 
exploit directional switchable adhesion mechanism, which is 
real movement mechanism of gecko lizard. It is well known 
that low detaching force in direction of progress is as much 
important as high adhesion force of the artificial fibrillary 
adhesives. In this regard, there have been suggested vari-
ous methods to achieve desired adhesion hysteresis which 
indicates strong attachment and low detachment by utilizing 
wrinkle surface, modifying the shape of the fibrillary struc-
tures or using functional materials [9, 10, 15, 20, 21]. Never-
theless, the widespread use of these previous approaches has 
some limitation due to high-expertise and complex fabrica-
tion process, low adhesion hysteresis and lack of switchable 
adhesion property along the direction to movement.

Herein, we propose robust mushroom-like microline 
arrays for directional switchable dry adhesives by using 
simple and facile fabrication method. We further develop 
previous reported over-etching process and in order to make 
polymeric line-shaped wide-tip structures. It is novel that 
the well-ordered mushroom-shaped line structure with high 
fidelity through the unique fabrication method demonstrate 
enough directional adhesion properties compared to previ-
ous studies. The fabricated polydimethylsiloxane (PDMS) 
microline arrays exhibit high adhesion hysteresis property 
along the parallel direction to the structures. We measure 
shear adhesion and peeling force of the fabricated poly-
meric surface and carry out long term stable repeatable test. 
The high directional switchable dry adhesion property is 
explained by peeling propagation phenomenon compared to 
that of normal adhesion force. As a result, we demonstrate 
green-environmental transport system for silicon wafer, 
which indicate diverse potential usages such as in dry adhe-
sive application for smart industry.

2  Experimental Details

2.1  Fabrication of Mushroom‑Like Microline 
Structures

The silicon mold which has negative mushroom-like micro-
line structure is fabricated on silicon on an insulator (SOI) 
wafer (Mico MST Co. Korea). The SOI wafer consist of 
 SiO2 etch-stop layer with 500-nm-thickness and p-type (100) 
bare silicon. Etch mask is fabricated as microline pattern by 
photolithography process, and then the mushroom shaped 
tips are made with over-etching procedure at the etch-stop 
layer. The detailed description of the over-etching procedure 
can be found our previous work [11, 18]. The PDMS (Syl-
gard 184, Dow corning) is used for replication material of 

the negative structure, and base and curing agent were mixed 
with 10:1 weight ratio. The mixture is poured on the silicon 
mole followed by degassing process in the vacuum chamber. 
The PDMS was cured at 80 °C for 2 h.

2.2  Adhesion Force Measurement

We used custom built adhesion force measurement set-up 
consist of motorized load cell (UMMA-K20, Dacell, Korea) 
and the flat stage system for characterization of the shear 
force (parallel direction to the substrate) and the peeling 
force (perpendicular direction to the substrate) of the sam-
ple. 1 cm × 1 cm sized the PDMS adhesive structure and 
glass substrate were used for the adhesion measurement. 
And the uniform preload for conformal contact between the 
adhesive structure and the glass is applied by the load cell. 
The shear adhesion and peeling force were measured in two 
directions to the gecko line pattern until detachment occurs.

2.3  Sample Characterization

Micro structure of the mushroom-like line pattern was 
observed by scanning electron microscopy (SEM, S-4800, 
Hitachi, Japan). 30 nm thickness of Pt layer deposited to 
avoid charging effect at the PDMS pattern.

3  Results and Discussions

3.1  Bioinspired Concept for Mushroom‑Shaped 
Microline Arrays

Figure 1a–c [22] displays the movement process of gecko 
lizard when it climbs any surface by using attaching/detach-
ing mechanism of its toe. In order to support its weight, 
shear adhesion force of multiscale fibrillary structures on 
the toe is required in adhesion mode. On the other hand, an 
easy peeling force is needed to climb smoothly in detach-
ing (moving) mode as shown in Fig. 1c. It is proved that 
the detaching mechanism of the feet of gecko lizard is 
implemented by curling its toe outward. At the same time, 
the fibrillary structures on the toe are gradually removed 
from the climbing surface by peeling propagation phenom-
enon. Custom-built equipment for adhesion test is shown 
in Fig. 1d, e. The shear force and peeling force of artifi-
cial gecko-like microline structures are measured using the 
custom-built equipment. Detailed method of the each meas-
urement is illustrated as inset scheme in Fig. 1d, e. Shear 
force is measured by pulling the fabricated polymeric sur-
face along the parallel direction of the microline arrays. In 
contrast, peeling force is obtained by gradually detaching the 
same sample from edge side upward.
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3.2  Fabrication of Mushroom‑Shaped Microline 
Arrays

