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ABSTRACT 
 

Inspired by the fascinating adhesion properties of various creatures in nature, various bioinspired 

adhesives have been developed. Since the bioinspired adhesives exhibit excellent adhesion strength and 

reversible adhesion, they have strong potential for a wide variety of applications including wearable 

devices, nanoscale manufacturing techniques, and soft robotics. However, the bioinspired adhesives 

made of conventional elastomeric materials have limited adhesion strengths to rough surfaces and 

limited controllability on adhesion strengths, which limits their practical applications. As the challenges 

mainly result from the fixed physical property (e.g. elastic modulus of material) of the elastomer-based 

adhesives, utilization of stimuli-responsive materials that enable active modulation of their mechanical 

properties on demand is expected to be an effective solution overcoming the limitations.  

Wet-responsive hydrogels are tunable in their shape, volume, and mechanical properties based on 

hydration/dehydration in an active and reversible manner. Therefore, it is expected that bioinspired 

adhesives made of the wet-responsive hydrogels could overcome the aforementioned challenges. In this 

dissertation, we propose wet-responsive bioinspired adhesives made of hydroxypropyl cellulose (HPC) 

hydrogel and polyethylene dimethacrylate (PEGDMA) hydrogel that exhibit superior surface 

adaptability and high adhesion-on/off switchability, respectively.  

For superior adaptability, a bioinspired adhesive comprised of wet-responsive HPC is proposed as it 

enables adaptation to a rough surface due to its controllable swelling behavior. By 

hydration/dehydration, the elastic modulus of the HPC hydrogel can be modulated on demand. In the 

presence of a small amount of water, the individual bioinspired HPC microstructures in the adhesive 

can be easily deformed along the rough surface with the decreased elastic modulus of the HPC. As 

dehydrated, the elastic modulus of HPC microstructures is recovered with maintaining the deformed 

morphology. Through these processes, the surface roughness-adapted HPC adhesive exhibits strong 

adhesion strength. Furthermore, the adaptable HPC adhesive is reusable as the deformed 

microstructures can recover their original shapes based on a shape-memory capability of HPC. 

In order to develop the bioinspired adhesive that exhibits actively controllable and switchable 

adhesion on demand, PEGDMA hydrogel with swelling behavior is utilized as it has shape-

reconfigurable property. The prepared PEGDMA adhesive shows high adhesion strengths against 

substrates with the aid of bioinspired nano‐ or microstructure array in the dry state (adhesion-on state). 

When the adhesive is exposed to water, a hydration‐induced shape transformation of the array and 

macroscopic film bending occur, switching the adhesion off with an extremely high adhesion switching 

ratio. Also, the switchable adhesion behavior of the adhesive is maintained over repeating cycles of 
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hydration and dehydration, indicating their ability to be used repetitively. 

As the rough surface adaptation and adhesion on/off properties of the developed adhesives only 

require water droplets, they have a wide range of applications in diverse fields. Specifically, the 

adhesives have a strong potential for use in a biomedical field as the HPC and PEGDMA hydrogels are 

biocompatible. Accordingly, we demonstrate several unique biomedical practical applications of the 

developed adhesives. Firstly, with the adaptable HPC adhesive, an attachable photonic skin is developed 

as a wearable skin-like sensor. The photonic skin consisting of an HPC mechanochromic sensor and the 

adaptable adhesive can firmly laminate to diverse substrates including human skins, detecting 

mechanical signals from various target objects. Secondly, the adhesion-switchable PEGDMA adhesive 

is utilized for a nanotransfer printing (nTP). We demonstrate that diverse metallic and semiconducting 

nanomembranes can be transferred from donor substrates to either rigid or flexible surfaces including 

biological tissues with the PEGDMA adhesive in a reproducible and robust fashion.  

In total, this dissertation presents the fabrication of wet-responsive bioinspired adhesives and their 

applications. The overall contents consist of three main themes, that are as follow: (1) fabrication of 

bioinspired adhesives with optimized geometries, (2) rough surface-adaptable adhesive made of wet-

responsive HPC hydrogel and (3) adhesion-switchable adhesive made of wet-responsive PEGDMA 

hydrogel.  

 

 

 

Keywords: Bioinspired adhesive, Adhesion, Adaptable adhesive, Switchable adhesive, Wet-

responsive adhesive, Stimuli-responsive material, Wearable device, Transfer printing 
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Chapter 1. Introduction 

 

1-1. Research Background 

Many living organisms such as gecko lizards, beetles, and cephalopods have versatile and effective 

adhesive structures on their skin (Figure 1-1). 1-6 Gecko lizards can freely climb on various surfaces 

with the aid of numerous micro/nanoscale hairs on their feet owing to the van der Waals force 

mechanism. 6-8 Accordingly various bioinspired adhesives have been developed, which exhibit excellent 

adhesion strength, repeatability and reversible adhesion without any surface contamination (Figure 1-

1). 1-6 In contrast to conventional chemical-based adhesives that are sticky and non-reusable, the 

bioinspired adhesive systems with effective adhesion properties have significant potential various 

applications including biomedical and precision manufacturing fields. 

 

Figure 1-1. Images of adhesive structures in various creatures and bioinspired adhesives, and a scheme 

showing advantages of bioinspired adhesives. 6-11  

Firstly, for biomedical applications, bioinspired adhesives can be used as an adhesive layer of 

wearable devices with biosensors and drug delivery systems. A number of studies have reported 

adaptable bioinspired adhesives that are attachable to rough surfaces including human skin. As seen in 

Figure 1-2a and b, an approach to develop adaptable bioinspired adhesives is utilization of highly soft 

materials to fabricate the bioinspired adhesives. 12-13 Adhesives made of soft materials were conformally 

attachable to rough surfaces, as the bioinspired microstructures could be deformed along the 

morphology of the target surface. Nevertheless, these adhesives exhibited limited adhesion strength. 

The adhesive in figure 1-3a showed an adhesion strength of ~60 kPa on a surface of root mean square 

(RMS) height ~408 nm and the adhesive in figure 1-3b exhibited an adhesion strength of ~18 kPa on 
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skin. The limited adhesion strength is attributed to the low elastic moduli of the materials. The adhesion 

strength of the bioinspired structure (mushroom-shaped micropillar) is given by 8  

𝑃 = 𝑛(𝜋𝑤12𝐸∗/2𝑎)
1

2𝑅2                     (1-1) 

where n is the density of the cylindrical microstructure, W12 is the work of adhesion, R is the radius of 

the cylindrical flat punch, a is the defect radius, and A is the contact area. E* is the effective modulus, 

expressed as E* = E/(1-ν2) where E is the elastic modulus and ν is Poisson’s ratio. As shown in the 

equation, the low modulus of the soft material results in a limited adhesion strength of the adhesive. 

Another research group proposed a different strategy to develop an adaptable bioinspired adhesive. 

Firstly, at the ends of micropillars, a liquid prepolymer was coated by an inking technique. The coated 

micropillars were sequentially attached onto a rough surface and cured to form mushroom-shaped 

bioinspired micropillars (Figure 1-2c). 14 The bioinspired adhesive fabricated in this manner could be 

conformally attached to the rough surface, resulting in reliable adhesion strength. However, the adhesive 

could not be reused because the material was an irreversibly cured. Although skin-attachable bioinspired 

adhesives have been extensively studied, they exhibit relatively low adhesion strength, as shown in 

Table 1-1.  
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Figure 1-2. Adaptable bioinspired adhesives based on (a) soft polyurethane, (b) low elastic modulus 

Polydimethylsiloxane (PDMS), and (c) irreversibly cured polymer. 12-14 

Table 1-1. Various skin-attachable bioinspired adhesives 

Shape Adhesion strength 

(kPa) 

Reference 

Mushroom-shaped micropillars ~ 20 [12] 

Mushroom-shaped micropillars ~ 15 [15] 

Suction cup-like microstructure ~ 2 [16] 

Suction cup-like microstructure ~ 22 [17] 

Flat punch micropillars ~ 5 [18] 
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Secondly, in the case of precision manufacturing, bioinspired adhesives have been reported as smart 

transport/holding systems that can precisely transfer diverse materials without chemicals. 19 For this 

application, switchable bioinspired adhesive systems showing adhesion-on/off switchability have been 

proposed. 20 Figure 1-3a shows a switchable bioinspired adhesive system utilizing gecko-inspired 

slanted nanohairs. 7 This adhesive showed high adhesion strength when pulled against the direction of 

the inclined angle (forward direction); however, it could be easily detached in the reverse direction. The 

developed switchable adhesives showed an adhesion switching ratio (𝐴𝑑ℎ𝑒𝑠𝑖𝑜𝑛 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ𝑜𝑛 𝐴𝑑ℎ𝑒𝑠𝑖𝑜𝑛 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ 𝑜𝑓𝑓⁄ ) 

of ~13 and demonstrated the transport of a glass panel. As seen in figure 1-3b, a switchable bioinspired 

adhesive system based on the buckling of adhesive micropillars was also proposed. 21-22 In this system, 

the mechanical buckling of the micropillar occurs under a high compressive load, showing an adhesion 

switching ratio of ~3. Another research group proposed a membrane patterned with adhesive 

micropillars for the switchable bioinspired adhesion system (Figure 1-3c). The switchable adhesion 

capability of this research was based on a macroscopic deformation of the membrane induced by an air 

pump device. When the adhesive membrane was released without air pressure, it could adhere to and 

pick up a target substrate with high adhesion strength. As the positive air pressure was applied, the 

membrane was stretched and expanded. This expansion allowed the adhesive micropillars connected to 

the substrate to be sequentially detached. This switchable adhesive device demonstrated the transport 

of various substrates. 23 

Meanwhile, with advances in electronic, semiconductor and biomedical devices, functional micro-or 

nanomembranes must be transferred onto unconventional substrates such as flexible polymer, nonplanar 

surfaces, and even biological tissues. Although novel switchable bioinspired adhesion systems based 

on unique mechanical behaviors of bioinspired adhesive structures demonstrate the applications in the 

transportation of various substrates, limitations remain. However, the previously developed adhesive 

systems exhibited limited adhesion on/off switchability (low adhesion switching ratio) and required an 

external mechanical load (table 1-2). Therefore, the existing systems have application difficulties for 

the transfer of micro- or nanomaterials such as thinmembrane. Moreover, the external mechanical load 

inducing the switchable adhesion could damage the materials and substrates. 24-33  
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Figure 1-3. (a) Directional adhesion mechanism with slanted nanohairs. (b) Switchable adhesion 

mechanism based on multi-step preload. (c) Controllable detachment mechanism using an air pressure-

based device. 7, 21-23  

Table 1-2. Various switchable bioinspired adhesives 

Mechanism Adhesion switching ratio 

(
𝐴𝑑ℎ𝑒𝑠𝑖𝑜𝑛 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ𝑜𝑛

𝐴𝑑ℎ𝑒𝑠𝑖𝑜𝑛 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ 𝑜𝑓𝑓
) 

Reference 

Directional adhesion ~13 [7] 

Mechanical buckling ~3 [21] 

Mechanical buckling ~4 [22] 

Mechanical bending ~204 [23] 

Directional adhesion ~2 [34] 

Directional adhesion ~4 [35] 
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To overcome these limitations, we propose the following bioinspired adhesives utilizing wet-

responsive hydrogels that have tunable shape, volume, and mechanical properties based on 

hydration/dehydration in an active and reversible manner: 

(1) A bioinspired adhesive that exhibits superior adaptability, high adhesion strength, and reversible 

adhesion property against various rough surfaces.  

(2) A bioinspired adhesive that exhibits actively controllable, switchable, and reversible adhesion 

capabilities with a high adhesion switching ratio.  

In this dissertation, we present the fabrication of wet-responsive bioinspired adhesives and their 

applications. Firstly, we develop a simple and reliable fabrication method for optimized bioinspired 

adhesives. Next, we develop an ultra-adaptable bioinspired adhesive based on wet-responsive 

hydroxypropyl cellulose (HPC) hydrogels and novel wearable photonic skin. Finally, we develop 

actively controllable and switchable bioinspired adhesives based on wet-responsive polyethyleneglycol 

dimethacrylate (PEGDMA) hydrogels and an efficient nanotransfer printing technique. 
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1-2. Outline of Dissertation 

In chapter 2, we present a simple yet scalable fabrication technique with detailed protocols for 

fabricating bioinspired adhesives with optimized mushroom-shaped micropillars. The fabricated 

adhesives with a geometrically well-defined mushroom-shaped micropillar array were applied to wet-

responsive adhesives in chapter 3 and 4. A master with negative mushroom-shaped micropillars can be 

generated through conventional photo-lithography by using commercially available photoresists. This 

method enables simple and reliable fabrication of mushroom-shaped micropillars with precisely 

controlled geometry of the micropillars. The fabricated bioinspired adhesives exhibited different 

tendencies in adhesion strength and durability depending on the geometries. Adhesion measurements 

of the fabricated bioinspired adhesives demonstrated that the geometry of the micropillars is critical to 

obtain adhesion strength with superior and stable adhesion performance. With the results, we could 

fabricate the bioinspired adhesive with optimized mushroom-shaped micropillars which not only 

exhibit high durability but also show high adhesion strength. 

