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Abstract 

 

Stretchable Nanocomposite Electrodes 

with High Electrical Performance 

for Wearable and Implantable Devices 

 

Chaehong Lim 

School of Chemical and Biological Engineering 

The Graduate School 

Seoul National University 

 

The difference in the mechanical property of soft biological tissue and 

rigid conventional biomedical devices causes various problems such as 

immune reaction and degradation of the devices. To overcome these 
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issues, stretchable electronics have been developed. Biomedical devices 

based on stretchable electronics is soft and stretchable like biological 

tissues. Electrodes in biomedical devices measure bioelectric signals and 

can give electrical stimulation to tissues. Nanocomposite of metal 

nanomaterials and elastomer can exhibit both high electrical 

conductivity of metal and soft mechanical property of elastomer. The 

performance of stretchable nanocomposite electrode is determined by 

the types of metal nanomaterials and the fabrication method of the 

nanocomposite. 

In Chapter 1, which is the Introduction chapter, previous studies on 

the stretchable nanocomposite electrodes are described. Following the 

Chapter 1, Chapter 2 describes the float assembly method of fabricating 

nanocomposite electrode. A conductive and elastic nanomembrane was 

fabricated and it has completely phase-separated structure: One side of 

the nanomembrane is composed of aligned nanowires and the other side 

is thin elastomer layer. The extremely high conductivity and 

stretchability of the nanomembrane is attributed to the unique (hybrid) 

structure. The nanomembrane can be patterned with photo-patterning 

method. By stacking the photo-patterned multiple nanomembranes, I 
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fabricated multifunctional wearable devices. 

In chapter 3, I developed a material strategy for a strain-insensitive 

nanocomposite under skin deformations. The nanocomposite, which is 

composed of silver nanomaterials and elastomers, was designed for skin 

electronics. The silver nanomaterials conjugated with 1-decanethiol 

exhibit adaptive self-organization behavior inside the elastomer matrix 

in response to uniaxial and biaxial strains. The combination of the 

nanomaterials of different dimensions could keep their percolation 

networks under various strains applied to the nanocomposite. 

In chapter 4, I synthesized a noble gold nanomaterial for stretchable 

bioelectrodes. The gold nanomaterial can be synthesized by a simple and 

scalable method. It has low percolation threshold and dimensions larger 

than the electron mean free path of gold. I fabricated stretchable 

nanocomposite electrodes with the gold nanomaterials and thermoplastic 

polyurethane. The stretchable electrodes exhibited exceptional electrical 

performance at low weight fraction of the conductive fillers. Platinum 

was coated on the surface of the gold nanomaterials. By decorating the 

stretchable electrodes with the platinum-coated gold nanomaterials, I 

could improve electrochemical properties of the stretchable electrodes. 
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Chapter 1 Introduction: Stretchable and conductive 

electrodes for biomedical applications 

1.1 Introduction 

Conventional electronics are built on the rigid materials like silicon 

wafer and bulk metal line. As the components are rigid, conventional 

electronic devices are also mechanically rigid. In case of electronic 

devices like smart phones and computers, the rigidity does not cause a 

big problem. However, when they are applied to biological systems, the 

rigidity of conventional electronics poses a problem. Most biological 

tissues are far softer than materials used in conventional electronics such 

as metal and silicon whose elastic modulus is about 100 GPa (Figure 1.1). 

The difference in mechanical properties of soft tissues and rigid materials 

causes continuous mechanical stress to the target tissue1.1, which leads to 

inflammatory responses1.2-1.4. Furthermore, rigid materials often fail to 

make conformal contact with the tissue, which results in poor signal 

transmission through the electrode1.5,1.6. To overcome these problems, 

stretchable electronics have been developed. Stretchable electronics are 

expected to replace rigid electronics in biomedical applications by 

overcoming intrinsic problem of rigid electronics1.7-1.12 (Figure 1.2). 
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Stretchable electronic devices can be applied to various soft organs 

such as brain1.13,1.14, heart1.15,1.16, and skin1.17, making conformal 

interfaces between the devices and soft tissues. As mechanical properties 

of stretchable devices are similar to those of biological tissues, not only 

biological signal sensing and external signal (e.g. electrical stimulation) 

transmission performance but also long-term biocompatibility is superior 

to conventional devices. Tissues are not planar like silicon wafer. They 

have curved surfaces which make the intimate contact between them and 

a rigid device difficult. Stretchable devices can be conformally integrated 

with biological tissues1.18,1.19, to enhance electrophysiological 

performance of the devices such as decrease of impedance and increase 

of signal to noise ratio1.20,1.21. 

Stretchable electrodes are one of the most important components in 

stretchable electronics. They are both stretchable like rubber and 

conductive like metal. With the integration of elastomeric materials and 

conductive materials, stretchable conductors can be fabricated. The 

integration methods can be classified under two categories. One is 

macroscopic integration and the other is microscopic integration. In 

macroscopic integration, elastomeric materials and conductive materials 
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are used as they are. Consequently. their mechanical or electrical 

property is maintained. One example of the macroscopic integration is 

wavy metal line printed on elastomer substrate like 

polydimethylsiloxane (PDMS). In this case, the electrical conductivity 

of the stretchable electrode is the same as conventional electrodes. 

However, they still have rigid part and need structural constraints. 

Stretchable electrodes fabricated with microscopic integration methods 

are intrinsically stretchable and conductive1.22-1.27. Intrinsically 

stretchable electrodes are basic component of stretchable electronics. 

They can be used as both stretchable electrodes and conductive 

interconnections. Both materials used in the fabrication of the electrodes 

and fabrication techniques are important factors in the fabrication of 

high-performance stretchable electrodes. Generally, stretchable 

electrodes are the composite of elastomer and conductive nanomaterials. 

The stretchable nanocomposite electrodes are intrinsically conductive 

due to conductive nanomaterials and also intrinsically stretchable due to 

elastomers. In this chapter, I will discuss about types and characteristics 

of conductive fillers, the fabrication techniques and biomedical 

applications of the stretchable nanocomposite electrodes.  
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Figure 1.1 Elastic modulus of biological tissues and organs, and 

electronic materials1.70. 
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Figure 1.2 Comprehensive concept of soft and conventional 

bioelectronics1.71. 