We used conventional photolithography and dry etch process 
to fabricate the mushroom-like microline arrays (Fig. 2a). 
The microline pattern of the photoresist is formed on top of 
the SOI wafer as the etch mask, and the tip structures were 

fabricated by lateral over-etching process at the insulator. 
The over-etching time was optimized to prevent the fail-
ure of mushroom tip during the replication process. More 
detail about the process is described our previous research 
[18]. The PDMS structure replicated from negative SOI 
wafer mold was used for confirming the adhesion property 
and gecko-inspired directionality. Figure 2b, c show SEM 
images of fabricated micro structures of PDMS line arrays. 
The width, space and height of single line structure were 5, 
10 and 15 μm, respectively, and the space between the line 
arrays was covered by ~ 1.5 μm thickness of tip structure 
along the line direction. The line shaped body structures 
causes anisotropy adhesion property and the tip structures 
provide stable adhesion by wide contact area.

3.3  Directional Adhesion Properties 
of the Mushroom‑Shaped Microline Arrays

To investigate the adhesive properties according to ori-
entation of the line gecko PDMS patterns, we have meas-
ured the shear adhesion force and peeling adhesion force 
in the parallel direction and perpendicular direction with 
regard to the line direction of the sample. Figure 3a shows 
the shear adhesion force of the line gecko pattern when 
detached from the slide glass in two directions. The sample 
exhibited maximum shear force of ~ 35 N/cm2 in parallel 
direction, which value is extremely high and ~ 31 N/cm2 in 
perpendicular direction. The higher shear adhesion force 
of the line gecko pattern attached in the parallel direction 
would come from the increased moment of inertia of the 
line structures. If we consider the cantilever model of a 

Fig. 1  a Climbing motion of gecko lizard and corresponding, b adhesion and c detaching (moving) mode with its toe. Digital camera images of 
custom-built equipment for d shear force and e peeling force test. The insets show the principle of each force measurement

Fig. 2  a Schematic illustrations for the fabrication process of the 
mushroom-like microline pattern. b, c SEM images of PDMS struc-
tures replicated from the silicon mold
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single line structure, the lateral bending stiffness (K) of 
one single tip can be calculated as follows [23]:

where E is the elastic modulus of the material, L is the height 
of the line structure, and I is the area moment of inertia of 
the cantilever. And the moment of inertia is expressed as 
follows:

where a is the length of the line structure, and b is the width 
of the line structure in the case of applying shear force in the 
perpendicular direction. And in the case of parallel direction, 
the a and b value changes vice versa. Since the length of the 
line structure is larger than the width of the line, the moment 
of inertia in the case of parallel direction is larger than the 
case of perpendicular direction. And the lateral bending stiff-
ness of the adhesive in the parallel direction is larger than 
the perpendicular direction, which lead to higher adhesion 
force of the line patterns.

(1)K =
3EI

L3
,

(2)I =
ab

3

12
,

Figure 3b, c shows the measured peeling force of the pat-
terns in perpendicular and parallel direction. When it comes 
to peeling force, the case of perpendicular direction exhibits 
higher the peeling force (~ 5.0 N/cm) than the case of paral-
lel direction (~ 1.1 N/cm). Generally known, the detachment 
of micro structures from the adhered substrate starts from 
the crack generation at the tip of micro structures and then 
the cracks propagate inside of the contact region as shown 
in the Fig. 3d. When the interfacial stress (σ) between the 
PDMS and glass substrate becomes larger than the critical 
stress (σc), the cracks begin to propagate from the edge of 
micro structure [24, 25]:

where, E* = E/(1 − μ2) (E: Elastic modulus of the material, 
μ: Poisson’s ratio), R is the radius of the structure, Δγ is the 
work of adhesion between adhered surfaces. In the case of 
the parallel direction has geometrically larger R than in the 
case of perpendicular direction, which leads to the smaller 
critical stress when the sample is peeled off in the parallel 
direction with respect to the line direction. Furthermore, in 
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c
=

