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Abstract 

 

Inspired from exceptional climbing ability of gecko lizards, artificial fibrillar 

adhesives have been extensively studied over the last decade both 

experimentally and theoretically. Therefore, a new leap towards practical uses 

beyond the academic horizon is timely and highly anticipated. In this thesis, a 

simple, yet effective method to enhance an artificial fibrillar adhesive, which 

is named as “Inking method,” is proposed and its potential applications for 

biomedical and industrial use are demonstrated. The fabrication of the 

advanced fibrillar adhesive consists of mainly two steps: replica molding of 

hard polydimethylsiloxane(PDMS) micropillars and the Inking method for 

forming a soft heads of micropillars. To prove the potential of the fibrillar 

adhesive for biomedical and industrial use, a medical skin patch for diagnostic 

devices and an automated transportation system for lifting and releasing a 

mass of stacked glass slides are presented. 
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Chapter 1. Introduction 

 

It has been more than a decade since the mystery of micro/nanofibrillar 

structures on the feet of climbing creatures was discovered, inspiring a wide 

range of research areas from biomimetic robotics to medical bandage through 

artificial fibrillar adhesives.[1-3] Fibrillar adhesives can provide superior 

adhesion properties to chemical-based conventional ones because the 

adhesion force mainly stems from intermolecular interactions between the end 

of fibrils and the contact surface, exerting attractive van der Waals force. 

Furthermore, they allow for reversible and repeatable adhesion on rough 

surfaces as can be seen in the locomotion of gecko lizards and preserve the 

contact surface without leaving behind chemical residues or particles even 

after numerous cycles of attachment and detachment. 

Beyond conventional artificial fibrillar adhesives, we are now 

confronting the need for advanced fibrillar adhesives in various fields with 

properties such as strong and universal adhesion, reversibility, reusability, etc., 

which are reminiscent of adhesion properties of gecko lizards. In this thesis, a 

simple, yet powerful fabrication method to enhance an artificial fibrillar 

adhesive is introduced. The fabrication process simply consists of replica 

molding of micropillars and transfer of a low-viscosity PDMS precursor to the 

micropillar heads, which was then squeezed and merged to form a soft head 

on top of individual micropillar. Based on the fabrication method, two 

potential applications of the advanced fibrillar adhesive are presented that 

may help overcome the prevailing challenges in the medical and the industrial 

field by providing more advanced and optimized, artificial fibrillar adhesives. 
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Figure 1.1. Schematic description of the two representative applications of 

artificial fibrillar adhesives. 
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Chapter 2. Enhanced skin adhesive patch with 

modulus-tunable composite micropillars 

 

2.1. Introduction 

 

The term “ubiquitous healthcare” (U-healthcare) refers to the delivery of 

health related services and information via ubiquitous computing and wiring 

technologies. There are several forms of U-healthcare ranging from simple 

conversations over the telephone between a patient and a doctor to 

telemedicine consultation via videoconferencing or robotic technology.  With 

rapid transition to an aging society, such U-health devices are considered to 

play a key role in future diagnostics and healthcare systems.[4-8]  

In general, a U-health device may consist of two units: (1) an organ 

signal detection/wiring component for diagnostics and (2) an adhesive patch 

that can fix the device on the human skin. Traditionally, an acrylate-based 

adhesive patch has been widely used as the adhesive unit due to its strong 

adhesive properties (e.g., for 3M electrode unit, adhesion force is ~3 N/cm2). 

With increasing demands on long-term uses for U-healthcare, especially for 

the aged, a simple method of fabricating less skin-irritating and biocompatible 

patches is potentially of great benefit.[9] 

Recognizing such needs for a new biocompatible medical patch, it is 

shown that the dry adhesive skin patch possesses several potential advantages 

as compared to acrylic-based chemical adhesives.[10,11] First, the dry adhesive 

patch showed repeatable and restorable adhesion, and was less affected by 
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surface contamination, oxidation, and other environmental factors with the 

help of an external cleaning process (e.g., water wash or scotch taping). This 

is due to the fact that the adhesion largely originates from the structural 

characteristics of high-density micropillars.[12-18] Second, it provided better 

biocompatibility in a prolonged exposure presumably due to increased 

ventilation of air, moisture, and skin residues with minimal contact with 

potentially irritating chemical species.[10] Despite these advantages, the 

relatively low normal adhesion (maximum adhesion force: ~1.3 Ncm-2) may 

be a hurdle to practical uses of the dry adhesive patch with homogeneous 

mushroom-like micropillars.  

To address this limitation, an enhanced dry adhesive skin patch with 

composite micropillars is presented; the stem region of the pillars is formed 

by a relatively rigid material like hard polydimethylsiloxane (h-PDMS) 

(Young’s modulus: ~8.2 MPa) or PDMS with a higher amount of curing agent, 

e.g., 15% (Young’s modulus: ~2.8 MPa).[19,20] The top layer is additionally 

integrated by transferring a soft PDMS layer with a lower amount of curing 

agent, e.g., 5% (Young’s modulus: ~0.8 MPa) [21] In this way, monolithically 

integrated composite PDMS micropillars can be prepared with better adhesion 

strength and durability. 

 

2.2. Results 

 

2.2.1. Fabrication of enhanced skin adhesive by Inking method 

 

It is worthwhile noting that such a composite structure is inspired by the 
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gecko’ toe pad in which micro and nanohairs are hierarchically organized to 

give strong, yet reversible attachment against surfaces of varying roughness 

and orientation (adhesion force of ~10 N cm-2).[22-24] Interestingly, the bottom 

part of hairs (seta) has large diameters of ~4.2 m to secure mechanical 

stability, which is then branched into 100 to 1000 tiny units of nano-sized 

spatulae for enhanced contact. Therefore, the spatula tip may be considered as 

a highly soft contact unit with an overall effective modulus as small as ~110 

kPa, despite that the entire hairs are composed of rigid β-keratin with the 

modulus in the range of 1~3 GPa.[25]  

In a recent report, the direct, one-step replica molding of mushroom-

like micropillars to fabricate a dry adhesive medical patch is demonstrated. 