  



６ 

 

1.2 Conductive fillers for stretchable nanocomposite electrodes 

Various conductive nanomaterials are used as conductive fillers for 

stretchable nanocomposite electrodes. Their dimensions are diverse from 

0D1.27,1.28 to 2D1.29-1.31, and conductive elements are also diverse from 

metal like copper, silver to carbon. By the dimensions and type of 

material of conductive fillers, performance of stretchable nanocomposite 

electrodes composed of them is greatly affected. 

Electrical conductivity of a stretchable nanocomposite electrode is 

mostly determined by the intrinsic electrical conductivity of the 

nanomaterials. Dimensions and shape affect formation of percolation 

network, and therefore influence performance of the stretchable 

electrodes. Most of conductive nanomaterials are composed of carbon or 

metal. Generally, nanomaterials based on metal have higher conductivity 

than any other types of nanomaterials like carbon nanomaterials. By the 

dimensions and shape of nanomaterials, the conductive fillers can further 

be classified. Due to their high aspect ratio, nanomaterials with one 

dimensional shape show the highest electrical performance when they 

are incorporated in the nanocomposite electrode (Figure 1.3).  
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In a nanocomposite, nanomaterials make percolation network. As 

elastomer is insulative, electrical current can only move through a 

percolation network of nanomaterials. In a percolation network, 

nanomaterials make intimate contacts each other. Through this intimate 

contact, electrons are transferred. The existence of contact means that 

there is contact resistance which affects the overall conductivity of a 

nanocomposite. Consequently, the formation of percolation network is 

one of the most important factors in determining the performance of a 

stretchable nanocomposite electrode. 

There have been many studies to improve the performance of a 

stretchable electrode by manipulating the features of conductive fillers; 

the incorporation of various nanomateirals1.32-1.35, the modification of the 

dimensions of nanomaterials1.36-1.37, the adjustment of surface properties 

of nanomateirals1.38,1.39, and the increase of the number1.40 and quality of 

intimate contacts1.41 between nanomaterials. The number of intimate 

contacts between nanomaterials is crucial factor which determines the 

performance of a stretchable electrode. A stretchable electrode with a 

large number of intimate contacts between nanomaterials generally have 

both high electrical conductivity and stretchability.  
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Figure 1.3 Electrical conductivity of various conductive fillers1.22. 
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1.2.1 Characteristics of conductive fillers for high performance 

stretchable electrodes 

The quality of percolation network determines the performance of a 

stretchable nanocomposite. For fabricating stretchable nanocomposite 

electrode with better electrical performance, enhancing the quality of 

percolation network is a requisite. If a composite composed of 

conductive fillers and insulating polymer is conductive, it means that the 

percolation network of conductive fillers is formed inside the composite. 

Percolation threshold is the minimum amount of conductive fillers which 

makes the composite conductive (Figure 1.4). If the percolation 

threshold of a nanocomposite is high, a large quantity of nanomaterials 

is needed to achieve high electrical conductivity. Low percolation 

threshold of a nanocomposite is crucial for the fabrication of high-

performance stretchable nanocomposite electrode. By manipulating the 

dimensions of nanomaterials and changing their surface properties, 

percolation threshold of the nanocomposite can be controlled. 

Employing nanomaterials with high aspect ratio can increase 

conductivity of a nanocomposite electrode as the high aspect ratio of 

nanomaterials lowers percolation threshold of the nanocomposite1.42. On 
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this account, nanomaterials with high aspect ratio such as silver 

nanowires and carbon nanotubes are widely used to fabricate a high 

performance stretchable nanocomposite electrode. 

Conductivity of a nanocomposite electrode can also be increased by 

using nanomaterials with larger dimensions. Mean free path of electrons 

in metals is several tens of nanometers. If a dimension of metal 

nanomaterial is below the mean free path of electrons in the metal, the 

intrinsic conductivity of the metal nanomaterial is dramatically 

decreased. Nanomaterials like gold nanowires are generally have high 

aspect ratio, but their diameter is often below the mean free path of 

electrons of gold. For this reason, stretchable electrodes composed of 

gold nanowires exhibit low electrical conductivity.  

The distribution of nanomaterials inside elastomer matrix also affect 

the performance of stretchable nanocomposite electrodes. Due to 

interactions such as van der Waals force and electrostatic force, 

nanomaterials have tendency to aggregate each other1.43-1.45. Unwanted 

aggregation of nanomaterials leads to low electrical conductivity and 

deteriorates mechanical properties of the stretchable electrodes. 

Generally, homogeneous dispersion of nanomaterials in the elastomer 
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matrix is preferable. For the homogeneous dispersion of nanomaterials, 

they have to be well-dispersed in a solution without aggregations.  

The surface of nanomaterials is conjugated with ligands. Type of 

ligands on a nanomaterial determines the surface property of the 

nanomaterial, which affects the performance of stretchable electrodes. A 

nanocomposite has three interfaces; polymer-polymer interface, 

polymer-nanomaterial interface, and nanomaterial-nanomaterial 

interface. Among them, particularly, polymer-nanomaterial interface is 

the most important as it affects both the electrical and mechanical 

properties of the nanocomposite. At the interface, polymer and 

nanomaterials can either stick to each other or have no interaction at all. 

Conductive nanomaterials are not intrinsically stretchable. Therefore, if 

polymer and nanomaterials exhibit strong interaction, the nanocomposite 

is barely stretchable. If polymer and nanomaterials have little interaction, 

the nanocomposite can be stretched as the mechanical property of the 

polymer is not affected by the nanomaterials. On this account, to 

fabricate a stretchable nanocomposite electrode which can withstand 

mechanical stresses, ligand of nanomaterials has to be properly adjusted. 
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Figure 1.4. Conductivity of the nanocomposites of polystyrene and 

graphene as a function of filler volume fraction1.72. 
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1.2.2 Metal nanomaterials for stretchable bioelectrodes 

Metal has been used as a conductor in conventional electronics. 