(
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Fig. 3  Measurement of adhesion force of the line gecko PDMS pat-
terns. a Measured shear adhesion force of the line gecko PDMS pat-
terns in parallel and perpendicular direction with regard to the line 
direction. b Measured peeling force of the patterns in each direction. 

c Magnified captured image of graph of the peeling force. d Sche-
matic illustration of peeling propagation when the sample is detached 
in parallel direction. e Schematic illustration of crack propagation 
trapping by the tip shape of the line patterns
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the case of peeling in the perpendicular direction, the peri-
odic structural characteristics of micropillar array with a flat 
membrane on the top of the structure can inhibit the crack 
propagation as previously studied (Fig. 3e) [26]. Based on 
the results, the peeling force in the perpendicular direction 
was higher than in the case of parallel direction.

Next, we have conducted long-term durability test of 
adhesion force of the constructed PDMS line gecko patterns 
by repeating adhesion test. Figure 4 shows that the PDMS 
patterns exhibit mechanical robustness without decreasing 
in peeling and adhesion force in both directions. The sample 
exhibited comparable shear adhesion force of ~ 35 N/cm2 
in parallel direction and ~ 31 N/cm2 in perpendicular direc-
tion even after 10,000 cycles (Fig. 4a). And they showed 
analogous peeling force of ~ 4.9 N/cm in parallel direction 
and ~ 1.1 N/cm in perpendicular direction after 10,000 cycles 
(Fig. 4b), which result shows the durability of the line gecko 
pattern. Also, we have carried out additional experiment in 

terms of different pulling speed (see Supporting Informa-
tion). As shown in Fig. S3, the adhesion forces in both direc-
tion of parallel and perpendicular are increased according 
to the shear velocity.

Lastly, we have demonstrated silicon wafer transportation 
with line gecko pattern as shown in Fig. 5. We transported 
the silicon wafer by using adhesion behavior of the line 
gecko pattern, which exhibits high shear adhesion force and 
low peeling force when the sample is attached in the parallel 
direction with respect to the line direction. First, we placed 
the PDMS pattern near the target wafer and attached the pat-
tern onto the target wafer. Then, we moved the wafer upward 
by using high shear adhesion force of the pattern and moved 
the wafer to the target place. Finally, we easily detached 
the PDMS patterns by using the weak peeling force. It is 
worthwhile noting that the constructed PDMS patterns with 
asymmetric adhesion property can be used for a long time 
with stability in various commercial fields and industries.

4  Conclusions

In summary, we present a simple yet robust mushroom-like 
microline structures by using facile fabrication method for 
directional switchable dry adhesion system. The artificial 
polymeric dry adhesive is fabricated via modified over-
etching process and polymer based patterning method. It 
is noted that the fabricated polymeric surfaces display high 
adhesion hysteresis in desired direction. In contrast to the 
strong shear adhesion force both direction of parallel and 

Fig. 4  Durability test of adhesion force. a Measured shear adhesion 
force of the line gecko PDMS patterns in parallel and perpendicular 
direction. b Measured peeling force of the patterns in each direction

Fig. 5  Demonstration of the silicon wafer transportation system with 
line gecko patterns. a Placing the PDMS pattern near the target wafer, 
b attaching the pattern onto the target wafer, c moving the wafer 
upward by using shear force, d move the wafer to the target place, e, f 
Detaching the PDMS patterns by using the weak peeling force
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perpendicular, the peeling force is low only along to the 
direction of the microline arrays. We have analysed detach-
ing mechanism both case of peeling mode and revealed the 
principle by comparing peeling propagation and normal 
adhesion phenomenon. Using the directional switchable 
dry adhesion property, we suggest potential application by 
demonstrating silicon wafer transport experiment. Espe-
cially, because the dry adhesion mechanism does not make 
any contamination, it is suitable for transportation system of 
high precision industry. Also, anisotropic adhesion property 
of the microline structures that does not need external power 
source can be good candidate as an adhesive part of small 
climbing robot or biosensor patch. Therefore, our advanced 
dry adhesion system with novel fabrication method would 
be used for practical industry, human daily life and green-
transport technology.
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