In chapter 3, we present an ultra-adaptable bioinspired adhesive by employing a wet-responsive and 

shape-memory HPC. Since they were reliably attachable onto highly rough substrates with only a small 

amount of water, the adhesive is highly applicable to a variety of devices. Specifically, the developed 

adaptable bioinspired adhesives show strong potential for wearable devices, because they were not only 

highly attachable onto human skin but also reusable with the shape-memory capability. To demonstrate 

the potential, a novel photonic skin where the bioinspired adhesives were integrated with HPC photonic 

sensors was developed. The photonic skin could firmly adhere to diverse biological and non-biological 

surfaces including human skin and directly visualize the mechanical strains of surfaces, showing the 

strong potential of the adaptable bioinspired adhesive for wearable devices. 

In chapter 4, we present an adhesion-switchable bioinspired adhesive that exhibits switchable and 

controllable adhesions on demand, by employing a wet-responsive and shape-reconfigurable PEGDMA. 

The fabricated switchable adhesives showed high adhesion strength in the adhesion-on state (dry state). 

When in contact with water, the nano/microscopic and macroscopic shape reconfigurations of the 

adhesive occurred, which turned off the adhesion (~ 0.3 kPa) with a high adhesion switching ratio (> 

640). The superior adhesion behaviors of the adhesive were maintained over repeating cycles of 

hydration and dehydration, indicating their ability to be used repeatedly. The adhesives are made of a 

biocompatible hydrogel and their extremely high adhesion-on/off can be controlled with water, enabling 

the adhesives to be applicable to various materials and surfaces, including biological substrates. Based 

on these smart adhesion capabilities, diverse metallic and semiconducting nanomembranes could be 

transferred from donor substrates to either rigid or flexible surfaces including biological tissues in a 
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reproducible and robust fashion (nanotransfer printing technique). Transfer printing of a nanoscale-

crack sensor onto a bovine eye further demonstrates the potential of the switchable bioinspired adhesive 

for use as a stimuli-responsive, smart, and versatile functional adhesive for nanotransfer printing. 

  



9 

 

Chapter 2. Fabrication of Bioinspired Adhesives with 

Optimized Geometries 

This chapter includes the published contents: 

H. Yi, M. Kang, M. K. Kwak, and H. E. Jeong, ACS Appl. Mater. Interfaces. 2016, 8, 22671-22678. 

Copyright © 2019 American Chemical Society. 

2-1. Introduction 

With advances in bioinspired adhesives, various bioinspired adhesive structures have been proposed 

33, 36-41. As seen in figure 2-1, depending on the shapes of bioinspired adhesive structures, the bioinspired 

adhesives exhibited significantly different adhesion performances. 42 The adhesion behavior of 

micropillars of various shapes (e.g., micropillars with a flat tip, spherical tip, flat tip with rounded edges, 

mushroom-shaped tip, spatula tip and concave tip) have been investigated (Figure 2-1). The research 

results showed that the bioinspired adhesives with mushroom-shaped micropillars exhibit the highest 

adhesion strength under all preload ranges. In particular, the micropillars with flat tips, spherical tips, 

flat tips with rounded edges, and concave tips exhibited lower adhesion strength than flat surfaces 

without any patterns, demonstrating that the optimization of the structures is important for superior 

adhesion performance. With these results, mushroom-shaped microstructures have been proposed as an 

efficient form for bioinspired adhesives. Furthermore, these structures have reportedly enhanced 

stability compared to bioinspired nanopillars, enabling millions of cycles of repeatable attachments and 

detachments while maintaining the adhesion strength. 19  

 

 

Figure 2-1. (a) SEM images of bioinspired adhesives patterned with various shapes of micropillars and 

(b) the adhesion strength measurement. 42  
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Therefore, to achieve superior adhesion performance and structural stability in wet-responsive 

bioinspired adhesives, the adhesives must be fabricated with a mushroom-shaped micropillar array. 

Also, because the adhesion strength of mushroom-shaped micropillars depends their geometry, 8 we 

must define the optimized geometry of the mushroom-shaped micropillars for maximized adhesion 

strength. To this end, a reliable and efficient fabrication method that can precisely control the geometries 

of the structures is necessary. 

A number of methods have been developed to obtain the mushroom-shaped micropillars. 19, 43-48 The 

most widely used method is deep reactive-ion etching (DRIE) of silicon-on-insulator (SOI) wafer with 

embedded SiO2 layer. 19, 45-46 In this method, negative patterns of mushroom-shaped micropillars are 

generated on the SOI wafer by utilizing the notching effect of the embedded oxide layer between the 

top and bottom Si substrates during DRIE process. However, although this method enables reliable and 

reproducible fabrication of Si master with negative patterns of mushroom-shaped microstructures, the 

high cost of the SOI wafer and the DRIE process serve as significant hindrances to the practical use. A 

modified soft-lithographic technique has also been proposed to generate the mushroom-shaped 

structures. In this method, micropillars with protruding tips are generated by inking technique with flat 

or hemispherical tips. 43, 48 Although this approach is relatively simple and cost-effective, obtaining 

uniform geometries of the mushroom-shaped micropillars over a large area is not easy, because of the 

fluidic and viscous nature of uncured prepolymer.  

To this end, in this chapter, we developed a simple and scalable fabrication process with detailed 

protocols for generating bioinspired adhesives with mushroom-shaped micropillar arrays using widely 

used photoresists and proposed the bioinspired adhesive with optimized shapes of micropillars by 

analyzing the performances of the adhesives. In our approach, we utilized a bilayer stack of SU-8 and 

LOR (lift-off resist supplied by Microchem Corp.) to fabricate a master with negative mushroom-

shaped micropillar arrays through conventional photolithography. And, replica molding process with 

widely used polymers can be utilized to generate mushroom-shaped micropillars with precisely 

controlled tip diameters and thickness. Adhesion performances of the fabricated mushroom-shaped 

micropillars with different tip geometries were also investigated, to define the optimized bioinspired 

adhesive with mushroom-shaped micropillars.  

2-2. Results and Discussion 

2-2-1. Fabrication of bioinspired adhesives with mushroom-shaped micropillars 

Figure 2-2 shows a schematic for fabricating mushroom-shaped micropillar arrays. A LOR was spin-

coated on a Si wafer, which is used as a sacrificial layer to form an undercut for protruding tips of the 

mushroom-shaped micropillars. The LOR is inert to most organic solvents and acids after baking at its 
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glass transition temperature, but dissolved in alkaline chemicals such as AZ 400K without affecting 

other layers such as SU-8. 49 The thickness of the LOR layer can be controlled simply by using different 

models of LOR and spin-coating conditions, which determine the tip thickness of the resulting 

micropillars. We found that the baking conditions of the coated LOR layer are critical to obtaining a 

uniform undercut of the LOR layer and preventing delamination of the layer during the LOR 

development process. The optimal baking conditions in our study were 200 °C for 10 min with 5 min 

relaxation for 1.15 μm thick LOR layer. Subsequently, SU-8 layer was spin-coated on the LOR layer 

followed by patterning of the SU-8 layer with conventional photolithographic process. When we used 

SU-8 3010, a ~8.3 μm thick SU-8 layer was obtained with 2000 rpm spin-coating for 30s. After SU-8 

patterning, a uniform undercut of the bottom LOR layer was generated by dipping the substrate in the 

LOR developer (AZ 400K). The degree of LOR layer undercut, which determines the tip diameter of 

mushroom-shaped micropillars, was controlled simply by modulating the LOR development time. 

Finally, the master mold was passivated with C4F8 plasma. Bioinspired adhesives with mushroom-

shaped micropillar arrays were obtained through replica molding of the patterned Si master with PDMS.  

 

Figure 2-2.  Schematic illustration for the fabrication of mushroom-shaped micropillars through 

photolithography with a bilayer of SU-8 and LOR and a subsequent replica molding with PDMS. 

Figures 2-3a and 2-3b show photographs of the fabricated Si master and the PDMS bioinspired adhesive 

pad with mushroom-shaped micropillar arrays replicated from the master. The Si master shown in figure 

2a was obtained by spin-coating LOR 10B at 2000 rpm for 30 s on the Si wafer followed by SU-8 3010 

spin-coating at 2000 rpm for 30 s on the LOR layer. After SU-8 patterning, the LOR 10B was removed 

selectively by dipping the substrate in developer for 90 s. Figures 2-3a and 2-3b clearly show that a 

uniform pattern array could be generated over a large area (maximum size of ~176.7 cm2) with our 

suggested process (see supplementary figure S1). We investigated the uniformity of the fabricated 

adhesive pads with micropillar arrays by exploring pillars at five different regions of the pad using an 

optical microscope. Figure 2-3c shows that micropillars at different zones exhibit uniform tip diameters 

(~23.31 ± 0.15 μm) and neck diameters (~19.52 ± 0.03 μm) without defects.  
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Figure 2-3. Photographs showing (a) the fabricated Si master and (b) bioinspired adhesive with 

mushroom-shaped micropillar arrays. (c) Optical microscopy images of the fabricated mushroom-

shaped micropillars at five different regions, which correspond to locations i–iv shown in (b). Each 

diameter depicted in the enlarged optical microscopy images is an averaged value of ten micropillars in 

the location i–iv. 

The protruding tips of the mushroom-shaped micropillars are critical to obtaining high levels of pull-

off strength and durability of the pillar array. Therefore, precise tuning of the tip geometry of mushroom-

shaped micropillars is critical for the development of bioinspired adhesive with superior adhesion 

performance. In our approach, the tip diameter can be modulated simply by controlling the development 

time of the sacrificial LOR layer. Figures 2-4a-d show the optical microscope images of Si masters 

fabricated with four different LOR development times (0s, 60s, 180 s, and 300 s). As shown in the 

images, the outer diameter of the fabricated microholes was increased monotonically with the increase 

of development time whereas the inner diameter of the holes remained almost the same, demonstrating 

that the tip diameter of the array can be controlled precisely by modulating the development time of the 
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LOR layer. Figures 2-4e-h are the cross-sectional scanning electron microscope (SEM) images 

corresponding to the optical microscopy images of figures 2-4a-d, which further confirm that 

micropillars with varying tip diameters can be easily generated by controlling the degree of undercut of 

the sacrificial LOR layer. 

 

Figure 2-4. (a-d) Optical microscopy images of the Si masters with negative mushroom-shaped 

micropillars fabricated through different LOR development times (a: no development, b: 60 s, c: 180 s, 

d: 300 s). The tip diameter increased monotonically with the increase of development time. (e-h) Cross-

sectional scanning electron microscopy images of the fabricated Si masters, which correspond to each 

array shown in a-d.  

Figures 2-5a-d show optical microscope images of PDMS micropillar arrays replicated from the Si 

master shown in figure 2-4. The tip diameter of micropillars replicated from a master without LOR 

removal was ~19.4 μm. Tip diameters of the pillars were increased by using a master with longer LOR 

development time of ~22.7 μm, ~25.5 μm, and ~28.0 μm for masters with 60 s, 180 s, 300 s development 

times, respectively. Figures 2-5e-h show the tilted SEM images of the replicated mushroom-shaped 

micropillars that correspond to optical microscopy images shown in figures 2-5a-d. The SEM images 

also show that mushroom-shaped micropillars with controlled tip diameters can be generated by our 

suggested process. The resulting pillar array has ~1.15 μm in tip thickness, ~9.4 μm total height and 

~40 μm center-to-center pitch.  
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Figure 2-5. (a-d) Optical microscopy images of the mushroom-shaped micropillars with different tip 

diameters replicated from the Si masters shown in Figure 2-4a-d. (e-h) Tilted scanning electron 

microscopy images of the fabricated micropillars, which correspond to each array shown in a-d. 

Insets in each image are magnified views of each image. 

Figure 2-6 shows the tip diameters of the fabricated mushroom-shaped micropillars as a function of 

LOR development time for samples with four different tip thicknesses ~1.15 μm, ~2.10 μm, ~2.75 μm 

and ~4.05 μm). The maximum tip diameter that can be obtained from our master without damage was 

about ~33.6 μm when the tip thickness was ~4.05 μm (length of the tip protruding out of the pillar post: 

~7.67 μm). Tip thickness was modulated by controlling the speed of spin-coating using different kinds 

of LOR. Although the undercut rate of the LOR layer was not perfectly linear, the tip diameters of the 

resulting pillar arrays were increased monotonically for samples having four different tip thicknesses 

with good reproducibility. Although samples with thicker tips required longer development time to 

obtain the same tip diameters, mushroom-shaped micropillars with large variations in tip diameters of 

up to ~ 12 μm could be simply generated with our approach. Controlling the tip diameter and tip 

thickness of mushroom-shaped micropillars is not easily achievable with the aforementioned DRIE of 

SOI wafer and the inking of micropillars with precured polymer. The difficulty arises from the notch 

phenomenon being affected not only DRIE etching conditions but also by hole geometries, which in 

turn, makes individually controlling the width and depth of the notch difficult. 45-46 Furthermore, 

controlling the tip thickness requires the use of several SOI wafers with SiO2 layers of different 

thicknesses, which will incur very high costs. In the case of the inking method, controlling the tip 

diameter and thickness is also highly difficult because of the fluidic nature of the uncured polymer. 