Though there are various types of conductive fillers for a nanocomposite 

other than metal, like carbon nanomaterials, conducting polymer or 

MXENE, nanocomposite electrodes composed of metal nanomaterials 

shows the highest conductivity compared to those composed of other 

conductive fillers. Metal nanomaterials varies in their shape and aspect 

ratio. The colloidal synthesis of metal nanomaterials have been 

extensively studied. The metal nanomaterial synthesized with colloidal 

method can be dispersed in various solvents which facilitate their 

processability for the fabrication of a nanocomposite. In colloidal 

synthesis of metal nanomaterial, types of surfactants determine the shape 

of the nanomaterial. There are specific surfactants which adhere to 

particular facet of metal. The surfactants prevent growth of the facet, 

producing a nanomaterial of controlled shape. There are other synthetic 

techniques for the shape-controlled synthesis of metal nanomaterials, 

such as seed-mediated growth, oxidative etching, and galvanic 

replacement reaction1.46-1.50. As conductive filler materials for stretchable 

nanocomposite electrodes, gold nanoparticles (AuNPs)1.51, silver 
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nanoparticles (AgNPs)1.52, gold nanosheets (AuNSs)1.53,1.54 and silver 

nanowires (AgNWs)1.55-1.59 have been widely used. For example, Kim et 

al. fabricated a nanocomposite composed of positively charged 

polyurethane and citrate-capped AuNPs (Figure 1.5). Lee et al.1.36 

fabricated a stretchable nanocomposite conductor with a buckled 

structure by printing a layer of filtered AgNW pattern on a prestrained 

elastomer layer. The filtering process enabled uniform patterning of 

AgNW network. The percolation network of AgNWs exhibited 

resistivity of 9-70 Ω/sq. The elastomer layer with the buckled structure 

exhibited the maximum stretchability of 460%. 
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Figure 1.5 Nanocomposite of polyurethane and gold nanoparticles1.73. 
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1.3 Fabrication techniques for stretchable nanocomposite 

electrodes 

For the fabrication of high-performance stretchable nanocomposite 

electrodes, not only the types of components of the nanocomposites but 

also the fabrication method is important. Fabrication method can 

determine patterning resolution, electrical and mechanical performance, 

and application of the nanocomposite electrodes.  

Matsuhisa et al.1.60 used Zonyl as an additive to the composite solution 

containing silver flakes, rubber, and solvent. The additive generated 

phase separation between silver flakes and rubber. Due to the phase 

separation, silver flakes were not homogeneously distributed throughout 

the composite but locally aggregated. The surface of the composite was 

composed of a high fraction of silver flakes, which ensures the formation 

of dense percolation network, while the central part contained a high 

fraction of rubber, to provide structural stability of the composite. Due 

to the dense percolation network and structural stability, the composite 

could exhibit both high conductivity of 182 S/cm and stretchability of 

200%. 
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There is another example of phase separation technique. Choi et al.1.61 

reported the fabrication of highly conductive, stretchable and 

biocompatible nanocomposite electrodes using silver nanowires with 

gold sheath (Ag-AuNWs) and styrene butadiene styrene block 

copolymer (SBS) (Figure 1.6). Free-standing composites were obtained 

by drying the composite solution onto a mold under room temperature. 

During the solvent drying process, the phase of initially homogeneously 

mixed solution is separated. After the solution is completely dried, Ag-

AuNWs-rich region and SBS-rich region are generated. The phase-

separated structure makes the nanocomposite soft and highly conductive. 

The initial conductivity of the nanocomposite reached 41,850 S/cm and 

the maximum stretchability was 266%. 

Intimate contact between nanomaterials assures low contact resistance 

which results in high conductivity of a nanocomposite 

electrode1.41,1.62,1.63. By thermal, electromagnetic, or mechanical energies, 

nanomaterials can be welded each other. Welding nanomaterials by 

raising temperature is facile. However, as a temperature higher than 200 ℃ 

is required for thermal welding of nanomaterials, the heat applying 

process deteriorates elastomers which are vulnerable to heat1.64. The 
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network of metal nanowires was welded by an intense, focused light 

beam1.65. Due to the intense electromagnetic field concentrated on the 

gaps between nanowires, a local heating at the junction occurs, which 

results in welding of the junction. Other part of nanowire network except 

for the junctions is not affected by the plasmonic energy. Liu et al. 

reported another welding technique which uses capillary force1.66. 

Welding of nanowire junctions can be caused by capillary force since the 

magnitude of force increases to GPa scale at the nanowire junctions. As 

the technique does not raise temperature of the nanocomposite, 

elastomers in the nanocomposite are not deteriorated by the welding 

process. The welding reduces contact resistance between nanowires and 

consequently decreases sheet resistance without notable change in 

optical transmittance. 
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Figure. 1.6 Microstructured nanocomposite of silver-gold core-sheath 

nanowire and elastomer. a, Schematic illustration of the nanocomposite. 

b,c, Optical images of the nanocomposite1.61. 
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1.4 Biomedical applications of stretchable electrodes 

The softness of stretchable electronics has a great advantage over rigid 

conventional electronics in biomedical applications. Making direct 

contact with biological tissues, electrodes record electrical signals from 

tissues and transfer external electrical pulse to tissues. Stretchable 

electrodes can conformally contact tissues, which enhances their 

electrical performances compared to rigid electrodes. The mechanical 

stress applied to tissues also decreases when stretchable electrodes are 

used instead of rigid electrodes. 

Biomedical applications of stretchable electrodes can be categorized 

into wearable devices and implantable devices. Wearable devices are 

used on skin. They measure bioelectrical signals such as 

electrocardiogram (ECG), electroencephalogram (EEG), 

electromyogram (EMG), and electrooculogram (EOG). Implantable 

devices play similar roles but they make a direct contact with specific 

organs inside the body such as heart, muscle, brain and nerves. 

  

1.4.1 Wearable devices 
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Health condition of a patient can be monitored by skin-mounted 

device. Wearable devices have a great advantage over implantable 

devices; they are non-invasive. No surgery is needed to use wearable 

devices. The magnitude of transferred electrical signals on skin is weak 

compared to those on target organs. Conformal contact can be 

accomplished by softness and adhesiveness of the electrodes. 

To enhance adhesion between the device and skin, conductive 

hydrogels were studied. Hydrogels are softer than elastomers and can 

incorporate adhesive property by modifying their chemical structure. A 

conductive and adhesive hydrogel was developed with partially reduced 

graphene oxide (pGO) and polydopamine (PDA)1.67. PDA has lots of 

catechol functional groups which have superior adhesive property. The 

adhesion strength of PDA-pGO conductive hydrogel reaches about 30 

kPa. As the hydrogel is conductive, it can be used in the interface 

between an electrode and skin to enhance signal measuring ability of the 

electrode. The quality and intensity of the EMG signals were firmly 

maintained even after the electrode underwent ten cycles of attaching 

and detaching. 
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1.4.2 Implantable device 

Surgically implanted inside human body, implantable devices pose far 

more severe potential risk than wearable devices. However, their 

potential usefulness is also far greater than that of wearable devices. 