Here, an optimal dry adhesive patch was observed by adding 7.5 wt% of 

curing agent (Sylgard B) into the PDMS base (Sylgard 184A).[10] A further 

reduction of curing agent caused a failure in the demolding process, i.e., the 

pillars were stuck or torn off from the master in the demolding step. 

Furthermore, low-modulus PDMS pillars are prone to collapse or mating 

between the neighboring ones.[26] An increase of curing agent also results in a 

decrease of the adhesion force owing to elevated elastic modulus of the 

micropillars. A rational design rule was suggested for skin-attachable dry 

adhesive that needs to incoporate the effect of complex, dual-scale roughness 

(macro- and microscale) on the human skin. It was found that the thickness of 

a backing layer determines the compliance on a rough skin surface with 

macroscale roughness, while the mushroom-like micropillars can make an 

intimate contact with microscale undulations. 

The current method consists of two sequential steps of replica 

molding and inking. Figure 2.1a illustrates a schematic diagram of the  
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Figure 2.1. (a) Schematic diagram of the fabrication procedure for 

modulus-tunable composite micropillars by replica molding 

and inking. (b) Conceptual illustration of dry adhesive skin 

medical patch along with a representative SEM image of 

replicated micropillars. (c) Optical and fluorescent images of 

the half-inked micropillars with red fluorescent dye 

(Rhodamine B). 
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experimental procedure. First, relatively rigid mushroom-like micropillars 

were directly replicated from the silicon-on-insulator (SOI) master having 5-

m holes using a high modulus PDMS of 15% curing agent (see experimental 

details). Here, a thin SiO2 etch-stop layer of the SOI wafer was used to control 

dry etching, first in the vertical direction and second in the lateral direction 

right on the etch-stop layer. This method is advantageous over our earlier 

approach since the entire etching can be carried out in one step without 

changing the etching conditions.[22,27,28] After replicating the mushroom-like 

micropillars, a soft PDMS layer was selectively transferred to the head of 

micropillars by placing the PDMS replica in conformal contact with a thin 

spin-coated PDMS layer (thickness of ~500 nm) on glass substrate. The 

amount of curing agent was controlled from 2.5 to 15 wt%.  No pressure was 

applied in the inking step with the duration of 10 s. In order to make the tip 

shape flat and smooth, the composite PDMS pillars were cured by inversely 

placing (pillars facing downward) onto a Teflon-coated, low-surface-energy 

substrate without application of a pressure. Then, the tip became flattened and 

clearly released from the Teflon-coated substrate after curing.[29] 

Figure 2.1b shows a conceptual image of the dry adhesive patch 

along with a representative SEM image of fabricated micropillars (diameter, 5 

μm; height, 15 μm). As shown, the micropillars are defined with good 

physical integrity and uniformity. Here, the stem region acts as a stabilizing 

structural component, whereas the tip layer provides an efficient contact 

component on the human skin. To verify the selective inking of a soft PDMS 

layer, the half of micropillars was contacted with a PDMS layer containing 

red-fluorescent Rhodamine B dye. There is a clear demarcation between the 

contacted and non-contacted regions as shown in Figure 2.1c, suggesting that 
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the inking is highly selective and controllable within the contacted areas. Two 

reaons may be responsable for this observation: limited mass transfer and 

meniscus pinning. Since the amount of the spin-coated layer is limited to 

~500 nm thickness, it would be hard to wet the entire pillars. Also, the 

mushroom-like profile may prevent the PDMS precursor from filling into the 

cavity due to the pinning of a meniscus to the entrant part of pillars.  

 

2.2.2. Adhesion properties of enhanced skin adhesive 

 

Using the fabricated composite micropillars, the adhesion force on the back of 

a volunteer’s hand was measured by varying the amount of curing agent 

(Figure 2.2). Also, the adhesion force of pristine PDMS (without patterns) was 

measured for comparison. For statistical significance, the adhesion 

measurement was carried out 50 times for each sample under identical 

conditions (i.e., relative humidity of 40% and ambient temperature of 25°C) 

and the averaged data were used. As shown, the adhesion force increased with 

the decrease of the curing agent up to 5 wt%. Note that there is a sharp jump 

of the adhesion force between 7.5 and 5 wt%. Interestingly, a further 

reduction of the curing agent (< 5 wt%) gave rise to a decrease of the 

adhesion force, which, as described earlier, is associated with the fact that 

micropillars are too soft to be replicated from the master and susceptible to 

structural collapses.[30,31] 

In order to explain the observed adhesion behaviors with a simple 

theory, the traditional JKR model introduced by Johnson, Kendall and Roberts 

was employed.[32] As is well documented, the adhesion of gecko lizards is 

characterized by numerous nano-sized spatula contacts at the end of each  
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Figure 2.2. Changes of normal adhesion force for composite micropillars 

and flat PDMS on the back of a volunteer’s hand with various 

mixing ratios of curing agent from 2.5 to 15 wt%.  As shown, 

an optimal adhesion force of up to ~1.8 Ncm-2 was observed for 

the 5 wt% curing agent.. 
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hierarchical hair, which is analogous to the current composite micropillars. In 

terms of the effective modulus, this hierarchical geometry leads to a lower 

effective modulus than that of the bulk material. In the present case, the tip of 

a composite micropillar possesses a relatively low modulus, allowing for 

enhanced conformal contact on the rough skin surface. Suppose that a skin 

roughness can be expressed as an array of sphere-caps, i.e., h = r – (r2 – 

λ2/4)1/2, where h and r are the height and radius of the sphere cap, respectively, 

and λ is the separation distance between the caps. Then, the elastic 

deformation of the tip layer in contact with the skin can be evaluated after 

some algebraic manipulation on one unit cell, i.e., the contact between a 

single sphere cap and a flat spatula tip. The radius of the contact area is given 

by[33] 
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                            (1) 

where w is the work of adhesion, F is the preload, and E is the elastic modulus. 

It can be seen from the relation that the contact area becomes larger as the 

modulus decreases, which supports our results that the composite micropillars 

with low-modulus spatula shows a higher adhesion force than that of the 

homogeneous micropillars. 