Although not demonstrated here, the height of the micropillars can also be controlled easily by changing 

the spin-coated thickness of SU-8 layer. 
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Figure 2-6. Tip diameters of fabricated negative mushroom-shaped micropillars depending on LOR 

development time for 4 different thick LOR layers. 

2-2-2. Measurement and Analysis of adhesion strength 

The adhesion strengths of the fabricated bioinspired micropillars were evaluated using custom-built 

equipment. The bioinspired adhesive sample was attached to a flat substrate under controlled preload 

(Figure 2-7). Figure 2-8 shows the pull-off strength of bioinspired adhesives with different tip diameters 

and four different tip thicknesses (~1.15 μm, ~2.10 μm, ~2.75 μm and ~4.05 μm). For statistical 

significance, adhesion measurement was carried out 20 times for each sample under identical conditions. 

As shown in the figures, micropillars without tips exhibited very low adhesion strength (< ~1 N cm-2). 

On the contrary, micropillars with protruding tips displayed drastically enhanced adhesion strength. For 

example, bioinspired adhesive pads with a relatively thin tip (~1.15 μm thickness) and a tip diameter of 

~20.2 μm (LOR development time: 30 s) had maximum pull-off strength of ~14 N cm-2 under a preload 

of 20 N (figure 6a). The pull-off strength decreased after passing the maximum point due to the buckling 

of the pillars or the later deformation of the back film under an excessive preload.17, 24, 33 The 

maximum pull-off strength was increased further to ~21 N cm-2 and ~25 N cm-2 with the increase of tip 

diameter to ~22.7 μm (LOR development time: 60 s) and ~25.5 μm (LOR development time: 180 s), 

respectively (Figure 2-8a). These results indicate that the pull-off strength of bioinspired adhesives with 

mushroom-shaped microstructures can be modulated by controlling the tip diameters of micropillars 

without changing the pillar diameter and pitch. In theory, the pull-off force of for a micropillar with the 

flat tip Pflat is given by 50 

𝑃𝑝 = √8𝜋𝐸∗𝑟3𝑤12  (2-1) 

where E* is the effective Elastic modulus of the system, and r is the radius of the flat tip. Here, w12 is 

the work of adhesion of the interface. Although equation 2-1 is for the micropillar arrays with simple 
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flat tips, our experimental results are in a good agreement with the theoretical prediction (Figure 2-9).  

 

Figure 2-7. Schematic and photograph of adhesion measurement system. 

 

Figure 2-8. Measurement of the pull-off strength of mushroom-shaped micropillars with different 

tip diameters for four different tip thicknesses of (a) ~1.15 μm, (b) ~2.10 μm, (c) ~2.75 μm and (d) 

~4.05 μm. The tip diameters of the micropillars were controlled by modulating the LOR development 

time during the Si master fabrication process.  
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Figure 2-9. Measurements of the pull-off strength of mushroom-shaped micropillars having different 

tip diameters for four different tip thicknesses together with the theoretical predictions. 

One notable feature of the results is that samples prepared with excessively long development time 

(> 300 s) exhibited diminished pull-off strengths as compared with samples prepared with proper 

development time (30–180 s). For example, samples prepared with 300 s LOR development time had 

pull off strength of ~ 7 N cm-2 at best, which is merely ~25 % of the maximum strength, with fairly high 

standard deviation ( ~2 - 8 N cm-2). This result is because although micropillars with thinner and larger 

tips enable conformal and larger contact against a substrate, the mechanical stability and durability of 

the pillars with thinner and larger tips decreased significantly. For example, mushroom-shaped 

micropillars with ~1.15 μm tip thickness and ~28.0 μm tip diameter exhibited maximum adhesion 

strength of ~30 N cm-2 during the first adhesion measurement test (Figure 2-8a). However, the averaged 

pull-off values decreased to ~7 N cm-2 after 20 cycles of tests because of the low durability of the 

excessive tip size. This averaged value is expected to decrease further with the increase in measurement 

test cycles. In addition to the low averaged pull-off strength, these samples displayed high levels of 

variations in pull-off strength even at the first adhesion test (Figure 2-8a). This is because the too thin 

and large tips of the pillar arrays impeded conformal contact of the tips against a substrate because of 

the wrinkling or folding of the tips during contact of the pad on a substrate.  
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Theoretical studies on the collapse of tips of mushroom-shaped micropillars has rarely been reported, 

but some theoretical works on microfabricated structures have been presented. 51 On the basis of a 

quantitative model of ground collapse of micropillars, the critical aspect ratio (AR), defined as the ratio 

of the length of the tip (L) protruding out of the pillar post to tip thickness (t) for preventing the 

wrinkling or folding of the tips, is given by 

(
𝐿

𝑡
) = 18−1

2⁄ ∙ 𝜋 ∙ (
𝐸

𝑤12
)

1
2⁄ ∙ (𝑡)

1
2⁄   (2-2) 

where E is the Elastic modulus of the material. According to equation 2-2, the critical AR (L/t) of the 

protruding tips can be increased by increasing the tip thickness. Therefore, the problems associated with 

the weak structural durability of the micropillars with large tips can be solved through a slight increase 

in tip thickness. As shown in figure 6c, micropillars with ~2.75 μm tip thickness exhibited a high level 

of averaged pull-off strength. For instance, the averaged pull-off strength of micropillars with ~22.4 μm 

tip diameter (LOR-30B, development time: 300 s) reached ~17 N cm-2 and increased further to ~27 N 

cm-2 with micropillars with ~29.5 μm tip diameter (LOR-30B, development time: 600 s) with small 

standard deviations in the pull-off strength. The mushroom-shaped micropillars with thin and large tips 

(~1.15 μm tip thickness and ~28 μm tip diameter) exhibited low averaged adhesion because of low 

structural durability. However, increasing the tip thickness slightly to ~2.75 μm, micropillars with 

similarly large tips (~29.5 μm tip diameter) had significant enhancements in structural durability and 

more stable pull-off strength. 

Repeatability of the mushroom-shaped micropillars with different tip geometries was further 

investigated by carrying out durability tests, where the cycles of attachment and detachment were 

repeated using bioinspired adhesives with different tip sizes (Figure 2-10). As shown in figure 2-10a 

and b, when the tip diameter is relatively small (~22–23 μm), the micropillar arrays maintained their 

pull-off strength even after 500 cycles of testing because the tip AR (L/t) is relatively small (0.64 – 

1.38). However, when the tip diameter increased to ~28–30 μm, pull-off of micropillars with thinner 

tips (AR: ~3.70) decreased immediately after the first adhesion measurement (figure 2-10c). In contrast, 

micropillars with slightly thicker tips (AR: ~1.93) exhibited better durability as compared with 

micropillars with thinner tips, although a slight decrease in pull-off was observed (Figure 2-10d). These 

results can be easily understood because of the large and thinner tips of micropillars, which are 

mechanically unstable and are therefore easily folded and collapsed upon the attachment and 

detachment against a contact surface (Figure 2-10e). Micropillars with large but thicker tips maintain 

their structural integrity and adhesion performance even after repeated cycles of attachment and 

detachment (Figure 2-10f). Thus, fabrication of mushroom-shaped micropillars with optimized tip 

geometry is critical to the development of bioinspired adhesives with superior and stable adhesion 
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performances. 

 

Figure 2-10. (a-d) Durability test of the fabricated mushroom-shaped micropillars with different tip 

geometries of (a) ~1.15 μm tip thickness and ~22.7 μm tip diameter, (b) ~2.75 μm thickness and 

~22.5 μm diameter, (c) ~1.15 μm thickness and ~28.0 μm diameter and (d) ~2.75 μm thickness and 

~29.5 μm diameter. Insets in figures (a-d) are detailed geometries of each micropillar used for the 

corresponding durability tests. Inset in figure (c) is a magnified view of the pull-off strength at 1–10 

test cycles. (c-d) SEM and optical microscopy images of (e) micropillars with ~1.15 μm tip thickness 

and ~28.0 μm tip diameter and (f) micropillars with ~2.75 μm thickness and ~29.5 μm diameter 

before (left image) and after (right image) the measurement tests.  

 

2-3. Conclusion 

In summary, we developed a simple yet scalable fabrication technique with detailed protocols for 

fabricating bioinspired adhesives with mushroom-shaped micropillars with controlled tip diameter and 

thickness. A master with negative mushroom-shaped micropillars can be generated through 



20 

 

conventional photolithography by utilizing a bilayer stack of top SU-8 layer and bottom sacrificial LOR 

layer. The thickness and diameter of the mushroom-shaped tips can be controlled by modulating the 

spin-coating thickness and development time of the LOR layer, which enables simple, reproducible, 

and scalable fabrication of mushroom-shaped micropillars with precisely controlled tip geometry. The 

fabricated mushroom-shaped micropillar arrays exhibit different tendencies in adhesion strength and 

durability depending on the tip diameter and thickness of micropillars. Macroscopic adhesion 

measurements of the fabricated bioinspired adhesives demonstrate that tip diameter and thickness of 

the micropillars are critical to obtaining bioinspired adhesives with superior and stable adhesion 

performances. Our bioinspired adhesives with optimized tip geometry exhibit high durability as well as 

a high level of pull-off strength of up to ~34.8 N cm-2 on the Si surface. In chapter 3 and 4, we could 

fabricate wet-responsive bioinspired adhesives showing excellent adhesion performances with this 

optimized mushroom-shaped micropillars. 
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Chapter 3. Wet-responsive adaptable Adhesive 

This chapter includes the published contents: 

H. Yi†, S. -H. Lee†, H. Ko†, W. -G. Bae, T. -I. Kim, D. S. Hwang, and H. E. Jeong, Adv. Funct. Mat. 

2019, 1902720. Copyright © 2019 Wiley. 

3-1. Introduction 

In wearable device with electronic sensor or photonic sensors, their intimate coupling to the skin is 

of tremendous importance, as it determines the sensing quality, stability, and reliability while 

minimizing the motion artifact. 52-56 However, a stable and robust adhesion to the skin is challenging, 

as the skin not only is a dynamic surface with low surface energy (25-29 mJ m-2)57 but also possess 

multiscale surface textures. To this end, soft sensors have been made with ultrathin film configuration, 

with thickness less than 10 μm; as such thin-film devices can be firmly laminated to the skin by reducing 

flexural rigidity based on van der Waals forces.56, 58 However, such thin-film devices are difficult to 

handle and mechanically less durable. Further, they are difficult to reuse once they are applied onto the 

skin.57 To this end, bioinspired adhesives that emulate the adhesion mechanisms of living organisms 

have been suggested as effective adhesive components for skin-interfaced sensors.15, 52-53, 57 They have 

demonstrated skin-friendly, biocompatible, and repeatable skin adhesion. However, they suffer from 

relatively low adhesion strength (<15-20 kPa) compared to those of commercial skin adhesives (~30 

kPa).52-53, 59 Furthermore, they have shown limited adaptability to surfaces with relatively high surface 

roughness. For example, gecko- or beetle-inspired adhesives made of polydimethylsiloxane (PDMS), 

which is one of the most widely used materials for prior bioinspired adhesives, cannot be firmly attached 

to highly rough surfaces such as wrinkled skin, a painted wall, or paper. This is because the PDMS 

microstructures have limited deformability and adaptability to highly rough surfaces.60-61 Wearable 

sensors that are not only easy to handle but also can be intimately attached to virtually any surface of 

biological and non-biological substrates with strong and reliable adhesion strength and without surface 

damages and irritations still remain challenging.57, 62 

Hydroxypropyl cellulose (HPC), one of the cellulose derivatives that are the most abundant 

biopolymers on the earth, is a promising material having all desirable properties to address all 

aforementioned issues. HPC is biodegradable, renewable, and biocompatible. 63-65 HPC can be 

prepared in the form of amorphous-phase transparent hydrogel with controllable swelling behavior 

and shape-memory capability,66 which can be utilized as an adaptable material for reversible 

adhesives to diverse surfaces with varying roughness. All these features of HPC make it an ideal 

candidate for developing biocompatible, flexible, reusable, and skin-mountable adhesive. Despite 
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such attractive advantages of HPC, few studies have addressed the development of cellulose-based 

bioinspired adhesives. 