Bioelectric signals recorded from implanted devices contain reliable 

information about the condition of target organs. In addition, those 

devices enables direct transmission of electrical pulses to stimulate the 

target organs.. 

Stretchable electrodes have a great advantage over rigid electrodes 

when they are used to repair elastic organs such as heart. Stretchability 

of electrodes is important for keeping their electrical and mechanical 

performance during the dynamic motions of the moving cardiac tissues 

without inducing heart failure. A mesh of stretchable electrode composed 

of conductive nanocomposite and stretchable wave design was 

demonstrated as a cardiac pace maker1.61,1.68,1.69. Specifically, the cardiac 

mesh composed of a nanocomposite of AgNWs and SBS rubber have 

been studied. For the stretchability of the device, a wavy mesh structure 

was constructed. The design and stretchable electrode granted 

stretchability to the device.  The mesh device could make a stable and 
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conformal integration with cardiac tissue to have a personalized structure, 

which enabled the wrapping of whole ventricle for the detection and 

activation of the bioelectrical signals from a rat heart. 

The mesh device was further improved by using a new material and 

fabrication method1.61. AgNWs coated with gold shell was used instead 

of AgNWs, which enhanced biocompatibility of the device. The Au shell 

not only enhanced the biocompatibility of the device but also increased 

oxidation resistance. By adding hexylamine to the composite solution, 

the mechanical property of the stretchable electrode was modified. The 

use of additives made the electrode softer and consequently increased 

electrical performance of the electrode. The stretchability of the 

electrode was further increased by employing heat rolling press 

treatment. The electrode was fabricated into a mesh device which 

conformally integrated to a live swine heart. The device successfully 

detected a local change in EMG signal during ischemia. 
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1.5 Dissertation overview 

Stretchable nanocomposite electrode is a promising material for 

biomedical applications. Though some properties of stretchable 

electrodes such as electrical conductivity and processability are not as 

good as those of conventional electrodes, studies on stretchable 

electrodes show optimistic prospect of replacing conventional electrodes. 

The goal of studies on stretchable electrodes is developing a 

stretchable electrode with superior performance such as high electrical 

conductivity and stretchability, facile fabrication process, and good 

biocompatibility. Stretchable nanocomposite electrodes are composed of 

conductive nanomaterials and elastomers. The choice of materials and 

fabrication process determines the performance of the nanocomposite 

electrodes.  

Metal nanomaterials are considered a potential candidate for high-

performance stretchable electrodes. They can be easily synthesized in 

macroscopic scale, and their intrinsic electrical conductivity is as high as 

that of conventional metal electrodes. Ag nanowires (AgNWs) with high 

aspect ratio have been widely used as conductive fillers for stretchable 
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electrodes. Due to the high aspect ratio, AgNWs exhibit low percolation 

threshold that assures high electrical performance of stretchable 

nanocomposite electrodes. In wearable device applications, AgNWs can 

be used as conductive fillers since the biocompatibility issue is not 

critical in the case. However, in implantable device applications, toxicity 

of silver makes AgNWs hard to be used as a conductive filler for a 

stretchable electrode. I believe that by synthesizing a noble meal (e.g. 

gold, platinum) nanomaterial with low percolation threshold, the toxicity 

issue of a high-performance stretchable nanocomposite electrode can be 

solved. 

The overall performance of a nanocomposite as well as its 

processibility is affected by the fabrication process, which also 

determines distribution of nanomaterials within the nanocomposite.  

Phase separation of nanomaterials and elastomers is a strategy to 

improve the electrical performance of a nanocomposite. Introducing 

additives to the process enables the fabrication of a nanocomposite with 

phase separated structure. The electrode based on the nanocomposite can 

have both good conductivity and stretchability.  

In this dissertation, I performed experiments to fabricate high-
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performance stretchable nanocomposite electrodes for biomedical 

applications. The experiments were designed and performed from two 

different perspectives: One is developing noble nanomaterials and the 

other is developing a new fabrication method. I believe that these studies 

provide insights into the development of stretchable nanocomposite 

electrodes for biomedical applications. 
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Chapter 2 Fabrication of highly conductive and 

stretchable nanomembrane for skin-electronics 

2.1 Introduction 

Skin electronics are a set of skin-mounted devices whose mechanical 

properties are comparable to those of human skin2.1,2.2. It has been 

deployed in various applications such as biomedical devices2.3,2.4, human 

computer interfaces2.5,2.6, and virtual/augmented reality devices2.7. One 

of the vital components for skin electronics is the ultrathin elastic 

conductor2.8,2.9, and conductive elastic nanocomposites have been 

considered as a feasible candidate2.10,2.11. Despite previous research 

efforts2.12,2.13, however, critical challenges still remain, including metal-

like conductivity2.14,2.15, high stretchability2.16,2.17, ultrathin 

thickness2.18,2.19, and facile patternability2.20,2.21. Typically, there are 

trade-offs between these properties2.22, and these goals have not yet been 

achieved at the same time2.23.   
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2.2 Experimental Section 

Preparation of materials 

Toluene, ethylene glycol, chloroform, ethanol, cyclohexane, acetonitrile 

were purchased from Samchun Chemicals. Other chemicals were 

purchased from Sigma Aldrich unless otherwise noted. Poly(styrene-

ethylene-butylene-styrene) (SEBS, H1041), poly(styrene-isoprene-

styrene) (SIS, styrene 22 wt%), and polyester-based thermoplastic 

polyurethane (TPU) were purchased from Asahi Kasei company, Sigma 

Aldrich, and BASF Co. Ltd., respectively. Teflon AF was purchased 

from DuPont. Ag NWs, Ag NPs, Ag-Au NWs, and Au NPs were 

synthesized as described below. 

 

Silver nanowires (Ag NWs)  

145.6 g of ethylene glycol and 380 mg of poly(vinylpyrrolidone) (PVP, 

Mw 40k) were mixed and heated to 180 oC in an oil bath and stirred at 

250 rpm. 30 ml of a silver nitrate solution (95 mM, Strem Chemical) was 

injected with an injection rate of 50 ul/sec, followed by the injection of 

0.8 ml of a copper(II) chloride dihydrate solution (4 mM). The reaction 
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solution was continued in the oil bath for 20 mins without stirring. Then, 

the solution was cooled down in the atmosphere. The solution was 

washed several times with ethanol and dispersed in ethanol. 