 To elaborate on the detailed adhesion performance of the composite 

micropillars presented here, durability tests were performed with three 

different samples: composite micropillars (15 wt% stem region + 5 wt% tip 

layer), homogeneous micropillars (7.5 wt%), and commercially available 

acrylic medical patch. As shown in Figure 2.3a, the conventional medical tape 

with an electrode unit (3M monitoring electrode), starting from ~3 N cm-2,  
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Figure 2.3. (a) Durability tests of composite micropillars with comparisons 

to homogeneous micropillars and commercially available 

acrylic medical patch. As shown, the adhesion was maintained 

at ~1.8 N cm-2 over 30 repeating cycles of attachment and 

detachment for the composite micropillars. The stem region of 

composite micropillars is enforced with 15 wt% curing agent of 

PDMS, showing good physical integrity and uniformity (i). For 

the homogeneous micropillars, the adhesion is continuously 

deteriorated via structural collapses (ii). The results with low 

modulus PDMS (7.5 wt% curing agent) and acrylic adhesive 

are adapted from our previous report.[10] (b) SEM images of 

replicated low-modulus PDMS (5 wt% curing agent) 

micropillars, showing that the tip layer is easily torn-off in the 

demolding procedure. 
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shows a monotonic decrease of adhesion force after five-time uses due to the 

fact that contaminants are irreversibly adhered and not easily washed out on 

the sticky acrylic surface. Homogeneous micropillars also displayed a typical 

cyclic behavior of monotonic decrease of adhesion force and restoration by an 

external cleaning process such as water wash or scotch taping.[10] This is 

because the micropillars, which are intact when freshly replicated, are 

continuously destroyed via structural collapses with repeated uses (see SEM 

image on the right). In contrast, the composite micropillars were more stable 

and demonstrated superior durability over 30 cycles of adhesion and 

detachment (see SEM image on the right).  

To gain an understanding on the increased durability of composite 

micropillars, a simple beam deflection model can be used: V = PL3/3EI where 

V is the displacement of micropillars, I is the moment of inertia, P is the 

pulling force when the micropillars are detached from the substrate, and L is 

the height of micropillars. Here, the stem region of composite micropillars has 

a higher modulus (15 wt% curing agent) than that of homogeneous 

micropillars (7.5 wt% curing agent), which in turn yields a reduced 

displacement upon an external load. Such small displacement can be 

interpreted as lower chances of self-mating or collapse between the 

neighboring micropillars. Remarkably, the average adhesion force was 

maintained nearly at ~1.8 N cm-2 with repeated cycles, which is approximately 

65% of the current acrylic-based wet medical patch. 

As shown above, the structural instability is greatly enhanced due to 

the existence of an enforced stem region of PDMS micropillars. For example, 

for the 15 wt% curing agent, the tensile strength is approximated to be ~1.1 

GPa.[34] When low-modulus PDMS is used to replicate whole mushroom-like  
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micropillars (e.g., 5 wt %), the tip layer is easily torn off in the demolding 

step, resulting in nearly straight pillars in many locations instead of 

mushroom-like ones (Figure 2.3b). These defects may account for continuous 

deterioration of the adhesion force of homogeneous mushroom-like 

micropillars used in our previous approach.[10] 

 

2.2.3 Demonstration of enhanced skin adhesive 

 

To demonstrate utility as a fixation unit in the existing diagnostic 

devices, the current dry adhesive patch of 6 cm in diameter was integrated 

with a commercially available U-health monitoring device and measured 

electrocardiogram (ECG) for the time period of 48 hrs on two locations of a 

volunteer’s skin (chest and wrist) in Figure 2.4a and 2.4b. For these tests, a 

commercially available unit of electrode and conductive gel was inserted in 

the center of a dry adhesive after making a hole as shown in Figure 2.4c. Then, 

several vital signals (e.g., T, U, P. and QRS) were recorded in real time. It 

turned out that the dry adhesive patch provided sufficient adhesion in most 

daily activities including walking, sitting, sleeping, etc. However, it was 

difficult to detect the signals under highly dynamic conditions such in running. 

Typically, the delamination initiated and propagated from the electrode site 

due to the electrode’s own weight, which eventually resulted in a adhesion 

failure on the skin. During the entire testing period, no side effects such as 

allergy, redness, or skin damage were observed, suggesting that the dry 

adhesive skin patch presented here is biocompatible and reliable enough to 

monitor ECG for a long period of time. 
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Figure 2.4. (a-b) Photographs showing the use of dry adhesive patch as a 

fixation unit in ECG module on the volunteer’s chest (relatively 

flat surface) (a) and wrist (large curvature surface) (b). The 

inset images show the corresponding ECG signals from the 

volunteer’s heart. (c) A schematic illustration of the inserted 

electrode along with an actual image on the skin (inset). 
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2.3. Experimental 

 

2.3.1. Fabrication of SOI Master Mold 

 

a SOI (silicon-on-insulator) wafer was purchased from Mico MST Ltd. 

(Korea). The wafer was composed of 3 layers: a p-type (100) bare silicon 

wafer (resistivity: 1~30 Ω), a SiO2 etch-stop layer of 500-nm-thickness, and a 

polysilicon layer of 15-μm thickness. A 800-nm-thick SiO2 layer was 

deposited on the SOI wafer by plasma-enhanced chemical vapor deposition 

process with tetraethoxysilane (TEOS). Holes of 5 μm in diameter and 15 μm 

in height were made by conventional photolithography with AZ1512 

photoresist. Anisotropic dry etching was subsequently carried out in an 

inductively coupled plasma (ICP) etching system with SF6 and Ar gas plasma 

in order to remove the polysilicon layer until the exposure of the SiO2 etch-

stop layer. Under the same etching condition, the polysilicon layer was further 

etched to the lateral direction to replicate mushroom-like micropillars. For 

clean release, the SOI master was treated with a fluorinated self-assembled-

monolayer (SAM) solution ((tridecafluoro- 1,1,2,2-tetrahydrooctyl)-

trichlorosilane: FOTCS, Gelest Co.) diluted to 0.03 M in anhydrous heptane 

(Samchon Co.) in an Ar chamber. The surface-treated master was annealed at 

120 °C for 20 min. 