In this chapter, we present an ultra-adaptable and wet-responsive adhesive that can reversibly adhere 

to diverse substrates with crosslinked HPC. We demonstrated that this adaptable adhesive is reversibly 

attachable to various rough surfaces, including skin, paper, plaster, copper (Cu), aluminum, polyvinyl 

chloride (PVC), polyethylene (PE), and wood, with 5.4-183.7 times higher adhesion strengths compared 

to those of the PDMS adhesive. With this adaptable adhesive, we develop an wearable photonic skin 

that directly visualize the spatio-temporal distribution of external mechanical stimuli, 67-68 by 

concurrently harnessing a photonic sensor made of liquid crystalline phase HPC and the ultra-adaptable 

adhesive in a single device platform. Based on the high adaptability of the adhesive, this cellulose-based 

photonic skin can display external stimuli with excellent sensing quality. 

 

3-2. Results and Discussion 

3-2-1. Principle of wet-responsive adaptable adhesion 

To secure proper adhesion to rough surfaces, adhesive materials should have adequate viscoelastic 

property. Pressure-sensitive adhesive (PSA) is a representative viscoelastic material that can make 

adequate adhesions to diverse surfaces. 57 However, they are not optimal for prolonged, long-term 

attachment to the skin due to PSA-induced skin damage and irritation. 57, 62 Although bioinspired 

microstructures-based skin adhesives and skin-mountable sensors have been developed as alternatives, 

they have limited adhesion strength and adaptability to rough surfaces. 52-53, 59 This is because many 

previous bioinspired adhesives were made of elastomeric materials (e.g., PDMS and polyurethane 

acrylate), which have relatively high elastic moduli (~1-20 MPa). 33, 36-41 Therefore, they cannot exhibit 

proper liquid-like behavior for bonding formation to rough surfaces, which significantly limits their 

adhesion performance to rough surfaces. Although elastomeric materials with relatively low elastic 

modulus can be utilized for bioinspired adhesives, it can lead to structural instabilities and limit 

mechanical durability. 57, 59 

HPC hydrogel based-bioinspired microstructures can address this issue (Figure 3-1a and b). In a dried 

state, the elastic modulus of the HPC hydrogel was 14.9 MPa (Figure 3-1c and d). Therefore, the 

microstructure can exhibit a sufficient cohesive strength and maintain structural integrity. However, 

when the HPC hydrogel was swollen with moisture for 180 s, its elastic modulus significantly decreased 

to 0.21 MPa (Figure 3-1c and d). It is noted that this value is comparable to that of typical PSAs and 
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also conforms to Dahlquist’s criterion (<0.3 MPa),69-70 which represents the upper limit of the effective 

elastic modulus of materials for tackiness. Therefore, under a low preload, the swollen HPC hydrogel 

microstructures can flow on the surface and form intimate contact with the surface profile. Upon 

dehydration at 25 ℃ for 100 s (see experimental section for details), the HPC microstructures maintain 

the deformed morphology, enabling enhanced surface adaptability and adhesion to substrates with 

roughness (Figure 3-1b). 

 

Figure 3-1. (a) photograph and SEM image of the fabricated HPC adhesive, (b) schematics showing 

adaptable adhesion of the adhesive, (c) Swelling ratio (w/wi) of the crosslinked HPC as a function of 

time and (d) stress-strain curves of the crosslinked HPC with different degrees of swelling. 

 

3-2-2. Ultra-adaptability of the adhesives 

Figure 3-2a shows photographs that demonstrate the superior adaptability and adhesion of the HPC 

adhesive against paper. In contrast to the HPC adhesive, the PDMS adhesive could not be attached to 

paper due to the high surface roughness of paper. To quantitatively evaluate the surface adaptability and 
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adhesion performance of the integrated photonic skin, the adhesion strengths of the HPC adhesive were 

measured against a variety of model substrates including glass, copper, PVC, plaster, paper, wood, and 

skin (Figure 3-2b, c, d). The PDMS adhesive exhibited fairly high adhesion strength of 147.9 kPa 

against a flat glass substrate, the surface roughness RMS of which was 52 nm (Figure 3-2b, c, d). 

However, as the roughness of the substrates increased, the adhesion strength of the PDMS adhesive 

notably decreased. For example, the adhesion strength of the PDMS adhesive on copper was 

significantly reduced to 35.9 kPa, although the roughness of the copper was not significant (RMS: 0.54 

μm). The PDMS adhesive exhibited negligible adhesion for other model substrates with higher surface 

roughness (Figure 3-2c, d). Notably, the adhesion strengths of the adapted HPC adhesive were evaluated 

after dehydrating the adhesive at 25 ℃ for 100 s. The adhesion strengths of the adapted HPC adhesive 

for the copper, PVC, plaster, paper, wood, and porcine skin substrates were measured as 194.2 kPa, 

212.2 kPa, 236.6 kPa, 252.4 kPa, 275.6 kPa, and 52.0 kPa, respectively, which are 5.4-183.7 times 

higher values compared to those of the PDMS adhesive. For the glass substrate, the adhesion strength 

of the adapted HPC adhesive was 184.1 kPa, which is just 1.24 times higher than that of the PDMS 

adhesive (147.9 kPa). This is because the HPC and PDMS adhesives have similar contact areas for the 

glass substrate, which has a nearly flat surface profile (RMS: 52 nm). To further evaluate the adhesion 

performance of the HPC adhesive, we also investigated its peeling energy for the different substrates. 

As shown in Figure 3-2e and f, the adapted HPC adhesive showed drastically enhanced peeling energy 

for the wide range of rough surfaces compared with that of the non-adapted HPC adhesive. Figure 3-3 

shows the SEM images of the non-adapted and adapted HPC microstructures against a paper surface. 

As shown, due to the high surface roughness of paper, with RMS value of ~20 μm, the pristine HPC 

adhesive could not form an intimate contact with the substrate (Figure 3-3a). In contrast, the swollen 

HPC adhesive could conform to the irregular surface topography of the paper (Figure 3-3b). The strong 

adhesion of the HPC adhesive was maintained over repetitive attachment and detachment cycles, 

demonstrating reversible and repeatable adhesion properties of the adhesive (Figure 3-4). 
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Figure 3-2. (a) Photographs showing PDMS adhesive and adapted HPC adhesive adhering onto a paper, 

(b) measurement of normal adhesion strength of the PDMS, non-adapted HPC and adapted HPC 

adhesive onto glass and paper surfaces under a preload of 50kPa. (c) Measurement of normal adhesion 

strengths of the PDMS, non-adapted HPC and adapted HPC adhesives onto various substrates with 

different RMS values. (d) averages of normal adhesion strengths of the adhesives. (e) measurement of 

peeling strength of the adapted HPC adhesives onto various substrates. (f) averages of peeling energies 

of the adhesives. 
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Figure 3-3. SEM image of the fabricated HPC adhesive attached to a paper. 

 

Figure 3-4. (a) Repeatability test results showing the normal adhesion strength of the adapted HPC 

adhesive against a paper substrate (20 cycles). For the single cycle measurement, the hydrated HPC 

adhesive was applied to the substrate, followed by the adhesion measurement. Subsequently, the HPC 

adhesive was removed from the substrate and then rehydrated with water vapor. The rehydrated HPC 

adhesive was applied to the substrate again for the next adhesion measurement. (b) a cycle of 

measurement of the normal adhesion strength of the adapted HPC adhesive. 

3-2-3. Theoretical analysis of the adhesion behavior of the adhesive  

Figure 3-5 shows the comparison of the adhesions of the adapted HPC adhesive and PDMS 

adhesive for diverse substrates with different RMS values. For the relative comparison, the 

normalized adhesion strength (Pnorm) was defined as the measured adhesion strength of the adhesives 

(P) divided by the adhesion strength of the adapted HPC adhesive (Pmax) for each type of rough 

substrate (Pnorm = P/Pmax). Considering the surface roughness as close-packed hemispherical asperity 

caps and troughs, 71-72 P for rough surfaces is given by 
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𝑃 =
𝑛𝐴𝐻𝐴

6𝐻0
2 [𝜌𝑟 +

1

𝜋𝐻0(1+𝑦𝑚𝑎𝑥 𝐻0⁄ )3]         (2-1) 

where AH is the Hamaker constant, A is the area of the contact ends of the microstructure, H0 is the 

equilibrium distance, ρ is the radius of the asperity of the substrate, r is the radius of the asperity, and 

ymax is the height of the asperity. ρ and ymax can be expressed as 71-72 

ρ =
1

𝜆2, λ = 4r             (2-2) 

𝑟 = 1.485𝑅𝑀𝑆, 𝑦𝑚𝑎𝑥 = 𝑟              (2-3) 

Here, λ is the peak-to-peak distance between asperities. Substituting Equation (2-2) and (2-3) into 

Equation (2-1) yielded the following: 

𝑃 =  
𝑛𝐴𝐻𝐴

6𝐻0
2 [

1

23.76𝑅𝑀𝑆
+

1

𝜋𝐻0(1+1.485𝑅𝑀𝑆 𝐻0⁄ )3]   (2-4) 

According to Equation (2-4), the adhesion strengths of the non-adapted microstructures are 

reduced with the increase of RMS of the contact substrates. Indeed, the measured adhesion strengths 

of the PDMS adhesive agreed well with the theoretical prediction (Figure 3-5).  

 

Figure 3-5. Normalized normal adhesion strengths (Pnorm = P/Pmax) that represent the relative adhesions 

of the PDMS adhesives compared to those of the adapted HPC adhesives for diverse rough substrates 

with gradually increasing RMS values. 
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3-2-4. Shape-memory capability of the adhesive 

Interestingly, the crosslinked cellulose hydrogel possesses the property of shape-memory. 66 When a 

hydrated HPC is deformed and subsequently dehydrated (temporary shape), the strain energy is stored 

in the HPC polymer chain. After the dehydrated HPC with temporary shape is rehydrated with water, 

the absorbed water molecules penetrate into the HPC matrix and act as plasticizers, which increases the 

flexibility of polymer chain segment. 66, 73 Accordingly, the strain energy stored in the polymer chain is 

released and the HPC recovers to its original structure. This indicates that the deformed HPC 

microstructures adapted to specific surface profiles can recover its original pristine microstructures and 

thereby re-adapt to another surface, which will enable reversible and repeatable mounting of the HPC 

adhesive to diverse substrates (Figure 3-6). Based on the shape-memory ability of the HPC, the 

reversible adaptability of the HPC adhesive was examined by applying the adhesive to two different 

substrates—paper with microscopic random surface roughness (Figure 3-7a) and a nanopatterned 

surface with a regular nanopillar array (Figure 3-7c). Initially, the HPC microstructure had a non-

deformed, smooth tip geometry. When the microstructure was swollen and applied to the substrates 

(paper and nanopillar), the surface profiles of the contact substrates were engraved on the tip surface 

(Figure 3-7b and d). Further, the heights of the HPC microstructures were slightly shortened during the 

adaptation under a preload. The deformed tip morphologies were maintained after the dehydration. 

However, once the adapted HPC microstructures were re-hydrated, the deformed HPC microstructures 

were restored to their initial, smooth surface state without the engraved patterns (Figure 3-7b and d). 

The reduced structural heights were also recovered to their initial heights (Figure 3-8). Therefore, the 

restored HPC adhesives can be applied to another substrate. 

 

Figure 3-6. Schematics of the series of swelling, adaptation, fixation and restoration of the HPC 

adhesives. 
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Figure 3-7. (a) SEM and (b) optical microscope images showing the adaptation and restoration 

performance of the HPC microstructures for a paper substrate with microscale surface roughness. (c) 

SEM and (d) optical microscope images showing the adaptation and restoration performance of the 

HPC microstructures for nanopatterned substrate with a regular nanopillar array (pillar diameter: 500 

nm, pitch 5 μm) 

 

Figure 3-8. Optical microscope images (side view) showing the adaptation and shape recovery 

performance of the HPC microstructures by applied  
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3-2-5. Application of the adhesive: Wearable photonic skin 

To demonstrate the potential of the adaptable adhesives for wearable sensors, we fabricated a 

photonic skin. The photonic skin has a laminated, multilayered structure to reversibly conform to 

diverse rough surfaces and convert external stimuli into responsive optical signals based on amorphous 

and chiral nematic phase cellulose (Figure 3-9a and b). A multipixel photonic sensor was formed at the 

top of the device by filling a pixelated, flexible PDMS chamber with a concentrated, chiral nematic 

liquid crystal phase HPC (60 wt% HPC in deionized water), which makes HPC an attractive strain-

responsive photonic material 67-68 For a more vivid color visualization of the HPC photonic sensor, the 

PDMS chamber was colored black using a dyed PDMS prepolymer as the base material. As seen in 

figure 2-9c, compared to various electrical sensors, this mechanochromic sensor has a noticeably simple 

device structure without wired connections and with the capability of intuitive and direct stimuli display. 

To verify the strain mapping ability of the multipixel HPC photonic skin, a carbon nanotube (CNT)-

based, piezoresistive-type multipixel strain sensor was integrated under the photonic skin layer as an 

optional auxiliary layer (Figure 3-9b). The CNT strain sensor was made of multiwalled-CNTs (diameter 

= 4 nm, length = 70-80 μm) mixed in the PDMS prepolymer at 2 wt%. To intimately interface the 

integrated photonic skin onto diverse target substrates with varying roughness, the adaptable adhesive 

layer was laminated on to the sensor layers (Figure 3-9c and d). 