 

Assembly method 

A solution which contains 0.3 ml ethanol, 0.9 ml toluene, 20 mg Ag NWs, 

and a SEBS solution (80 mg/ml in toluene) were prepared. Solvents in 

the solution were altered according to nanomaterials or elastomers. 

Volume of each component varies according to the size of the container. 

The solution was dropped uniformly at the center of the container 

(diameter ~150 mm) contains DI water. Instantly after the injection, one 

or two drops of IGEPAL solution (volume ratio between IGEPAL and DI 

water = 1:1000) were dropped at the center of the container for the close-

packing of the nanomaterials. In 5 mins, the hydrophobic solvents 

completely evaporate, and the nanomembrane left on the water. It can be 

transferred to other substrates. 

 

Photo-patterning 
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The nanomembrane can be transferred to various substrates like silicon 

wafer, polymer film for further process. Solvents and acids used in 

photolithography may attack either elastomer or nanomaterials, and 

therefore the materials for photolithography should be carefully selected. 

As a photoresist, we used a photosensitive poly(vinyl alcohol) (PVA) 

aqueous solution. The photosensitive PVA solution was prepared by 

dissolving PVA in DI water with a weight ratio of 1:5 and adding 

ammonium dichromate (weight ratio between PVA and ammonium 

dichromate = 1:50) to the solution. Since PVA cured by UV light can be 

removed by acids which may attack Ag NWs, we spin-coated 

poly(methyl methacrylate) (PMMA) as a sacrificial layer before coating 

PVA. To enhance the adhesion of PMMA with photosensitive PVA, 

reactive ion etching (RIE) (O2, 30 W, 0.1 Torr, 10 s) was applied to 

PMMA. Then, photosensitive PVA was spin-coated at 700 rpm for 60 s 

and baked on a hot plate at 95 ℃ for 1 min. The photosensitive PVA 

was exposed to UV light with an intensity of 7.60 mW cm-2 through a 

patterned chrome mask for 30 s and developed in DI water for 15 mins. 

The exposed region of PMMA was etched by RIE (O2, 150 W, 0.1 Torr, 

2 mins). Finally, exposed NWs were wet-etched in silver etchant (< 5 s). 
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Afterwards, the remaining PMMA and PVA were removed by melting 

PMMA in acetonitrile.  

 

Cold welding 

The nanomembrane was dipped in a saturated sodium chloride water for 

1 min to remove PVP ligands on the NW surface. Then, the 

nanomembrane was dried in oven. The salt was removed by soaking it in 

DI water for 1 min for three times.  

 

Aligned or perpendicular stacking of photo-patterned nanomembranes 

Two nanomembranes were prepared on the Teflon-coated wafer. They 

were photo-patterned as mirror images to each other. The direction of 

NWs in the nanomembranes can be either aligned or perpendicular. One 

of two photo-patterned nanomembranes is detached from the wafer using 

a water-soluble tape. A thin plastic film which is cut as a shape of a frame 

(i.e., film cut as a rectangle shape with a smaller empty rectangle region 

inside) is attached to the nanomembrane on the water-soluble tape. Note 

that the framed plastic film is attached to the outside of the patterns of 
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nanomembrane. When the water-soluble tape is removed by DI water, 

the nanomembrane supported by the framed plastic film is obtained. 

Then, the nanomembrane was transferred onto the other photo-patterned 

nanomembrane on the wafer as the NW side of the nanomembranes is 

contacted to each other. The strong adhesion of SEBS membranes (c.f., 

the rest of the photo-patterned NW region consists of SEBS) facilitates 

the transfer process. Finally, the framed plastic film is removed. 

 

Material and device characterization 

SEM images (for top view) were acquired using a Field-Emission 

Scanning Electron Microscope (SUPRA 55VP, Carl Zeiss, Germany). 

SEM images (for cross-sectional view) were acquired using a Field-

Emission Scanning Electron Microscope (AURIGA, Carl Zeiss, 

Germany). TEM images were obtained using a Transmission Electron 

Microscope (JEOL-2100, JEOL Ltd., Japan) 

Mechanical experiments for the strain-stress analysis were conducted 

using an Instron-5543 instrument. Each end of the nanomembrane was 

adhered to VHB tapes which are anchored by instrument tongs. The 
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initial length and width of the nanomembrane were set to 5 mm and 10 

mm, respectively. The stretching rate was 0.15 mm/s. The bare SEBS 

membrane was prepared by soaking the Ag NW-based nanomembrane in 

a silver etchant for 10 mins. 

Conductivity was calculated as a reciprocal of resistivity. Resistivity is 

measured by multiplying thickness and sheet resistance. The sheet 

resistance is acquired using four-point probe method. Four copper wires 

were attached to the nanomembrane with equal distances using the Ag 

paste (ELCOAT P-100, CANS), and the sheet resistance was calculated 

by multiplying an appropriate correction factor to the value acquired 

from a digital multimeter (Keithley 2400, Tektronix)33. The thickness 

was measured using a surface profiler (Dektak XT, Bruker, USA). 

Thicknesses at 3 points were measured, and they were averaged to obtain 

the thickness. We calculated conductivity under strains using measured 

dimensions and two-wire resistances, and under an assumption that the 

volume of the nanomembrane is constant. 
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2.3 Result and Discussion 

Figure 2.1 is schematic illustrations that show the fabrication method of 

a nanomembrane. The method is able to be applied to various 

nanomaterials such as silver nanowires (Ag NWs), silver-gold core-shell 

nanowires (Ag-Au NWs), silver nanoparticles (Ag NPs), gold 

nanoparticles (Au NPs) and elastomers such as poly(styrene ethylene 

butylene styrene) (SEBS), poly(styrene isoprene styrene) (SIS), 

thermoplastic polyurethane (TPU).  

The fabrication begins with an injection of the composite solution on 

water (Figure 2.2.1). A representative case with Ag NWs and SEBS 

which dissolved in toluene is exhibited. When a solution droplet touches 

the water surface, instant separation of the solution occurs: water-

miscible ethanol dissolves into water, while the hydrophobic elastomer 

and the hydrophobic solvent stay on the water surface (Figure 2.2). 

Depending on the degree of hydrophobicity of the NWs, they become 

placed in either the water side (hydrophilic ligands) or the air side 

(hydrophobic ligands) (Figure 2.3).  