 

2.3.2. Fabrication of Enhanced Skin Adhesive by Inking Method 

 

The stalk PDMS micropillars were made by mixing the PDMS base (Sylgard 
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A, Dow Corning, USA) with the 15 wt% curing agent (Sylgard B, Dow 

Corning, USA). After degassing and curing at 70 °C for 1 hr, the PDMS 

replica was carefully detached from the master. Subsequently, the replica was 

placed on a low-modulus PDMS (curing agent: 2.5 to 15 wt%) layer 

(thickness ~500 nm) spin-coated on glass substrate at 3000 rpm for 60 s after 

dissolving in n-hexane (Daejung Chemicals & Metals Co.). During this step, a 

soft PDMS layer was selectively transferred to the head of micropillars. Then, 

the PDMS replica was inversely placed (pillars facing the surface) on a Teflon 

substrate in order to make the pillar tip flattened and easily released from the 

surface. While maintaining a uniform contact, the inked PDMS replica was 

cured at 70 °C for 1 hr. After curing, the monolithically integrated composite 

micropillars were carefully removed from the Teflon substrate to be used as a 

skin adhesive. 

 

2.3.3. Scanning Electron Microscopy (SEM) 

 

SEM Images were taken with high-resolution SEM (S4800, Hitachi, Japan) at 

an acceleration voltage higher than 5 kV and a working distance of 8 mm. 

Samples were coated with a 3-nm Au layer prior to analysis to prevent 

electron charging. 

 

2.3.4. Normal Adhesion Tests on Skin 

 

The macroscopic normal adhesive forces were measured by a pulling test on 

the back of a male volunteer’s hand. Prior to the adhesion test, the skin was 

shaved completely to prevent the influence of hairs and fatty surface. Then, an 
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adhesive (thickness: 1 mm, area: 1 × 1 cm2) was attached to the skin under a 

preload of ~0.3 N cm−2 and the adhesive force was measured by gradually 

increasing the pulling weight until adhesion failure occurred. The same 

measurement was performed with a pristine PDMS sheet (thickness: 1 mm, 

area: 1 × 1 cm2). For statistical significance, the adhesion measurement was 

carried out 50 times for each sample under identical conditions (i.e., relative 

humidity of 40% and ambient temperature of 25°C) and the averaged data 

were used throughout the experiment. 

 

2.4. Conclusion 

 

In summary, a simple method for fabricating an enhanced dry adhesive skin 

patch has been presented by utilizing modulus-tunable composite micropillars 

made of stiff and soft PDMS materials. The method consists of direct replica 

molding of rigid bottom micropillars (curing agent ~ 15%) and selective 

inking of soft tip layer (curing agent ~ 5%). Such monolithically integrated 

composite micropillars show a larger normal adhesion force up to ~1.8 Ncm-2 

(maximum: ~2 Ncm-2) on the human skin as well as high durability (~30 

cycles) without notable degradations. Using the composite micropillars 

electrocardiograms (ECGs) were successfully recorded in real time for the 

time period of 48 h with minimal side effects. This improved approach would 

shed light on more biocompatible, long-term skin-attachable devices in future 

U-health applications. 
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Chapter 3. Instantly switchable adhesion of 

bridged fibrillar adhesive via gecko-inspired 

detachment mechanism and its application to a 

transportation system 

 

3.1. Introduction 

 

Motivated by fouling-free adhesive properties of gecko lizards, researchers 

have been trying to exploit the switchable adhesion of fibrillar adhesives in 

various applications such as wall-climbing robots, clean transportation, 

particle gripping, and medical patch. For example, our group demonstrated a 

clean transportation system for precision industry in which a gecko-inspired 

fibrillar adhesive was installed to convey thin, large-area glass panels for 

assembly process.[35] Also, other groups utilized fibrillar structures as a tool 

for micromanipulation of micro-sized parts by taking advantages of adhesion 

hysteresis between on and off states.[36,37] In parallel, fibrillar structures were 

used as a tissue adhesive for wound healing[38] and a fixation unit for medical 

skin patches to monitor life signal.[39,40] For robotic applications, fibrillar 

adhesives were integrated with robots to realize wall-climbing function[41,42], 

and some biomedical microrobots were suitably operated under wet or flow 

conditions in vivo (e.g. blood vessel, intestine, or muscle tissue).[43-45] 

 Of the various applications mentioned above, active transport with 

an advanced adhesion mechanism is potentially of great benefit in views of its 
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strong industrial needs in precision industry (semiconductor, display, solar 

cells, etc.) and impacts in other related areas involving micromanipulation. To 

date, active or passive control of normal/shear adhesion has been achieved 

with various approaches by utilizing switchable adhesion with thermally- or 

magnetically-responsive materials[46-49], wrinkling surface[27,50-52], modifying 

tips of fibrils[40,53-57], and designing anisotropic tip shape[58,59]. The widespread 

use of these methods, however, has been limited partly due to complex 

fabrication steps, difficulty of implementing adhesion switching, or low 

adhesion hysteresis. A recent study by Crosby and co-workers suggested that a 

high shear loading capacity of ~29.5 N cm-2 could be achieved by using a 

simple pattern-less fabric composite even without a specific contacting 

geometry such as fibrils.[60] In addition to our initial demonstration with 

hierarchically angled nanopillars[35], most of the previous reports have focused 

on the strong shear adhesion force with implications to switchable adhesion; 

however, a dry adhesive with the capability of switchable adhesion together 

with strong normal adhesion has been rarely reported. Therefore, it is needed 

to identify and further expand the role of fibrillar structures in active, dynamic 

control of dry adhesion for more practical applications. 

 To tackle such a challenge, I introduce here the use of fibrillar 

adhesives in the form of bridged micropillars with a uniform capping 

membrane for strong normal attachment and easy detachment without 

involving complex dynamic mechanisms or specific stimulus-responsive 

materials. A large adhesion contrast was utilized between the two detaching 

methods of pulling and peeling for “on-state” and “off- state”, respectively, to 

enable instantly switchable adhesion. The pulling mode is engaged by placing 

the capping membrane to a target surface, exerting a large lifting force by 
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trapping internal cracks and hampering crack propagation. The peeling mode, 

on the other hand, is activated by deliberately generating a crack at one end of 

the capping membrane, thereby propagating the crack to the other direction 

rapidly due to its connected, monolithic architecture. In particular, the peeling 

mode is inspired from the climbing behaviour of a gecko lizard – it curls its 

toes to release its foot from the surface. By combining the fibrillar adhesive 

with an automated transportation system, an active transport of a hanging 

mass of stacked glass slides was enabled over 1000 cycles of attachment and 

detachment without appreciable surface contamination or deterioration of 

adhesion capability. 