Based on the laminated architectures with multiple functional layers of photonic sensor and 

bioinspired adhesive, the integrated, multipixel HPC skin could not only strongly and reversibly 

laminate to diverse surfaces but also precisely perceive external strains via the optical transduction. 

Therefore, the attachable HPC photonic skin has a wide range of applications in diverse fields. Among 

many possible applications, the photonic skin is especially useful for monitoring human motions and 

postures and structural health. To demonstrate the applicability of the HPC photonic skin, a real-time 

strain mapping ability of the integrated HPC skin was examined by applying a large-area (10 × 10 cm2) 

HPC skin with a 14 × 14 multipixel array onto a human volunteer’s arm (Figure 3-10). Thanks to the 

high adaptability of the cellulose adhesive layer, the HPC skin could tightly adhere to the arm without 

using chemical adhesives. Without specific motions, the pixelated array exhibited mostly red color. 

Upon motion generation, the photonic skin could perceive subtle movements of the arm muscles by 

displaying dynamic optical responses with spatio-temporal color distributions. The regions under 

relatively high strain showed a clear blue shift, whereas red color was observed in the regions under 

relatively low strain. Interestingly, subtle differences in the motions or postures of the arm resulted in 

distinct mapping patterns. Through subsequent image processing, the optical responses in the large 

pixelated array (14 × 14) could be converted into three-dimensional (3D) strain mapping data in a simple 

manner. 
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Figure 3-9. (a) Materials and principle of the photonic sensor layer based on chiral nematic liquid 

crystal HPC. (b) Photograph of the stretched, large-area photonic skin. Inset shows the unstretched 

photonic skin. (c) Photograph showing the HPC adhesive layer of the photonic skin. Inset shows the 

SEM image of the microstructures of the adhesive layer; inset scale bar: 10 μm. (d) Schematic showing 

the multiple structural layers comprising of the photonic skin. 
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Figure 3-10. Detection of human motions and postures with the large-area (10 × 10 cm2) multipixel (14 

× 14) HPC photonic skin attached to a volunteer’s arm. Depending on the motions and postures of the 

arm, the photonic skin exhibits distinct spatial color responses (upper images). 3D stimuli-mapping data 

could be obtained from the color distributions in the photonic skin via digital camera imaging and 

subsequent image processing (lower images). 
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The attachable HPC photonic skin is also useful in the field of structural health monitoring, as it can 

directly visualize any mode of structural failure. As a proof of concept application, the photonic skin 

was attached to a PVC plate, followed by subsequent application of bending strain (Figure 3-11). 

Without structural buckling, the skin exhibited a uniform red color across the array. Upon increasing 

the degree of bending strain, the photonic skin showed obvious responsive coloration, with a peak shift 

to shorter wavelengths. During the increase of the bending strain, the HPC skin maintained the 

conformal attachment to the substrate without any delamination. In addition to the buckling and bending 

of a plate, the photonic skin also could perceive the elongation of a model cable via the optical 

transducing mechanism. As a final demonstration of conceptual application (Figure 3-12a), we applied 

the photonic skin around diverse pipes (e.g., PVC, PE, and Al pipes) that deliver compressed air (Figure 

3-12b). If there is any leakage due to puncture along the pipe, local pressure concentration would occur 

at the site. The photonic skin conformably wrapping the pipe could directly detect the exact location of 

the gas leakage through intuitive, immediate eye-readable coloration (Figure 3-12c). These results 

confirm that the ultra-adaptable, multipixel HPC photonic skin suggested in this study has strong 

potential as a wearable artificial skin with multiple characteristic functions of reversible ultra-

adaptability, spatio-temporal stimuli perception, and direct and intuitive stimuli visualization. 
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Figure 3-11. (a) Color responses of the photonic skin attached to a model plate under different bending 

strains. (b) Color responses of the photonic skin attached to a model cable under different tensile strains. 
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Figure 3-12. Color responses of the photonic skin attached to gas pipes. The photonic skin can 

immediately detect any leakage along the pipe via the intuitive color changes. (a) schematic illustration 

showing the measurement of the pressure. (b) photonic skins attached to gas pipes. (c) color responses 

of the photonics skin measuring the pressures. 

 

3-3. Conclusion 

Based on the wet-responsive HPC, ultra-adaptable and reusable bioinspired adhesives were 

developed. Since it can be reliably attachable to highly rough substrates in response to a small amount 

of water, these adaptable adhesives have  in a variety of fields. Specifically, for wearable devices, 

commercially available adhesives and existing bioinspired adhesives have shown several limitations, 

but the developed adaptable adhesives were very suitable, because they are not only highly attachable 

onto human skin but also reusable because of the shape-memory capability. With the advantages, a 

novel wearable photonic skin with HPC multiplexed photonic sensors was developed, which can be 

utilized for precise motion visualization of a human body or health monitoring of architecture. The 

naturally abundant and eco-friendly cellulose-based photonic skin can firmly adhere to diverse 

biological and non-biological target substrates and directly visualize various vital signals from the 

substrates. We believe these wet-responsive adaptable adhesives can be a strong tool for development 

of promising wearable devices. 
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3-4. Experimental Section 

3-4-1. Fabrication of the wet-responsive adaptable HPC adhesive 

To prepare the ultra-adaptable HPC adhesive, a low-concentration HPC (12 wt% in 0.1 wt% NaOH 

solution) added with divinyl sulfone (0.42 wt%, Sigma Aldrich, USA) was casted on a master mold for 

fabrication of the bioinspired adhesive structures. After drying at 25 °C for 24 h, the solidified HPC was 

removed from the master mold, resulting in the HPC adhesive. The individual microstructure has a 

cylindrical geometry with protruding tips. The stem diameter, tip diameter, and total height of the 

microstructures are 20 μm, 26 μm, and 24 μm, respectively. 

3-4-2. Surface analysis 

Scanning electron microscope (SEM) images of the HPC microstructures were obtained with a S-

4800 microscope (Hitachi, Japan) after sputtering the microstructures with a 5-nm-thick Pt layer 

(K575X sputter, Quorum Emitech, UK). The surface topographies of the various substrates were 

measured using an Alpha-Step P-6 profiler (KLA-Tencor, USA). The root mean square roughness (RMS) 

values were determined from the scanned images using Alpha-step imaging analysis software. To 

evaluate the surface energies of the substrates, static contact angles of deionized water and glycerol 

were measured on each substrate using a contact angle analyzer (SDLAB 200TEZD, Femtofab, Korea). 

The measurements were repeated five times on each substrate and the averaged values were used. The 

surface energies of the substrates were calculated by the geometric mean method. 

3-4-3. Evaluation of adaptability and adhesion strength 

Normal adhesion and peeling strengths of the HPC and PDMS adhesives were evaluated using 

custom-built equipment (Figure 2-13). The equipment consisted of an automated movable part along a 

vertical direction and a stage for fixing the samples. The movable part was connected to a load cell 

(Ktoyo, Korea). For the measurements, target substrates were fixed on the mounting stage and adhesive 

samples (area: 1 × 1 cm2) were mounted on the movable part with the adhesives facing down. Then, 

the mounted adhesive samples were brought in contact with the substrates under a preload of 50 kPa. 

Subsequently, an in-plane strain was applied along the vertical direction with a retraction speed of 1 

mm s-1 until the separation occurred. For the peel tests, the adhesive samples were peeled at 180° angle 

to the substrates. The adhesion performance of the swollen HPC adhesives was evaluated by hydrating 

the HPC adhesives in a closed humid chamber (relative humidity: 95%, temperature: 30 °C) for 180 s. 

The hydrated HPC adhesives were brought into contact with the substrates under a preload of 50 kPa 

for 100 s at room temperature (25 °C), during which the HPC adhesives were dehydrated. For each of 
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the PDMS, pristine HPC, and swollen HPC adhesives, five different samples were prepared for the 

adhesion tests; adhesion measurements of each sample were repeated five times and the averaged values 

were reported. 

3-4-4. Fabrication of wearable photonic skin 

The multipixel photonic skin consists of an encapsulation film, active HPC photonic layer, pixelated 

chamber, CNT composite electronic sensor, and HPC adhesive. To prepare the pixelated HPC photonic 

sensor, a pixelated chamber was first prepared by replicating an aluminum master mold with grid 

patterns using a PDMS base polymer (Sylgard 184, Dow Corning Korea, Korea) mixed with black dye 

(Cannon, Japan) and curing agent (10 wt%). the high-concentration HPC (MW: 100,000, Alfa Aesar, 

USA) was prepared by centrifuging 60 wt% HPC in deionized water. Then, the centrifuged HPC was 

filled into the prepared PDMS grid chamber, followed by removing the excess HPC using a doctor 

blade. After relaxation for 12 h, the filled HPC started to exhibit iridescent colors based on the self-

assembly of the HPC into the cholesteric phase. Subsequently, the PDMS grid chamber filled with the 

HPC was encapsulated with an O2-plasma-treated PDMS sheet (thickness: 50 μm) using a press 

machine. The HPC photonic sensor and HPC adhesive layer were then covalently laminated to each 

other via O2 plasma treatment. To prepare the CNT composite electronic sensor, a MWCNT-PDMS 

mixture was first prepared by dispersing MWCNTs (diameter: 4 nm, length: 70-80 µm, CM250, 

Hanhwa Chemical, Korea) in chloroform by sonication for 50 min. Then, the MWCNT-dispersed 

solution was mixed with a PDMS base polymer at a concentration of 2 wt%, followed by evaporation 

of the chloroform on a hot plate at 100 °C for 6 h. The MWCNT-PDMS mixture, with the addition of a 

10 wt% PDMS curing agent, was drop-casted on a flat Si wafer, followed by pressing using a press 

machine and thermal curing at 70 °C for 1 h. Subsequent removal from the press machine resulted in 

the MWCNT-composite-based, thin-film e-skin (thickness: 50 µm). Copper electrodes were generated 

on the upper and bottom surfaces of the MWCNT e-skin via electron-beam evaporation for the 

multiplexed force measurement. The MWCNT e-skin was inserted between the HPC photonic sensor 

layer and the HPC adhesive layer upon requirements.  

3-4-5 Characterization of the mechanochromic behavior of the photonic skin 

Color distributions of the multipixel photonic skin under controlled pressures or tensile strains were 

imaged with a digital camera. Then, the HSV values and RGB values of each pixel were extracted using 

an image analysis software. 
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Chapter 4. Wet-responsive switchable Adhesive 

This chapter includes the published contents: 

H. Yi, M. Seong, K. Sun, I. Hwang, K. Lee, C. Cha, T. Kim, and H. E. Jeong, Adv. Funct. Mat., 2019, 

1706498. Copyright © 2018 Wiley. 

4-1. Introduction 

Nanotransfer printing (nTP) is one of the most promising nanofabrication techniques for the 

development of flexible electronic, optical, and biomedical devices as it enables the formation of 

functional nanomembranes and materials on a wide range of unconventional substrates such as flexible 

plastics, non-planar surfaces, and even biological tissues. 12, 16, 74-80 Transfer printing typically consists 

of three main steps: (1) preparation of micro- or nanoscale membranes on a donor substrate, (2) transfer 

of the membranes from the donor substrate to a stamp, and (3) transfer of the membranes on the stamp 

to a receiver substrate. It is possible for micro or nanomembranes to be directly formed on the stamp 

without the first step of donor-stamp transfer. Regardless of the methodology, precise adhesion control 

at the interfaces between the nanomembranes, stamp, donor, and receiver substrates is of great 

importance for a successful and reliable transfer. 

Many different types of nTP techniques have been developed to date, in which adhesion is controlled 

by different methods including kinetic adhesion control,24-33 direct use of adhesive tape,81 coating of 

chemicals or self-assembled monolayers (SAMs),28, 82-84 surface oxidation,85-86 solvent-assisted 

adhesion control,87 and selective removal of sacrificial layers.84, 88-90 While these methods are efficient 

and useful for nTP, several challenges still remain. For example, many of previous approaches require 

surface coatings or treatments with ancillary chemicals or adhesive materials, which are only necessary 

for the nTP process and unnecessary for the functions of the final devices, even impeding device 

performance. Furthermore, the surface energy of the coating materials is fixed and not controllable on 

demand. Different coating materials with varying surface energies are required depending on the type 

of nanomembranes, stamps, and substrates. Furthermore, nTP methods utilizing solvents or harsh 

etchants for the selective removal of sacrificial or specific layers often result in deformations and 

damage to the stamps, nanomaterials, and final devices. 