The dissolution of ethanol in water creates circular surface tension 
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gradient near the droplet (Figure 2.4). As the boundary continuously 

expands, the mass moves to outward until it reaches the previously-

transferred mass (Figure 2.5,6). They are merged at the edge of the 

container (Figure 2.7). As the Marangoni flows transfer the mass fast, 

NWs are assembled as a monolayer (Figure 2.8). Without ethanol (i.e., 

without Marangoni flows), NWs are aggregated, in spite of the same 

fabrication process (Figure 2.9). 

As the injection continues, the mass on water surface expands from the 

edge of the container to the center, and finally it covers the entire surface 

of water (Figure 2.7a). Then, one or two drops of the surfactant solution 

(e.g., IGEPAL CO-520) are dropped at the center of the dish (Figure 

2.7b). The surfactant promptly pushes the mass outward, and it occupies 

the empty water surface (Figure 2.7c). The assembled NWs at the water-

solvent interface are packed more closely than those without the 

surfactant (Figure 2.8). Then, the solvent evaporates at room temperature, 

which typically takes about 5 minutes. Finally, an elastic and conductive 

nanomembrane is formed on the water (Figure 2.7d). 

The exceptional material properties of the nanomembrane comes from 

its nanometer scale thin cross-sectional structure, which derives from the 
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monolayer assembly of NWs stabilized at the water-solvent interface. 

After the solvent evaporates, an ultrathin elastomer layer fixes the 

monolayer of aligned NWs, whose cross-sectional structure is similar to 

a gum that fixes teeth. Scanning electron microscopy (SEM) and 

transmission electron microscopy (TEM) images for the top, tilted, and 

cross-sectional view of the nanomembrane (Figure 2.10) confirm the 

structure. 

The strain on the nanomembrane is efficiently dissipated by the gum-like 

elastomer structure. High level of stress is focused at the interface 

between the filler and the elastomer in a typical nanocomposite under 

mechanical deformations. However, the unique structure of the 

nanomembrane shows less stress at the interface. As a result, an excellent 

stretchability without mechanical failures of the nanomembrane can be 

achieved even with a high content of NWs (80 wt%). The maximum 

elongation is higher than 500%, almost comparable to that of the bare 

elastomer (Figure 2.11).  

The applied strain is dissipated by the gum-like elastomer layer, which 

maintains elasticity even with such a high weight fraction of NWs. This 

can be confirmed by SEM observations during stretching of the 
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nanomembrane. Before stretching, the elastomer thickness in-between 

NWs (~280 nm) is thicker than that under the NW (~220 nm) (Figure 

2.12). However, by the strain of 250% and 500%, the elastomer thickness 

in-between NWs becomes ~60 nm and ~25 nm, and that under the NW 

becomes ~80 nm and ~45 nm, respectively (Figure 2.12).  

By photolithography, the teeth-like NW structure is able to pattern in 

high-resolution (Figure 2.13). By a photoresist, NWs constructing the 

desired pattern are protected, and the rest NWs are etched. As NWs are 

partly exposed from the elastomer, it is facile to etch them (Figure 2.14).  

By cold welding between NWs, contacts between NWs can be boosted. 

PVP ligands on NWs caous slight separation between NWs (Figure 2.15). 

After treating with sodium chloride solution, PVP is eliminated from the 

NW surface27. Afterwards, evaporation of water generates capillary 

force which induces cold welding of NWs (Figure 2.16)1.28,1.29. Then, 

rigid contacts between NWs (white arrows) are created, which improve 

conductivity fairly. 

The nanomembrane keeps conductive up to the strain of 200% in the 

parallel direction and > 1000% in the vertical direction (Figure 2.17). 
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The nanomembrane was mounted on an elastic substrate for the 

stretching test, as stretchable electrodes are generally mounted on elastic 

substrates. If there is no elastic substrates, the strain could not be applied 

consistently during the stretching test, and thus the stretchability 

becomes 150% (parallel) and 450% (vertical).  

Either conductivity can be enhanced or asymmetry of conductance can 

be modified by stacking two other nanomembrane layers. If two other 

nanomembranes are stacked in the directions of NWs which are parallel 

to each other (Figure 2.18), super-high conductivity (maximum 165,700 

S/cm) is achieved. The stacked nanomembrane remains conductive up to 

about 400% strain in the parallel direction and up to over 1000% in the 

vertical direction. If two nanomembranes are stacked in directions of 

NWs are perpendicular to each other (Figure 2.19), super-high 

conductivity of over 100,000 S/cm is achieved regardless of 

measurement directions. Also, high conductivity of about 30,000 S/cm 

is keeped even under 1,000% strain regardless of stretching directions. 

Certain stacking strategies can be used depending on specific 

applications that demand either high conductivity or symmetric 

conductance. 
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Nanomembranes can be fabricated by using other metal nanomaterials 

such as Ag-Au NWs, Ag NPs, and Au NPs. The nanomembrane with Ag-

Au NWs shows akin properties and performance to that with Ag NWs. 

Meanwhile, due to the difference in the morphology, nanomembranes 

fabricated with Ag NPs or Au NPs exhibit different features from those 

with NWs, like symmetrical resistance, higher resistivity, and higher 

sensitivity to external strains. Other elastomers like TPU and SIS can 

also be used in the fabrication of nanomembranes. Suitable 

nanomaterials and elastomers can be chosen for applications. 
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Figure 2.1. Schematic illustrations of the solution injection process. (A) 

The fabrication begins with injection of the nanocomposite solution onto 

water. The solution consists of nanomaterials, water-insoluble elastomer 

dissolved in a water-immiscible solvent, and ethanol. 
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Figure 2.2. Schematic illustrations that show a droplet of the 

nanocomposite solution injected onto water and exhibit separation of 

components of the nanocomposite solution at the water-solvent interface. 