 

3.2. Results 

 

3.2.1. Gecko-inspired detachment mechanism for instantly switchable 

adhesion 

 

In order to enable an active transport in a fast, reversible fashion, one needs to 

have two seemingly contradicting attributes: strong adhesion and easy 

detachment. Our key idea here is that the bridged micropillars are highly 

adhesive on flat surfaces at the expense of relatively small adhesion capability 

on rough surfaces, while they can be readily separated from the surface by 

rapid crack propagation. Figure 3.1 displays our strategy with a custom-built 

adhesion measurement system used in the study (see the experimental section 

and, Figure 3.8). Here, two different detaching methods are defined, which 

can be termed as “pulling” mode and “peeling” mode, respectively. In the 

pulling mode, the two edge parts of the adhesive are firmly fixed on the  
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Figure 3.1. When climbing, a gecko lizard controls macroscopic adhesion 

force of its foot by changing the way of taking steps. In order to 

cling, it attaches its foot with stretched toes as much as possible 

to maximize macroscopic adhesion force exerted by the fibrils 

on its foot. On the other hand, it curls its toes outward when 

taking another step to facilitate the detachment from the end of 

the toe. The detachment mechanism in our study is inspired by 

such a selective detachment mechanism of the gecko’s toes. 

Specifically, the “pulling” mode corresponds to the stretched 

toes for maximizing normal adhesion force, while the “peeling” 

mode mimics the curling toes, which leads to a sharp decrease 

in normal adhesion force. 
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motorized stage, so that the load can be evenly distributed on the patterned 

surface, resulting in a large macroscopic normal adhesion force. In contrast, 

the peeling mode is designed to induce crack propagation at one edge 

deliberately, which is similar to the climbing mechanism of gecko lizards by 

curling their toes when they take a step while climbing. Specifically, only one 

of the two edges is fixed on the motorized stage in this mode; the adhesive 

fails to maintain its adherence on the surface due to the rapid crack 

propagation. As a consequence, in the peeling mode, the macroscopic normal 

adhesion force becomes minimized, facilitating easy detachment within a very 

short period of time. 

 

3.2.2 Fabrication of bridged micropillars 

 

A schematic description of fabrication process is shown in Figure 3.2a, in 

which the fabrication process was mainly composed of replicating straight 

micropillars (diameter = 30 μm, height = 60 μm) from a master mould with 

rigid PDMS (15 wt% curing agent) and transferring relatively soft PDMS 

(with 5 wt% curing agent) precursor on the heads of the as-prepared 

micropillars to form a mesh-like membrane. It is noted that the elastic 

modulus of the material was tuned by applying different amount of curing 

agent for the micropillars as well as for the membrane[19], so that the structural 

integrity of bridged micropillars was optimized along with the exploitation of 

viscoelastic and dissipative characteristic of the membrane on a flat surface.[57] 

It is noted that a thin membrane can be formed spontaneously in the course of 

liquid bridging without a complicated process such as the preparation of an 

additional substrate with a sacrificial layer or etching process to transfer the  
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Figure 3.2. (a) Schematic illustration of fabricating bridged micropillars 

along with the corresponding scanning electron microscopy 

(SEM) images before and after the inking process. (b) 

Fluorescent images of inked micropillars with a low-viscosity 

PDMS (step 3) and bridged micropillars after squeezing the 

PDMS liquid (step 4). 
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as-prepared membrane.[53,61] Figure 3.2b displays the liquid bridging by 

spontaneous interconnections of low viscosity PDMS precursor by inversely 

placing the fibrillar structures on an inert surface, which was a Teflon-coated 

substrate in this case. For visualization, Rhodamine B (Sigma-Aldrich Co., 

USA) was mixed in the diluted soft PDMS and the transfer to the micropillar 

heads was observed under an inverted fluorescence microscope. As shown, 

the micropillars were bridged in a grid, square pattern such that the 

neighbouring pillars were merged to form a mesh-like thin (~800 nm 

thickness) membrane, while the micropillars that were diagonally faced were 

rarely connected. It seems that the membrane gets thinner as the solvent 

evaporates, leaving behind a hole in the centre due to the coffee-ring effect.[62] 

This can be easily seen from the fluorescent images in which the red signal at 

the edge of fibrillar heads is much stronger than that of the central region of 

the heads. 

 It is worthwhile noting that the solid fraction of PDMS precursor 

plays a crucial role in forming a well-defined capping membrane with bridged 

pillars as shown in Figure 3.3. Here, three different solutions were prepared in 

n-hexane with different volumetric mixing ratios (PDMS: solvent) of 1:1 (a), 

1:3 (b), and 1:10 (c), respectively. It turned out that the excessive amount of 

the PDMS precursor was squeezed out of the assembly, forming a non-

uniform membrane in the 1:1 mixing ratio. Also, the 1:10 mixing ratio was 

not successful with many unconnected or partly connected micropillars. Based 

on our experimental conditions used here (diameter, type of packing, distance 

between micropillars, etc.), the 1:3 mixing ratio was optimal, allowing for a 

uniform capping membrane with bridged micropillars over a large area (1.0 × 

1.0 cm2). 
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Figure 3.3. Optical images showing that the fidelity of bridged micropillars 

depends on the mixing ratio of spin-coated PDMS in n-hexane, 

(a) 1:1, (b) 1:3, and (c) 1:10. The inset SEM images display a 

side-view of each case. 
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3.2.3 Comparisons in the adhesion behaviours of the straight micropillars 

and the bridged micropillars 

 