Adhesives that can actively and precisely control the adhesion on demand could be an effective 

solution to address the aforementioned challenges. Commercially available thermal release tape is an 

adhesive whose properties can be controlled by changes in temperature.16, 91 However, this requires an 
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external energy input to cause a temperature increase, and a chemical adhesive layer, which could leave 

residues on the contacting surfaces. Recently, microstructured smart adhesives with reversible, 

controllable, and switchable adhesion properties have demonstrated their usefulness for potential 

application in nTP. However, investigations into smart adhesives that exhibit strong, actively 

controllable, and switchable adhesion in response to external stimuli are still required for further 

developments.10, 92-93 

In this chapter, we present wet-responsive and biocompatible smart hydrogel adhesives that exhibit 

actively controllable, switchable, and reversible adhesion based on wet-responsive nano/microscopic 

and macroscopic shape reconfigurations of PEGDMA hydrogel. The developed smart hydrogel 

adhesive exhibits excellent adhesion strength (as high as ~191 kPa) with the aid of nano- or 

microstructured arrays on the substrate surface in the dry state. When the adhesive is exposed to water, 

a hydration-induced shape transformation of the array and macroscopic film bending takes place, 

switching the adhesion off (~0.30 kPa) with an extremely high adhesion switching ratio (>640). The 

adhesives also exhibit good repeatability and durability, maintaining their smart adhesion behaviors 

over repeated cycles of hydration and dehydration. Furthermore, the thin (~2–200 μm) and flexible 

features of the adhesive film facilitate a conformal and firm contact with diverse planar and curved 

surfaces. With these smart adhesion properties, the reconfigurable hydrogel adhesives enable transfer 

printing of a wide range of semiconducting and metallic nanomembranes on diverse substrates such as 

flexible polyethylene terephthalate (PET) film, rigid Si wafer, and curved glass cylinder, requiring only 

water and without the need for an external energy input, toxic solvents, or chemicals. The smart 

hydrogel adhesives are useful for the nTP onto delicate biological substrates such as skin, tissues, and 

organs as they are made of biocompatible hydrogels and their adhesion-on/off is modulated with water. 

To demonstrate the useful application of the prepared hydrogel adhesive, we have shown that the wet-

responsive and reconfigurable hydrogels can be used for the transfer printing of a nanocrack-based 

strain sensor onto a bovine eye.94-95 The transferred strain sensor successfully detects intraocular (IOP) 

pressure with high sensitivity and reversibility. The results presented herein show the versatility and 

potential of the wet-responsive and reconfigurable adhesive for the transfer printing of diverse 

nanoscale and microscale materials on a wide range of substrates. 

 

4-2. Results and Discussion 

4-2-1. Swelling behaviors of wet-responsive PEDGMA adhesives 
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Figure 1a shows the wet-responsive and reconfigurable PEGDMA adhesive fabricated with a replica 

molding technique utilizing PEGDMA as a base material (Figure 4-1a). PEGDMA is a hydrogel capable 

of absorbing large amounts of water and can be cured by exposure to ultraviolet (UV) light, which 

enables an easy and reliable fabrication of micro- or nanoscale structures. 96-98 The fabricated PEGDMA 

adhesives are thin flexible films with nano- or microstructural arrays on their surface (Figure 4-1b, c 

and d). Here, we used three different kinds of arrays with stem diameters (Ds: ~400 nm, 5 μm, and 20 

μm). All arrays had a spacing ratio of 1. The arrays of the adhesive were designed to have protruding 

tips on the cylindrical stem (bioinspired mushroom-shaped pillars). These structural features produced 

exhibit strong adhesion on arbitrary surfaces by van der Waals interaction to the PEGDMA adhesive. 

Thus, our switchable adhesives intrinsically exhibit strong, residue-free, and reversible adhesion with 

various surfaces of nanomembranes and substrates. When the crosslinked PEGDMA structures are 

exposed to water, the water is entrapped in the 3D hydrogel networks, resulting in a significant volume 

expansion (Figure 4-1e).99-100 

 

Figure 4-1. (a) Schematic of the fabrication of the wet-responsive PEGDMA adhesives. Photo and SEM 

images of the fabricated the adhesives: (b) Ds: 400 nm, (c) Ds: 5 μm and (d) Ds: 20 μm. (e) Conceptual 

illustration of the reversible hydration and dehydration process of the PEGDMA bioinspired structure. 
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Consequently, the hydrogel arrays are swollen with a noticeable increase in the structural diameter 

and height. The changes in PEGDMA nano- or microstructures before and after swelling are shown in 

Figure 1b. To visualize the wet-responsive swelling, PEGDMA with a high MW of ~6,000 was utilized 

because hydrogels with higher MWs undergo a more drastic volume expansion upon swelling. As can 

be seen, the swollen PEGDMA had more expanded and porous structures compared to the dried 

PEGDMA. For fabrication of the PEGDMA adhesives, we utilized PEGDMA with MW of 750. This 

hydration-induced shape reconfiguration is reversible, and the expanded structure can recover its 

original shape and size upon the evaporation of water. 

Details of the microscopic swelling behaviors of the PEGDMA adhesives were analyzed with the 

microstructure arrays (Ds 20 μm). The swelling behaviors of the PEGDMA adhesives were numerically 

evaluated based on the swelling ratio (%) defined as W/Wi, where W is the weight of the swollen 

adhesives at specific times and Wi is the original weight of the bioinspired adhesives. The original 

weight (Wi) of the adhesives corresponded to the constant weight during the vacuum-drying of the 

adhesive. Figures 4-2a and b show the time-lapse optical microscopy images showing the shape 

transformations of the microstructures made of 80% PEGMDA (80 wt% PEGDMA and 20 wt% water) 

in response to water. The tip diameter of the microstructures gradually increased as the structures 

swollen by water. The original diameter of 24.3 μm gradually increased to 28.4, 29.5, and 30.6 μm after 

30, 60, and 180 s of swelling, respectively. The structural height also increased from the original height 

of 20.4 μm to 27.2 μm after 180 s of swelling. Upon drying, the increased diameter and height began to 

decrease, and the structures recovered its original size, proving the reversibility of the microscopic 

shape change of the hydrogel microstructures (Figure 4-2a, b). During the analysis, the adhesives was 

dried on a hot plate (30 ℃). Changes in the diameters and heights as a function of water exposure time 

are shown in Figures 4-3a–d for the two different arrays (microstructures with a 24.3 μm tip diameter 

and 20.4 μm height, and microstructures with a 7.4 μm tip diameter and 5.1 μm height). Size changes 

of the nanostructure array (Ds: 400 nm) could not be measured because of the limited resolution of the 

optical microscope. As shown, the size of the microstructures drastically increased after 30 s of swelling, 

sequentially the growth rate started to decrease.  
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Figure 4-2. (a) Optical microscopy images showing the top views of the PEGDMA microstructure 

(initial tip diameter: 24.3 μm, initial stem diameter: 20 μm, initial height: 20.4 μm) during the hydration 

and dehydration process. Dehydration was achieved by heating on a hot plate (30 °C). (b) Optical 

microscopy images showing the side views of the PEGDMA microstructure during the hydration and 

dehydration processes. 
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Figure 4-3. (a) Tip diameter and (b) height of the PEGDMA microstructures with 20 and 5 μm stem 

diameters as a function of swelling time. Ratios of variations in the (c) tip diameter and (d) height of 

the microstructures as a function of swelling time. 

Figure 4-4a shows the time-lapse images of the macroscopic shape transformation of the PEGDMA 

adhesive (80 wt% PEGDMA/50-μm-thick PET film). As the water started to penetrate the 

adhesive/substrate interface and was absorbed by the PEGDMA adhesive, macroscopic film bending 

occurred because the PEGDMA layer of the adhesive expanded in volume while the supporting PET 

layer maintained its original shape and size. This hydration-induced film bending was fully reversible, 

as demonstrated in Figure 4-4a. Upon deswelling of the adhesive by water evaporation, the folded film 

recovered to its original shape. Interestingly, the flattened adhesive attached to the substrate through 

van der Waal force-based adhesion without the application of external loads.  

The degree of adhesive film bending can be controlled by using PET films with different thicknesses 

(Figures 4-4b, c and d). When a thick (~250 μm) PET film was used as a supporting layer for the 

adhesive, slight bending with a bending radius of curvature of 143 mm after 1 min was observed. 

Bending radii of 6.8 and 1.0 mm were observed for the PET films with thicknesses of ~125 and ~50 
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μm, respectively. When ~2-μm-thick PET films were used, the adhesive became rolled up, as shown in 

Figure 4-4d. The degree of film bending could also be controlled using PEGDMA with different 

concentrations (Figure 4-4e). Figure 3-4 f shows the radius of curvature of the adhesives made from 

different concentrations of PEGDMA on a PET film with thickness of 50 μm after 1 min of swelling. 

The PEGDMA adhesives made from lower concentrations of PEGDMA exhibited smaller bending 

radius as they underwent higher volume expansions in the presence of water. In contrast to the 

PEGDMA adhesive, the PDMS adhesive was unchanged by the presence of water. 

 

Figure 4-4. (a) Time-lapse photography showing the hydration-induced spontaneous bending of the 

PEGDMA adhesive film and reflattening of the adhesive during dehydration at 30 °C. Hydration-

induced bending of the PEGDMA adhesives with different PET thicknesses: (b) 125 μm PET, (c) 50 

μm PET and (d) 2 μm PET. (e) Radius of curvature of the adhesive film as a function of PET film 

thickness. (f) Radius of curvature of the adhesives made from different concentrations of PEGDMA on 

50-μm-thick PET films. 
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4-2-2. Wet-responsive switchable adhesion property of the adhesive 

The wet-responsive swelling behaviors of the adhesives result in that wet-responsive and active 

detachment of the adhesives. At the dry state, the adhesives can exhibit strong adhesion onto diverse 

substrates by van der Waals interaction. However, as the water droplet penetrates the gap between the 

PEGDMA adhesive and the substrate through capillary action, the PEGDMA adhesive starts to swell 

(Figure 4-5 and 6). The swelling of the PEGDMA adhesive induces the macroscopic folding and 

bending of the adhesive film and results in nano- or microscopic volume expansion, and subsequent 

shape transformation of the structure array (Figure 4-5). These water-induced macroscopic and 

nano/microscopic reconfiguration of the PEGDMA adhesive enable the adhesive a reversible, active 

and switchable adhesion property. 

 

Figure 4-5. (a) Tip diameter and (b) height of the PEGDMA microstructures with 20 and 5 μm stem 

diameters as a function of swelling time. Ratios of variations in the (c) tip diameter and (d) height of 

the microstructures as a function of swelling time. 

Figure 4-6 shows the direct observations of the overall detachment process of the switchable adhesive 

placed on a glass substrate. For visualization, adhesives with microscale arrays (stem diameter: ~20 μm, 

height: ~22 μm) were utilized. As the water penetrated the gap between the attached adhesive and 
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substrate, one end of the tip of microstructures wetted by the water started to detach from the substrate 

because the van der Waals interactions between the swollen, hydrated surface of the microstructures 

and the substrate decreased. 101 Simultaneously, the switchable adhesive film started bending because 

of the mismatch in volume expansion between the hydrogel layer and the supporting PET film. 

Consequently, a crack propagated along the direction of water penetration, resulting in sequential 

detachment of the PEGDMA adhesive from the substrate (Figure 4-6a). 

 

Figure 4-6. Optical microscope images showing the spontaneous detachment process of the adhesive 

attached to a glass substrate by the reconfigurations of the adhesive film structure in response to water 

penetration. 
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As seen in Figure 4-7, the adhesion switchability of the adhesives showed a highly switchable 

adhesion. In adhesion-on state, with such a strong adhesion strength, the hydrogel adhesive could hold 

a significant weight (6 kg dumbbell) and could not easily detach from a substrate once adhered to a 

rigid substrate such as a glass. However, it could be easily detached on demand by dropping water on 

the adhesive, showing very low adhesion strength. 

 

 

Figure 4-7. (a) Photographs of the PEGDMA adhesives bearing a significant weight of 6 kg dumbbell 

for a long period of time in the dry state. (b) Conceptual illustration showing the components for the 

hanging of loads to the PEGDMA adhesive. (c) Time-lapse photography showing the detachment of the 

PEGDMA adhesive holding a weight of 100 g in response to water penetration. In contact with water, 

the PEGDMA adhesive lost the adhesion within 30 s. 

4-2-3. Adhesion measurements of the adhesives 

The adhesion measurements of the PEGDMA adhesive was examined by using the custom-built 

equipment. Figure 4-8a shows the measured adhesion strength of the PEGDMA adhesive (80wt% 

PEGDMA with MW of 750) as a function of preload and depending on the geometries of the array on 

the adhesive surface. PEGDMA adhesives with 400 nm arrays exhibited a pull-off strength of ~114 kPa 



48 

 

at a low preload of ~5 kPa. With increasing preload, the pull-off strength monotonically increased and 

reached ~191 kPa for preloads of 50 kPa. Adhesives with microscale arrays showed generally decreased 

adhesion strengths. This is because structures with smaller diameters and higher densities could produce 

larger contacts against a substrate. Furthermore, as the diameter became smaller, the effective moduli 

of the structures become lower, which facilitated the conformal contacts against a substrate under a low 

preload. In addition, structures with smaller diameters become less sensitive to defects on a substrate. 