The separation depends on miscibility of each component to water or 

solvent. 
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Figure 2.3. Schematic illustration that shows locations of NWs 

depending on their surface properties. If the ligand is more hydrophilic 

or more hydrophobic than PVP, the NW stays in the water side or in the 

solvent side, respectively. 
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Figure 2.4. Transfer of the float mass by Marangoni flow due to the 

surface tension gradient which results from the dissolution of ethanol 

into water. (A to C) Schematic illustrations that show the circular surface 

tension gradient, Marangoni flow, and transfer of the mass (i.e., toluene, 

SEBS, and NWs) on water, as a top view (top) or a cross-sectional view 

(bottom). (D to F) Schematic illustrations that show the mass transfer 

until it reaches the previously transferred mass, as a top view (top) or a 

cross-sectional view (bottom). The transferred mass merges with the 

previously-transferred mass. 
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Figure 2.5. Effect of ethanol during the assembly process. (A) Cross-

sectional SEM image that shows the fabricated nanomembrane with 

ethanol (scale bar, 200 nm). (B) Schematic illustrations of the assembly 

process with ethanol in the solution. (C) Cross-sectional SEM image that 

shows the fabricated nanomembrane without ethanol (scale bar, 200 nm). 

(D) Schematic illustrations of the assembly process without ethanol in 

the solution. 
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Figure 2.6. A series of images that show the close-packing procedure of 

the float mass by adding a few drops of a surfactant at the center of the 

container. 
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Figure 2.7. Schematic illustrations that show the close-packing process 

of NWs in a macroscopic view (top), a magnified view inside the indexed 

blue box (middle), and a more magnified cross-sectional view inside the 

indexed red box (bottom). (A) The assembled mass covers entire water 

surface after solution injection process. (B) A few drops of the surfactant 

are added at the center. (C) The surfactant pushes the mass (i.e., NWs, 

elastomer, and solvent) outward. The solvent evaporates shortly at room 

temperature. (D) A monolayer of assembled NWs partially embedded in 

an ultrathin elastomer matrix is left on water. 
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Figure 2.8. Effect of a surfactant on close-packing of assembled NWs 

and uniformity analysis of a large-scale nanomembrane. (A) SEM image 

(top view) that shows closely-packed NWs in the nanomembrane after 

adding a few drops of a surfactant (scale bar, 20 m). The inset shows 

the cross-sectional view (scale bar, 200 nm). (B) Images of the 

nanomembrane fabricated without adding the surfactant. SEM image 

that shows the top view of the nanomembrane (left; scale bar, 20 m), 

and its cross-sectional view (inset; scale bar, 200 nm). Optical camera 

image (right) that shows the fabricated nanomembrane on water without 

the surfactant (scale bar, 3 cm). (C) Optical camera image that shows the 

fabricated nanomembrane on water after adding the surfactant to the 

center (scale bar, 3 cm). 

  



６１ 

 

 

Figure 2.9. Fabrication of a large-scale nanomembrane and 

characterization of the nanomembrane’s uniformity. (A) Schematic 

illustration that shows 36 sampling positions (12 positions from center, 

middle, and edge) for characterization of the uniformity. (B) Thicknesses 

of the nanomembrane measured at sampling positions in the center, 

middle, and edge (n = 12). (C) SEM images that show the cross-sectional 

view of the nanomembrane at the center, middle, and edge (scale bar, 

100 nm). The thickness and structure of the nanomembrane are uniform 

regardless of the sampling position. Below the dotted line, a handling 

wafer is shown. On top of NWs, Pt is deposited to protect NWs during 

the ion milling process to observe the cross-section. 
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Figure 2.10. Microscopy and optical images that show the structure of 

an ultrathin nanomembrane. (A) SEM image (top view) of closely-

packed NWs in the nanomembrane (scale bar, 2 μm). (B) Magnified 

SEM image of the cross-section of the nanomembrane (scale bar, 200 

nm). (C) More magnified TEM image (cross-sectional view) of the 

assembled NWs fixed in the ultrathin elastomer layer. The elastomer 

wedge in between NWs is marked by a yellow arrow (scale bar, 20 nm). 

(D) A schematic illustration of the nanomembrane cross-section that 

describes its detailed structure and dimensions. 
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Figure 2.11. Strain-stress curves of the nanomembrane and a strain-stress 

curve of the bare elastomer membrane. The bare elastomer membrane 

was prepared by etching NWs from the nanomembrane. The 

nanomembrane can be stretched either in the parallel (up to 425%) or 

vertical (up to 540%) direction to the direction of aligned NWs. Its 

elongation in the vertical direction is almost comparable to that of the 

bare elastomer membrane (up to 570%). 
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Figure 2.12. SEM images that show each state of the nanomembrane (A 

to C, scale bar, 2 μm; D to F, scale bar, 100 nm). The elastomer thickness 

in between NWs (yellow) and that under the NW (sky blue) are indicated. 

The dotted line in cross-sectional SEM images shows the interface 

between SEBS and a handling wafer. Platinum (Pt) is deposited on top 

to protect NWs during ion milling. 
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Figure 2.13. High-resolution patterning of the nanomembrane using 

photolithography. Schematic illustrations of the patterning process. 
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Figure 2.14. SEM image of a nanomembrane with a 20 m line-and-

space pattern (scale bar, 100 μm). An inset shows a magnified view (scale 

bar, 20 μm). 
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Figure 2.15. Electrical performance of the patterned nanomembrane after 

cold welding. Schematic illustrations (cross-sectional view) and TEM 

images (top view and cross-sectional view (inset)) (A) before and (B) 

after cold welding (scale bar, 100 nm; inset scale bar, 20 nm). (C) 

Conductivity enhancement after cold welding. Parallel and Vertical 

indicate the measurement direction against the direction of NWs (n = 5, 

mean ± s.d.). (D) Normalized resistance under applied strains. Solid lines 

are for a nanomembrane on an elastic substrate, and dotted lines are for 

a free-standing nanomembrane without a substrate. A red dotted line 

indicates the point where mechanical failure of the substrate occurs. 
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Figure 2.16. Schematic illustrations that show the cold welding process 

in the macroscopic tilted view (top) and the magnified cross-sectional 

view (bottom). (A) The surface of NWs is covered by PVP ligands. (B) 

When the nanomembrane is treated with the salty water, salt ions such 

as sodium and chlorine ions (Na+ and Cl-) detach PVP from the surface 

of NWs. (C) Subsequent evaporation of water induces a capillary force 

between NWs, which causes the cold welding of adjacent NWs. (D) 

Finally, NWs are connected to each other. 
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Figure 2.17. SEM observation of NWs in the nanomembrane under 

strains (before cold welding). (A) SEM image of the nanomembrane 

under a strain of 200% (top view; scale bar, 100 μm). (B and C) SEM 

image of the nanomembrane under a strain of (B) 200% and (C) 400% 

(cross-sectional view; scale bars, 500 nm). Without the cold welding, 

NWs are disconnected by stretching. (D to F) SEM observation of NWs 

in the nanomembrane under strains (after cold welding). (D) SEM image 

of the nanomembrane under a strain of 200% (top view; scale bar, 100 

μm). (E and F) SEM image of the nanomembrane under a strain of (E) 