Figure 3.4 shows the measurement of macroscopic normal adhesion forces of 

two different samples (1.0 × 1.0 cm2): bridged micropillars and straight 

micropillars. The loads in normal direction were recorded by a load cell in N 

and the data were saved every 0.01 second. In the pulling mode (Figure 3.4a), 

the sample fixed on the moving part was brought into contact with a flat glass 

surface under the preload of 30.0 N cm-2 and lifted by the motorized stage at 

the speed of 0.2 mm s-1. The straight micropillars exhibited an adhesion force 

of ~10.3 N cm-2 within 0.04 sec, which is similar to our earlier observations as 

well as those from other groups.[2,27] Strikingly, the maximum normal 

adhesion force of bridged micropillars was enhanced to ~29.6 N cm-2 within 

0.05 sec which is quite comparable to the shear adhesion capacity of a carbon 

fibre fabric composite reported recently (~29.5 N cm-2).[60] The normal 

adhesion force would be changed for different rate of detachment (“rate-

dependent adhesion”) due to viscoelastic nature of the membrane.[61,63] 

Another notable feature is that the time it takes to separate the adhesive pad 

was much reduced for the bridged pillars (~0.05 sec) as compared to the 

straight pillars (~0.15 sec). This suggests that the individual pillars are 

gradually losing contacts in a cascade fashion for the straight micropillars[41], 

whereas the detachment is fast and instantaneous in the case of the bridged 

pillars.  

 In Figure 3.4b, the time-dependent normal load was measured in the 

peeling mode in the vertical direction after the two different samples were 

attached under a preload of 30.0 N cm-2. As can be seen from the figure, there  
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Figure 3.4. Time-force plots of the bridged and straight micropillars when 

detached (a) in the pulling mode and (b) the peeling mode, 

respectively. Also shown are the corresponding illustrations for 

crack trapping or propagation at the bottom panel. In the 

pulling mode, the bridged micropillars show a larger maximum 

adhesion force of ~29.6 N cm-2 than that of the straight 

micropillars. Also, the former exhibits a more prompt detaching 

response that is associated with single crack propagation via the 

monolithic capping membrane. In the peeling mode, while the 

maximum normal load of each sample was decreased to ~2 N 

cm-2, the bridged micropillars still show a quicker detaching 

response as compared to that of the straight micropillars. 
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is a sharp difference in the detachment behaviour in terms of separation time. 

For the straight pillars, the force was rapidly reduced to ~2.0 N cm-2 within 

1.5 sec because of the rapid crack propagation of the adhesive pad. It took 

another 1.5 sec to fully separate the adhesive pad. In contrast, the bridged 

pillars exhibited a similar force within 1.5 sec and then detached completely 

within 0.5 sec. This can be explained by the fact that single crack propagation 

is sufficient to induce a full detachment of bridged micropillars due to its 

connected, monolithic structural architecture. 

 To explain the observed adhesion behaviours with a simple theory, 

the network of bridged micropillars can be simplified as micropillars with an 

extremely widen tip. According to a recent theoretical study, the detachment 

of micropillars from the surface can be explained by three different modes: i) 

crack propagation from the edge of micropillars, ii) propagation of defects in 

the inner contact region, and iii) de-cohesion due to a load larger than the 

theoretical contact strength that is related to van der Waals forces.[14] Here, the 

cracks start to propagate from the edge of micropillars once the interfacial 

tractive stress (σ) under a uniform normal load becomes larger than the critical 

value (σc) that is defined as 

1 2*8
c

E

R




 
  
 

                                              (1) 

where R is the radius of micropillar, E* = E / (1 - μ2) (E: Young’s modulus of 

the material, μ: Poisson’s ratio), and Δγ is the work of adhesion of PDMS on 

flat glass plate (E = 2.8 MPa, μ = 0.5, Δγ = 40 mJ m-2).[64,65] In general, an 

array of straight micropillars is vulnerable to such a stress concentration at the 

edge that is associated with the geometric feature of micropillars, leading to 

detachment from the contact surface.[66] In the presence of an extremely widen 
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tip, however, the stress singularity that mainly causes a local stress larger than 

σc can be removed, thereby suppressing significantly the crack initiation from 

the edge, one of the determining mode in detachment mentioned above. 

 In addition, even though an excess load nucleates interfacial voids in 

the inner contact region, the periodic structural nature of the bridged 

micropillars can hamper the propagation of such defects, as previously 

suggested by Glassmaker et al. with a simplified two-dimensional model of a 

fibrillar array with a flat terminal membrane on top.[53] To elaborate on this 

argument, let us consider the case in which an inner crack of the fibrillar array 

stays in a state of stable equilibrium, which can be expressed as 

L
L ad , 0

dG
G W

dl
                                              (2) 

where GL is the rate of the local energy release for propagating the crack, i.e. 

elastic strain energy of the material per unit length that is released just nearby 

the edge of the crack, Wad is the thermodynamic work of adhesion per unit 

area required to separate the interface, and l is the characteristic crack length. 

Here, the amount of released energy GL can be assumed to fluctuate in a 

sinusoidal fashion due to the periodic structure of bridged micropillars. 

Assuming that energy is supplied to the fibrillar array at a rate GR per unit 

length, one can have the following expression by considering energy 

conservation: 

S
L R

dW
G G

dl
                                                     (3) 

where Ws is the stored elastic strain energy in the mesh-like membrane. From 

(3), one can notice that the supplied energy is either stored in the membrane 

(dWs / dl > 0) or discharged from the membrane in order to propagate the 
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crack (dWs / dl < 0), which results in the sinusoidal fluctuation of GL as 

proposed above. This ultimately means that there occurs a difference of GR for 

advancing the crack depending on the position due to the existence of the 

membrane. Therefore, in order for the crack to continuously progress (GL ≥ 

Wad, dGL / dl ≥ 0), the crack must overcome the receding point where Ws is 

maximized at the expense of an extra amount of supplied energy. This is the 

reason for the phenomenon of crack trapping, which corresponds to our 

observation in Figure 4a. It demonstrates that macroscopic adhesion force 

significantly increased in the pulling mode as the detachment of the bridged 

micropillars was largely suppressed as compared to the straight micropillars. 

This also supports the result in Figure 4b in that the supplied energy per unit 

length in the peeling mode is much larger than the pulling mode, with the 

initial crack being in the state of unstable equilibrium at once. Such behaviour 

collectively brings about a rapid detachment with lower macroscopic adhesion. 

Based on our experimental observations and theoretical 

consideration, I arrived at the conclusion that the fibrillar adhesive based on 

bridged micropillars is advantageous in terms of transportation devices thanks 

to its large normal adhesion force and fast detachment capability. 