102-104 Nonetheless, adhesives with microstructure array still exhibited high adhesion strength with 

similar adhesion behavior as the nanostructure arrays (Figure 4-8). In contrast, the nonpatterned 

hydrogel surfaces exhibited significantly low pull-off strengths (< ~10 kPa) than those of the adhesives 

with patterned arrays over entire ranges of preloads (Figure4-8a and b). This result demonstrated that 

our switchable adhesives with micro- or nanostructure arrays are highly useful to obtain high adhesion 

strengths and adhesion switching ratio. 

To further investigate the adhesion behavior of the PEGDMA adhesives, adhesion measurements 

were carried out for switchable adhesives with two different molecular weights (MW 750 and 550) and 

three different concentrations in water (PEGDMA wt%: 100, 90, and 80) (Table 4-1). Based on the 

measurement results of their mechanical properties, hydrogel samples with higher MWs and higher 

water contents depicted lower mechanical strengths (Table 4-2 and Figure 4-9). Figures 4-8b and c show 

the adhesions of the planar and microstructured hydrogel samples as functions of MWs and 

concentrations. As shown, the adhesion of the PEGDMA surfaces varied depending on their mechanical 

strengths. PEGDMA adhesives with the lower elastic modulus (MW: 750) exhibited notably higher 

adhesion strengths than those of the samples with the higher elastic modulus (MW: 550) because the 

former adhesives made more conformal contacts against a substrate under the same preload. For the 

adhesives with the same MWs, samples with higher hydrogel contents showed a slightly higher elastic 

modulus than those with lower hydrogel concentrations. However, such small differences in the 

PEGDMA concentrations (100, 90, and 80 wt%) did not induce any noticeable difference in the 

resulting adhesions (Figures 4-8b, c).  
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Figure 4-8. (a) Tip diameter and (b) height of the PEGDMA microstructures with 20 and 5 μm stem 

diameters as a function of swelling time. Ratios of variations in the (c) tip diameter and (d) height of 

the microstructures as a function of swelling time. 
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Table 4-1. Formulations of various PEGDMA solutions. 

 

Hydrogel 

Precursor 

PEGDMA 

MW: 750 (wt%) 

PEGDMA 

MW: 550 (wt%) 

Distilled water 

(wt%) 

Irgacure 

2959 (wt%) 

750 / 80% 80  20 0.2 

750 / 90% 90  10 0.2 

750 / 100% 100  0 0.2 

550 / 80% 
 

80 20 0.2 

550 / 90% 
 

90 10 0.2 

550 / 100% 
 

100 0 0.2 

 

Table 4-2. Mechanical properties of PEGDMA having different molecular weights and concentrations. 

 

PEGDMA 

(MW / wt%) 

Elastic modulus 

(MPa) 

Elongation at break 

(%) 

750 / 80 15.5 3.3 47.4 4.6 

750 / 90 16.7 3.4 40.7 3.1 

750 / 100 18.7 3.7 33.2 2.2 

550 / 80 39.4 4.6 18.8 1.9 

550 / 90 46.2 5.2 15.4 1.4 

550 / 100 49.3 5.9 11.2 1.1 

 

Figure 4-9. Tensile stress-strain curves of PEGDMA with MW of 750 and 550 of various concentrations. 
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In order to demonstrate the strong, water-responsive, and switchable adhesion capability, we 

measured the adhesion strengths during repeated cycles of the adhesion-on/off (dehydration/hydration) 

(Figure 4-10). During the repeated cycles of swelling and deswelling, the switchable adhesives 

exhibited high adhesion strengths in the dry state and nearly zero adhesion (0.19–0.34 kPa) in the 

swollen state, in a reversible and stable manner. These results indicate that our wet-responsive 

reconfigurable adhesives have superior and smart adhesion capabilities, including active adhesion 

controllability, switchability, reversibility, and durability. 

 

Figure 4-10. Adhesion strengths of the PEGDMA adhesives with different stem diameters during 

repeated swelling and deswelling cycles. For the durability tests, PEGDMA adhesives were swollen 

with water for 30 s followed by drying on a hot plate (30 °C). 

 

4-2-4. Application of the adhesive 1: Nanotransfer printing 

With the smart switchable adhesion of the adhesives, nanomembranes could be transferred from the 

adhesive surface onto the receiver substrates in a simple and spontaneous manner. Figure 4-11a shows 

the overall procedure of transfer printing of the nanomembranes using the switchable adhesive. In the 

first step, the switchable adhesive with nanostructure array is brought into contact with the 
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nanomembranes formed on a donor substrate. Sequentially, the nanomembranes are transferred from 

the donor substrate to the adhesive surface by the strong adhesion strength at adhesion-on state. The 

adhesion strength can be controlled by the modulation of the geometry of the hydrogel nanostructures 

(e.g., diameter, height, tip shape, and structural density). Next, the switchable adhesive with attached 

membranes is conformably placed on a receiver substrate, followed by the dropping of water on one 

side of the attached adhesive film. The dropped water can penetrate the interface between the membrane 

and the substrate. In this case, the water acts as an adhesive layer between the membranes and receiver 

substrate, enabling strong attachment of the membrane to the substrate after the water dries. 101 . After 

the water evaporation, the adhesives are detached, leaving the membranes onto the receiver substrate. 

 

Figure 4-11. (a) Conceptual illustration of the transfer printing of nanomembranes using the wet-

responsive PEGDMA adhesives. (b) Transfer printing of a patterned Au membrane (thickness: 400 nm) 

from the donor substrate (Si wafer) to the receiver substrate (glass) using the wet-responsive and 

reconfigurable PEGDMA adhesive. Upon contact with water, the patterned Au membrane on the surface 

of the PEGDMA adhesive could be smoothly released from the adhesive surface by the hydration-

triggered spontaneous macroscopic film bending and nano/microscopic shape transformations of the 

adhesive array. Inset in (viii) is a surface profile image measured by AFM that shows the thickness of 

the Au membrane. 

In order to optimize the nTP technique with PEGDMA adhesives, we used three different kinds of 
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arrays with stem diameters (Ds) of ~400 nm, 5 µm, and 20 µm, depending on the thicknesses and pattern 

types of the membranes to be transferred (see Tables 4-3 and 4-4). With the results in tables 4-3 and 4-

4, optimized nTPs were carried out. A patterned Au membrane (thickness: ~400 nm) was transfer-

printed onto a glass substrate with the switchable adhesive (Figure 4-11b). The patterned Au membrane 

was formed on a patterned SU-8 on a Si wafer by photolithography and subsequent electron-beam (e-

beam) evaporation (Figure 4-11b-i). The switchable adhesive with the array (5 μm stem diameter) was 

then placed on the patterned Au membrane (Figure 4-11b-ii, iii). Based on the strong adhesion between 

the Au membrane and the arrays of the adhesive, the Au membrane could be easily transferred to the 

surface of the adhesive (Figure 4-11b-iv). Next, the adhesive with the Au membrane was placed on a 

glass substrate (Figure 4-11b-v). Subsequent water dropping on one edge of the adhesive triggered the 

reconfiguration of the switchable adhesive, resulting in transfer of the Au nanomembrane onto the glass 

substrate (Figure 4-11b-vi-viii). 

By utilizing the switchable adhesives, we demonstrated the transfer printing of a diverse range of 

semiconducting and metallic nano- and micromembranes on various substrates. Figure 4-12 shows the 

transfer printing process of Au nanomembranes (200 nm thickness) onto a SiO2 wafer. Initially, thin Au 

nanoribbons (thickness: 200 nm, width: 28 μm, space: 12 μm) were formed on a patterned photoresist 

(thickness: 1.2 μm) over a Si wafer (Figure 4-12a) by e-beam deposition. The Au nanoribbons were 

then transferred to the switchable adhesive (Figure 4-12b), followed by successful transfer printing of 

the membrane onto a SiO2 wafer (1-μm-thick SiO2 layer on a Si wafer, Figure 4-12c). Silver 

nanoribbons (thickness: 200 nm, line width: 20 μm, space: 20 μm), copper (Cu) nanoribbons (thickness: 

200 nm, line width: 10 μm, space: 50 μm), Si micromembranes (thickness: 2 μm) with microhole arrays 

(diameter: 30 μm), and zig-zag shaped Au nanomembranes (thickness: 200 nm) formed on a 

polyurethane acrylate (PUA) micromembrane (thickness: 5 μm) could also be successfully transferred 

onto flexible PET films, polyimide films, polyvinyl chloride (PVC) films, and a curved glass cylinder 

(Figure 4-13a-d), respectively.  

By repeating the transfer-printing process, a stack of double layers of Si micromembranes (thickness: 

2 µm) was also fabricated in a simple and reproducible manner (Figure 4-14). This cannot be easily 

achieved with previous transfer printing techniques because of the limited contact areas and diffuse van 

der Waals interactions between the stacked layers. It is worth noting that very few studies of reversible 

and biocompatible adhesives with strong and controllable adhesion for efficient nTP on delicate 

biological substrates have been reported to date.. 10  

 

Table 4-3. Stability of the membranes with different thicknesses transferred onto the PEGDMA 
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adhesives with different stem diameters (Ds) of 400 nm, 5 µm, and 20 µm.  

 

Thin-film type membranes Ds : 400 nm Ds : 5 μm Ds : 20 μm 

Si 

membrane 

thickness: 200 nm 

   
thickness: 500 nm 

   
thickness: 2 μm 

   

Ag 

membrane 

thickness: 200 nm 

   
thickness: 500 nm 

   
thickness: 2 μm 

   

Au 

membrane 

thickness: 200 nm 

   
thickness: 500 nm 

   
thickness: 2 μm 

   
  

Membrane 

Array 

Membrane 

Array 

Membrane 

Array 
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Table 4-4. Stability of the ribbon-type membranes with different thicknesses transferred onto the 

PEGDMA adhesives with different stem diameters (Ds) of 400 nm, 5 µm, and 20 µm.  

 

Ribbon-type membranes Ds : 400 nm Ds : 5 μm Ds : 20 μm 

Si ribbon-

type 

membrane 

thickness: 200 nm 

   
thickness: 500 nm 

   
thickness:  2 μm 

   

Ag ribbon-

type 

membrane 

thickness: 200 nm 

   
thickness: 500 nm 

   
thickness: 2 μm 

   

Au ribbon-

type 

membrane 

thickness: 200 nm 

   
thickness: 500 nm 

   
thickness: 2 μm 

   
 

  

Wrinkled 
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Figure 4-12. Optical microscopy and AFM images showing the transfer printing process of Au 

nanoribbons (thickness: 200 nm, width: 28 µm, space: 12 µm) from an Si wafer to an SiO2 wafer (1-

µm-thick SiO2 layer on Si wafer) via the PEGDMA adhesive. AFM images show the top- and cross-

sectional views of the Au membrane before and after transfer printing. Before transfer printing, the Au 

nanoribbons were formed on a patterned photoresist (thickness: 1.2 µm) 
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Figure 4-13. (a) Ag nanoribbons (thickness: 200 nm, line width: 20 µm, space: 20 µm) transferred onto 

a PET film. (b) Cu nanoribbons (thickness: 200 nm, line width: 10 µm, space: 50 µm) transferred onto 

a polyimide film. (c) Si micromembranes (thickness: 2 µm) with microhole arrays (diameter: 30 µm) 

formed on a PVC film. (d) Zig-zag shaped Au (thickness: 200 nm)-PUA (thickness: 5 µm) composite 

membranes transferred onto a curved glass cylinder.  

 

Figure 4-14. SEM images of the double stacked Si line patterns formed by utilizing the PEGDMA 

adhesives. 

For further demonstration of applicability, we fabricated Si nanoribbon transistors on a SiO2/Si 

substrate (Figure 4-15). The Si nanoribbons were transfer-printed onto an SiO2/Si wafer (SiO2 thickness 

of 100 nm) based on the nTP with PEGDMA adhesives, followed by electrode formation (100 nm Au) 

utilizing e-beam evaporation. The resulting Si nanomembrane transistor exhibited I–V curves that were 

identical to the curves measured from the Si transistor directly fabricated by the conventional 

photolithographic process, which demonstrated the validity of our approach.  



58 

 

 

Figure 4-15. (a) Conceptual illustration of the Si nanoribbon transistor fabricated on a SiO2/Si substrate 

based on nTP with the hydrogel adhesives. (b) SEM image, (c) VGS-IDS curve, and (d) IDS-VDS curve 

of the Si nanomembrane FET transistor fabricated by the conventional photolithographic process. (e) 

SEM image, (f) VGS-IDS curve, and (g) IDS-VDS curve of the Si nanomembrane FET transistor 

fabricated by nTP with PEGDMA adhesives. 