 

3.2.4 Robustness testing of the bridged micropillars 

 

The robustness and durability of fabricated samples were tested and the 

results are shown in Figure 3.5. The mechanical stability of bridged 

micropillars was verified in a quantitative fashion by applying controlled 

normal preload from 0.3 to 100 N cm-2 (~300 times as large as a typical 

preload[35]) with an increment of 5 N cm-2 in the pulling mode (Figure 5a). In 
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Figure 3.5. (a) Change of macroscopic normal adhesion force of the 

bridged micropillars as a function of applied preload. The 

decrease of adhesion force after passing the maximum point 

may be associated with the displacement of micropillars due to 

the lateral deformation of the backfilm by Poisson effect under 

an excessive normal preload. The structures remain intact even 

after applying the preload of 100 N cm-2, as seen from the inset 

SEM images. (b) Durability test of the bridged micropillars 

over 1000 cycles of attachment and detachment. Each sample 

was attached on a glass surface under the preload of 30 N cm-2 

and detached in the pulling mode. 
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contrast to the straight micropillars, the normal adhesion of bridged 

micropillars was elevated to ~29.6 N cm-2 with the increase of the preload 

until 30.0 N cm-2 and monotonically decreased thereafter. As can be seen in 

the inset SEM images of Figure 5a, the bridged pillars remained intact even 

after applying the preload of 100.0 N cm-2 over many cycles with increasing 

preloads, suggesting the enhanced durability of bridged micropillars.  

 The increase of normal adhesion from the preload of 0.3 N cm-2 to 

30.0 N cm-2 is attributed to the increase of actual contact area. By inducing 

compressive contraction of micropillars, the bridge region between two 

micropillars is more likely to contact the surface, which eventually leads to 

the increase of the contact area or a higher adhesion force. The decrease of 

adhesion force after passing the maximum point may be caused by the 

displacement of micropillars due to the lateral deformation of the backfilm by 

Poisson effect under an excessive normal preload. When the backfilm is 

deformed under a high preload, the lateral deformation causes the distance 

between micropillars to increase slightly, which makes the membrane in an 

extended state. Once the preload is removed, the deformed backfilm starts to 

recover its initial state, leading to local crack nucleation, which eventually 

facilitates local detachment of bridged micropillars.  Also, Figure 5b displays 

the result of repeating 1000 cycles of attachment and detachment under the 

preload of 30.0 N, showing an excellent reusability of the bridged micropillars 

without deterioration in normal adhesion force. 

 

3.2.5 Demonstration of the automated transportation system with 

bridged micropillars 
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Figure 3.6 demonstrates a prototype automated transportation system based on 

the fibrillar adhesive. change macroscopic adhesion force could be controlled 

by switching detachment methods between the pulling and peeling modes. 

Firstly, both ends of the sample of 1.0 × 1.0 cm2 were fixed on the motorized 

driving part so as to maximize the adhesion force (pulling mode, Figure 3.6a). 

A stack of three glass slides (0.5 kg) was used as a hanging mass. With the 

preload of 30.0 N cm-2, the fibrillar adhesive was brought in intimate contact 

with the glass slides and lifted to transport them at a target location (on the 

same stage in this case) as shown in Figure 3.6c (corresponding to the step 3 

in Figure 3.6a). After the glass slides were placed on the stage again, one of 

the two junctions of the sample was released from the driving part to switch 

from the pulling to the peeling mode, thereby propagating a crack from one 

end (peeling mode, Figure 3.6b). In this step, the glass slides were separated 

instantaneously and smoothly from the adhesive pad as shown in Figure 3.6d 

(corresponding to the step 6 in Figure 3.6b). Figure 3.6e represents the 

repeatability of this process as confirmed by carrying out the operation of the 

system between on and off states over 50 cycles in a serial manner. 

Furthermore, as seen from Figure 3.6f, the direct advantage of using the 

bridged micropillars was verified compared to the straight micropillars, 

through the simulation test of transporting an objective item with the system. 

The working conditions are given as follows: displacement = 3 mm in normal 

direction, lifting speed = 0.6 mm s-1, lowering speed = 0.3 mm s-1, preload = 

30 N cm-2 for 3 s. It is obvious that fibrillar adhesive with bridged micropillars 

can shorten the process time, which becomes more pronounced as the total 

number of conveyed items increases; approximately 6 h of working time 

could be saved to handle 10,000 glass slides with the same system by using  
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Figure 3.6. (a-d) Demonstration of a prototype of the automated 

transportation system based on the fibrillar adhesive with 

bridged pillars. (a) A stack of three glass slides was lifted in the 

pulling mode, enabling the maximum macroscopic adhesion 

force and (b) laid on the stage again in the peeling mode by 

switching to the minimized adhesion force. (c-d) Photographs 

showing the operation of the system (c) in the pulling and 
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(d) peeling modes, respectively. (e) Plot of normal adhesion 

over 50 cycles under the preload of 30 N cm-2, demonstrating a 

large difference in macroscopic normal adhesion force between 

on and off states. (f) Comparison of straight and bridged 

micropillars in terms of working time or yield of the operation 

with repeated cycles. The working conditions are as follows: 

displacement = 3 mm in normal direction, lifting speed = 0.6 

mm s-1, lowering speed = 0.3 mm s-1, preload = 30 N cm-2 for 3 

s. 
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the bridged micropillars. Taken together, the current scheme for automated 

transportation system based on the fibrillar adhesive is potentially useful for 

assembly process in the precision industry as well as micromanipulation 

(gripping, releasing, etc.) of objects in microdevices (Figure 3.7).[67] 
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Figure 3.7. Video snapshots show the sequential steps of pulling and 

peeling modes of the bridged micropillars. Each picture 

corresponds to the schematic illustration of the transportation 

system presented in Figure 3.6a. 
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3.3. Experimental 

 

3.1. Preparation of master mould 

 

A silicon-on-insulator (SOI) master was prepared as a mould for replicating 

mushroom-shaped straight micropillars by conventional photolithography and 

dry etching (Figure 3.7). The SOI wafer (Mico MST Ltd., Korea) consisted of 

3 layers: a p-type (100) bare Si wafer (resistivity: 1 ~ 30 Ω) at the bottom, a 

SiO2 etch-stop layer with the thickness of 500 nm in the middle, and a 

polysilicon layer with the thickness of 60 μm on the top. Plasma-enhanced 

chemical vapour deposition process was performed to deposit a SiO2 layer of 

800 nm on the top of the SOI wafer. Anisotropic dry etching in the vertical 

direction was carried out to pattern holes of 30 μm in diameter until the 

complete exposure of the etch-stop layer. Subsequent over-etching in the 

lateral direction resulted in the negative patterns of mushroom-shaped 

micropillars on the SOI wafer. The patterned mould was treated with a 

fluorinated self-assembly-monolayer solution ((tridecafluoro-1,1,2,2-

tetrahydrooctyl)-trichlorosilane: FOTCS, Gelest Inc., USA) diluted in 

anhydrous heptane (Samchun Co., Korea), followed by annealing process at 

120 °C for 20 min. 

 

3.2 Fabrication of bridged micropillars 

 

Straight PDMS (Sylgard 184, Dow Corning, USA) micropillars were 

replicated from the SOI master with 15 wt% curing agent. The mixture was 
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Figure 3.7. Schematic illustration for fabricating the SOI master mold and 

replicating mushroom-like micropillars. 
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filled into the master mould, left in a vacuum chamber for 30 min, thermally 

cured at 75 °C for 2 h, and the cured one was carefully removed from the 

master mould. A thin film of low modulus PDMS (5 wt% curing agent) was 

prepared by spin-coating a diluted PDMS solution in hexane at 6000 rpm. The 

as-prepared straight micropillars were carefully placed onto the film and left 

undisturbed for a few seconds, so that a slight amount of soft liquid PDMS 

was transferred to the heads of the micropillars.44 Then, the inked 

micropillars were inversely placed onto a Teflon-coated low-surface-energy 

substrate without applying a pressure, resulting in the bridging of entire 

micropillars covered by a thin PDMS capping membrane of ~800 nm 

thickness (Figure 3.8). Finally, the sample was left in a hot oven of 75 °C for 

more than 12 h and after curing the bridged micropillars were detached clearly 

from the Teflon substrate. 

 

3.3. Normal adhesion tests by a custom-built measurement system 

 

 A custom-built adhesion measurement system was used to measure 

normal adhesion force of the bridged micropillars on a reference surface 

(Figure 3.9). The system is composed of two motorized load cells and a finely 

flat stage. Each of the load cells (UMMA- K20, Dacell, Korea) was used for 

measuring adhesion force in x (lateral) and z (vertical) directions, respectively, 

and the load cell in z direction enabled exerting a preload on the loaded 

adhesive in a controlled manner in Newton (N). The flat stage provided a 

space allowing horizontal contact to a reference surface. As for a reference 

surface, a sheet of flat glass slide was positioned on the stage and the sample 

with bridged micropillars of 1 × 1 cm2 was loaded on the load cell in z 
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Figure 3.8. An SEM image of the bridged micropillars with one arbitrary 

defect site, showing that the membrane of ~800 nm thickness 

is uniformly connecting the pillars in a grid, square pattern. 
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Figure 3.9. A custom-built adhesion measurement system. The system is 

composed of a motorized driving part with a load cell moving 

in z (vertical) direction for installing an adhesive sample and a 

finely flat stage for contact surface. 
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direction. A preload was applied in the normal direction to make the adhesive 

and the reference surface fully contact each other. The data for normal load 

was obtained in N and saved every 0.01 second until a complete detachment 

occurred. Under the pulling mode, both sides of a sample were firmly fixed on 

the motorized stage to distribute the load evenly on the sample during the 

measurement. Under the peeling mode, only single side of a sample was fixed 

on the stage with an asymmetric load distribution while a preload was 

uniformly applied on the sample. 

 

3.4. Conclusion 

 

A smart fibrillar adhesive in the form of bridged micropillars covered with a 

thin elastomeric membrane has been presented and demonstrated an 

automated transportation system by exploiting the switchable adhesion. The 

fabrication process simply consists of replica moulding of micropillars and 

transfer of a low-viscosity PDMS precursor to the micropillar heads, which 

was then squeezed and merged to form a network of bridged micropillars 

capped by a uniform PDMS membrane. The fibrillar adhesive presented here 

is optimal for lifting a heavy object with flat surface at the expense of 

adhesion capability on rough surfaces; on a rough surface, mushroom-like 

micropillars would be more appropriate to render reasonable adhesion 

strength. I argue that the current scheme is highly useful for generating large 

normal adhesion as well as fast and easy detachment of flat objects, which can 

find diverse uses in the assembly and manipulation of micro- and macro-size 

parts. 
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요약 (국문초록) 

 

놀라운 등판 능력을 지닌 게코도마뱀의 비밀을 탐구하고 

모사함으로써 시작된 섬모 기반 건식 접착 연구는 지난 10여년간 

이론 및 실험적인 접근법을 통해 놀라운 속도로 발전해왔다. 따라서 

이제는 학술적인 지평을 벗어나 공학적 관점에서 더욱 실용성을 

위주로 하는 연구로의 도약이 필요한 시점이다. 이 논문에서는 

“잉킹 공정”이라고 명명된 인공섬모의 최적화 공정과 더불어 

이를 기반으로 한 건식 접착 패치의 의료 및 산업분야로의 적용 

가능성이 소개된다. 고분자 수지(PDMS)를 이용한 레플리카 몰딩을 

통해 섬모의 몸체를 형성하고, 이어서 수행되는 잉킹 공정을 통해 

섬모의 말단부의 형태 및 기계적 강성을 부분적으로 조절함에 따라 

개선된 섬모 건식 접착 패치의 제작을 수행하였다. 향상된 섬모 

기반 건식 접착 패치의 의료 및 산업 분야로의 효과적인 적용 

가능성을 증명하기 위하여, 진단 장비를 고정하기 위한 의료용 패치 

및 유리 패널을 이송하기 위한 이송 장치를 구현하고 실제 이용 

가능성을 시연하였다. 

 

주요어 : 자연모사, 게코도마뱀 모사 재료, 건식 접착,  

의료용 패치, 이송 장치 
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