It is worth noting that very few studies of reversible and biocompatible adhesives with strong and 

controllable adhesion for efficient nTP on delicate biological substrates have been reported to date. The 

PEGDMA adhesive is a possible solution to the transfer printing of functional nanomembranes onto 

biological surfaces because it is made of a biocompatible hydrogel, and its adhesion can be controlled 

with only water or physiological solutions. Figure 4-16a shows Ag nanomembranes with 200 nm 

thickness (line width: 25 µm, spacing: 120 µm) transferred onto a plant leaf. The transfer printing of 

Pt/SU-8 composite membranes (Pt thickness: 50 nm, SU-8 thickness: 400 nm) onto human skin was 

also achieved with the adhesive (Figure 4-16b). Furthermore, Au/SU-8 (Au thickness: 100 nm, SU-8 

thickness: 400 nm) membranes could be transferred onto a porcine heart using the hydrogel adhesives 

(Figure 4-16c).  
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Figure 4-16. (a) Ag nanoribbons (thickness: 200 nm, line width: 25 µm, space: 120 µm) transferred 

onto a plant leaf. (b) Pt (thickness: 50 nm)-SU-8 (thickness: 400 nm) composite membranes transferred 

onto human skin. The transferred membrane was firmly attached to the skin during both (i) tension and 

(ii) compression of the skin. (c) Au (thickness: 100 nm)-SU-8 (thickness: 400 nm) composite 

membranes transferred onto a porcine heart. 

4-2-5. Application of the adhesive 2: Transfer printing of nanocrack sensor onto bovine eye 

Based on the nTP process utilizing the PEGDMA adhesives, we transferred a strain sensor based on 

nanocrack onto a bovine eye for the measurement of the intraocular pressure (IOP). IOP is an important 

indicator to evaluate patients at risk of glaucoma.[64] To measure the IOP of the eye, we prepared a 

honeycomb-shaped strain sensor based on nanocrack by photolithography and e-beam deposition for 

the metal layer. (Figure 4-17a). The sensor consisted of a platinum (Pt) nanomembrane (20 nm thick) 

and base SU-8 micromembrane (2 µm thick). (Figure 4-17 d). Nanocracks were fabricated in the Pt 

membrane by applying a bending stress. 94-95 The fabricated sensor had nanocracks (100 nm width and 

35 nm depth) in the transverse direction to the extension force (Figure 4-17b and d). The nanocrack 

sensor fabricated on the silicon donor substrate was stably transferred onto the curved bovine eye from 

the adhesive with a drop of saline solution, showing the switchable adhesion and biocompatibility of 

the adhesives (Figure 4-17a, c, e). The transferred sensor could measure the IOP based on the resistance 

change produced from the strain changes of the cracked Pt membrane in response to the IOP (Figure 4-
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17c and e). Figure 4-18a shows the resistance during repeating loading and unloading of the bovine eye 

to an IOP of 40 mmHg. Figure 4-18b shows the resistance variations measured during the loading and 

unloading of different IOPs (sweeping speed: 0.4 mmHg/s). The transferred sensor could measure the 

variations of the IOPs with high sensitivity. (Figure 4-18c). 

 

Figure 4-17. (a) Schematic illustration of the fabrication of the nanoscale crack sensor and its 

subsequent transfer printing onto a bovine eye using the PEGDMA adhesive with saline solution. (b) 

Conceptual illustration of the nanocrack sensor in which nanoscale cracks were formed in the Pt layer 

(thickness: 20 nm) coated on the SU-8 layer (thickness: 2 µm). (c) Conceptual illustration of the 

detection of the IOP using the sensor (d) Photograph of the fabricated nanocrack sensor. AFM images 

on the right show the morphology of the nanocrack. The nanocracks have an average width of ≈100 nm 

and depth of ≈35 nm. (e) Photograph of the nanocrack sensor transferred onto a bovine eye.  
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Figure 4-18. (a) Normalized resistance variations measured with the transferred nanocrack sensor 

during repetitive cycles of loading and unloading of pressure (40 mmHg). (b) Normalized resistance 

variations showing the reversible loading–unloading behaviors at different pressures (10, 20, 30, and 

40 mmHg). (c) Normalized resistance variations during loading and unloading as a function of the IOP. 
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4-3. Conclusion 

We have developed a smart PEGDMA hydrogel adhesive that enables actively-controllable and 

switchable adhesions based on the wet-triggered nano/microscopic and macroscopic shape 

transformation of the adhesive films. The PEGDMA adhesives showed a high adhesion strength of 

~191 kPa in the dry state and nearly zero adhesion (~0.30 kPa) in the swollen state. With repeated cycles 

of swelling and deswelling, the hydrogel adhesives maintained their controllable and switchable 

adhesion capabilities without any notable degradation. We demonstrated that this water-responsive and 

reconfigurable hydrogel adhesive can be used for the transfer printing of diverse metallic (Au, Ag, Cu, 

and Pt) and semiconducting (Si) membranes onto arbitrary surfaces such as flexible plastic films, rigid 

Si wafers, curved glass cylinders, and even biological tissues using only water. Furthermore, we showed 

that the wet-responsive and reconfigurable adhesives could be used for the transfer printing of a 

nanocrack-based strain sensor onto a bovine eye. The transferred nanocrack sensor successfully 

detected the IOP with high sensitivity, repeatability, and reversibility. We believe this stimuli-

responsive and shape-transformable hydrogel adhesive could serve as a versatile smart adhesive for the 

transfer printing of a diverse range of nanoscale architectures on many different surfaces. 

 

4-4. Experimental Section 

4-4-1. Fabrication of the wet-responsive switchable PEGDMA adhesives 

PEGDMA solutions with 0.2 wt% of the photoinitiator (Irgacure 2959, Sigma Aldrich) were 

deposited onto the master for the fabrication of bioinspired adhesive structures and PET film was placed 

onto the deposited PEGDMA solution. PEGDMA solutions of different concentrations were prepared 

by mixing PEGDMA (Sigma Aldrich) with DI water at different ratios (PEGDMA wt%: 100, 90, 80, 

and 70 wt%). The PEGDMA solutions were crosslinked by UV exposure (λ = 365 nm, dose = 300 mJ 

cm−2) and demolded from the master, which produced PEGDMA adhesives with mushroom-shaped 

micropillar arrays. The fabricated PEGDMA adhesives were exposed to UV radiation for 6 hours. The 

samples were dried at the vacuum condition of 30 °C for the complete dehydration.  

4-4-2. Visualization of the PEGDMA microstructures before and after swelling 

PEGDMA adhesives were prepared by using 10% PEGDMA (10 wt% MW 6000 PEGDMA mixed 

with 90 wt% DI water and 0.2 wt% irgacure 2959). The 10% PEGDMA solutions were dispensed onto 

the PDMS mold followed by the placement of a PET film onto the PEGDMA. Subsequent UV exposure 
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(dose: 300 mJ cm–2) resulted in the desired PEGDMA film. The film was dried at a vacuum condition 

for SEM imaging of the microstructures of dried PEGDMA. For imaging of the microstructures of 

swollen PEGDMA, the film was swollen in DI water for 24 hours. And then, the sample was freeze-

dried by liquid nitrogen. For the imaging, the samples were coated with a Pt layer (~5 nm thick) by 

metal sputtering (K575X sputter coater, Quorum Emitech, UK). 

4-4-3. Adhesion measurements 

The pull-off forces of the switchable adhesives were measured by custom-built equipment. The 

equipment consists of a motorized stage along the vertical direction connected with load cells and a 

stage for fixation of the samples. An adhesive sample (1 cm2) was attached to a planar glass substrate 

under controlled preloads. (0.5 - 50 N) For the measurements of adhesion of the adhesion-off samples, 

the switchable adhesive adhered onto the substrate was swollen by dispensing a water droplet on one 

edge of the adhered adhesive. The measurements were performed 20 times. For the repeatability tests, 

the measurements were repeated 10 times for the adhesion on/off cycles. 

4-4-4. Measurements of mechanical properties 

The mechanical behaviors of the PEGDMA samples in the adhesive and adhesion-off states were 

determined by a universal testing machine (UTM, Instron 5982, Instron Corporation). Testing was 

carried out based on the ASTM D638 mode. 

4-4-5. Transfer printing of patterned membranes onto diverse substrates 

For the transfer printing of metallic nano- or micromembranes, a patterned PR layer was fabricated 

on a substrate with photolithography. Metal membranes were deposited on the patterned substrate by e-

beam evaporation. Subsequent attachment of the switchable adhesive onto the deposited metal 

membranes resulted in the transfer of the metal membranes from the donor substrates to the switchable 

adhesive. And then, the adhesive with the metal membranes was placed on the receiver substrate. Finally, 

a small amount of DI water was dispensed to the adhesive to induce the shape reconfiguration of the 

PEGDMA. After the metallic membranes were completely released from the adhesive, the substrates 

were dried for 10 min in a convection oven or on a hot plate (30 °C). For the transfer printing of the 

patterned Si membrane, a patterned PR layer was formed on a silicon-on-insulator (SOI) wafer by 

photolithography, followed by deep reactive ion etching (DRIE) for pattern transfer in the Si layer. 

Subsequently, the PR layer was removed with acetone, and the sacrificial oxide layer was etched with 

buffered oxide for 24 h, causing the patterned Si membranes to float on the etchant. The membranes 

were picked up using a silicon wafer and washed with acetone, IPA, and DI water. Next, the prepared 
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silicon membranes were transferred from the Si substrate onto arbitrary substrates using the wet-

responsive switchable adhesives. For the fabrication of Si nanoribbon transistors, Au electrodes were 

formed on the transferred Si membranes by electron-beam evaporation.  

4-4-6. Transfer printing of the nanocrack sensor onto bovine eye and measurement of IOP 

Transfer printing of the nanoscale crack sensor onto bovine eye and measurement of IOP: A honeycomb 

pattern was formed on a spin-coated SU-8 layer (thickness: 2 μm) by photolithography. Then, a 30-nm-

thick Pt layer was deposited on the patterned SU-8 layer by sputtering. The Pt-SU-8 hybrid membrane 

was transferred onto the PEGDMA adhesive through direct contact between the membrane and adhesive. 

Subsequently, nanoscale cracks were formed in the honeycomb-shaped Pt layer by applying a radius of 

curvature of 1 mm. Next, the switchable adhesive with the nanocrack sensor was brought into contact 

with the bovine eye, followed by the dropping of a saline solution around the adhesive. As the solution 

penetrated the adhesive/eye interface, the nanocrack sensor started releasing from the adhesive in a 

smooth manner, and eventually the entire sensor layer was successfully transfer-printed onto the eye. 

Resistance changes of the nanocrack sensor on the bovine eye were measured using an electrometer 

(Figure S13, Model 6430, Keithley, USA) upon application of external pressures on the eye. The 

pressure was controlled using a syringe pump (C-300587, Harvard Apparatus, USA). 
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Chapter 5. Conclusion 

 

In this dissertation, we developed a highly adaptable adhesive and actively switchable adhesive based 

on wet-responsive hydrogels. The fabricated bioinspired adhesives exhibited effective and versatile 

functional adhesion capabilities in response to a small amount of water. 

Firstly, we presented a simple and reliable fabrication method with conventional photolithography. 

This approach utilized commercially available photoresists and could generate mushroom-shaped 

micropillars with precisely controlled tip diameters and thicknesses. Through this method, we obtained 

optimized bioinspired adhesives with smart hydrogels, which exhibited superior adhesion strength and 

high durability. 

Next, we fabricated an ultra-adaptable bioinspired adhesive based on wet-responsive HPC hydrogels. 

The adhesive exhibited high adhesion strength for various rough surfaces including human skin owing 

to the enhanced adaptability of the HPC microstructures. Furthermore, the adhesive showed reversible 

because of the novel shape-memory property of HPC. Moreover, the significant potential of the 

adaptable adhesive in wearable devices was demonstrated by applying it to photonic skin. The photonic 

skin could stably adhere to diverse rough surfaces including human skin, thus confirming its high 

adaptability through reliable sensing performance. 

Furthermore, we fabricated an actively controllable and switchable bioinspired adhesive based on 

wet-responsive PEGDMA hydrogels. The adhesive exhibited high adhesion strength in the dry state 

(adhesion-on), while being easily detached in the swollen state (adhesion-off) with an extremely high 

adhesion switching ratio. In addition, it showed stability and durability without any degradation of 

adhesion strength. We demonstrated that the switchable adhesives can transfer diverse nanomembranes 

and thin active components such as a sensor and semiconductor. Furthermore, considering the 

biocompatibility of the material and wet-responsive systems, their applicability to biomedical systems 

was demonstrated. The adhesives successfully transferred a thin IOP sensor to a bovine eye and the 

sensor stably detected it. 

Based on these results, we believe these wet-responsive adhesives could serve as a next-generation 

adhesive for a wide range of applications. The adhesives can facilitate the advancement of bioinspired 

adhesives toward smart and versatile adhesives. 
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