200% and (F) 400% (cross-sectional view; scale bars, 500 nm). 
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Figure 2.18. Performance improvement after aligned stacking of two 

nanomembranes. (A) Schematic illustrations of two stacked 

nanomembranes. (B) Conductivity of the stacked nanomembrane 

depending on measurement directions (n = 5). (C) Normalized resistance 

under applied strains for two stretching directions on an elastic substrate. 
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Figure 2.19. Removal of directionality in conductance after 

perpendicular stacking. (A) Schematic illustrations of two stacked 

nanomembranes. (B) Conductivity of the stacked nanomembrane, 

compared with conductivity of a single-layer nanomembrane depending 

on measurement directions (n = 5). (C) Normalized resistance under 

applied strains measured in various stretching directions on an elastic 

substrate. 
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2.4 Conclusion 

Intrinsically stretchable conductors are a vital component for the skin 

electronics. Among various material candidates for such conductors, 

elastic nanocomposites with metal nanomaterials have been considered 

as one of the most promising materials. However, nanocomposites 

fabricated by conventional methods are still confronted with several 

limitations such as over-thickness, unsatisfactory conductivity, 

insufficient stretchability, and difficult patterning. Therefore, a novel 

stretchable conductor that can overcome all such limitations has been 

requested for the advances of skin electronics. 

In this study, we present a new afloat assembly method of metal 

nanomaterials in an elastomeric solution for the fabrication of an 

extremely conductive, elastic, and ultrathin nanomembrane. Such 

extreme material properties are attributed to its unique cross-sectional 

structure, in which a monolayer of compactly-assembled nanomaterials 

is partially embedded in an ultrathin elastomer membrane. 

The elastomer membrane efficiently distributes applied strain, 

allowing the nanomembrane to have comparable elasticity to the bare 
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elastomer membrane despite the high nanomaterial content (>80 wt%). 

Contacts between partially-embedded nanomaterials can be reinforced 

through cold welding, and stacking of two layers of nanomembranes 

improves electrical properties further, which leads to a conductivity of 

over 100,000 S/cm. Furthermore, a reasonably high conductivity of 

about 30,000 S/cm can be maintained even under over 1,000% stretching. 

Photolithography can be applied to the partially-embedded 

nanomaterials in the nanomembrane, enabling its high-resolution 

patterning. We used the photo-patterned nanomembranes to fabricate a 

multifunctional skin-mounted sensor array comprised of four different 

sensor array layers (i.e., electrophysiology, temperature, strain, and 

humidity sensor array). We believe that the nanomembrane reported in 

this work is expected to serve as a new material platform for the next 

generation epidermal electronics. 
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Chapter 3 Introduction: Stretchable and conductive 

electrodes for biomedical applications 

3.1 Introduction 

The new opportunities in personalized healthcare and mobile 

electronics has been brought up with the monolithic integration of 

electronic devices with human skin3.1-3.3. Skin electronics have been 

developed to maximize the performance of the electronics interfacing 

with soft curvilinear human skin3.4-3.6. Mechanical properties of devices 

used on skin are supposed to be comparable to those of skin tissues3.7,3.8, 

and thus conformal contact between the device and skin could be 

achieved3.9,3.10. Stretchable conductor is one of the most important device 

components in The skin electronics3.11,3.12. Including the high 

conductivity and stretchability of the stretchable conductor3.13, 

imperceptible variation of conductance under skin deformations is the 

essential prerequisite for stable and efficient transmission of electrical 

signals and/or feedback stimulation signals3.14,3.15. 

There are various types of intrinsically stretchable conductors, such as 

conducting polymers with additives3.16,3.17, cracked gold films on 
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elastomers3.18,3.19, and liquid metal encapsulated in stretchable 

microfluidic channels3.20,3.21. Conducting polymers doped with ionic 

liquids exhibit excellent electrochemical properties but have relatively 

low conductivity3.22. Cracked gold films on elastomers like PDMS have 

high conductivity of metal, but they show large variations of the 

conductance under mechanical deformations3.23. The significantly 

improved electrical performance and stability of the stretchable 

conductors based on liquid metal3.24,3.25 has been demonstrate on recent 

studies, but they have some problems to overcome like easy 

encapsulation or film skin contact of the liquid-state metal. 

Stretchable metallic nanocomposites are one of the promising for of 

the intrinsically stretchable conductor3.26,3.27. By assembling or mixing 

various metal nanomaterials and elastomers, it can be readily fabricated. 

Among various metal candidates, silver nanomaterials are widely used 

as filler materials as silver has the highest intrinsic conductivity and 

silver nanomaterials can be synthesized as various nanostructures in a 

large scale3.28-3.32. Thermoplastic block-copolymers have been widely 

used for the elastomeric matrix3.33,3.34 since their facile solution 

processing allows high weight fraction of metal nanomaterials and 
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therefore enables high electrical performance of the nanocomposite. 

Although nanocomposites with high conductivity and stretchability have 

been reported3.35, the large variation of resistance under external strains 

remains as a problem to overcome. Therefore, the intrinsically 

stretchable conductor that features both high conductivity and small 

resistance variation, especially in its solid state, is still an 

unaccomplished goal.  

Here, we present a material strategy for the stretchable nanocomposite 

with high conductivity whose resistance is unchanged under external 

strains induced by skin deformations (< 50%). The nanocomposite is 

composed of viscoelastic block-copolymer and a combination of 

0D/1D/2D Ag nanomaterials whose surface is conjugated with 1-

decanethiol. We optimized the compositions of the nanocomposite 

whose resistance is the least changed by external strains. Consequently, 

the resistance of the nanocomposite with an initial conductivity of about 

31,000 S/cm could be retained with below 1% variance during 1000 

stretching cycles under uniaxial and biaxial strains up to 50%. 
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3.2 Experimental Section 

Preparation of materials 

Solvents such as ethylene glycol, toluene, and ethanol were purchased 

from Samchun Chemicals. Elastomers such as poly(styrene-ethylene-

butylene-styrene) (SEBS, H1221 Asahi Kasei), poly(styrene-isoprene-

styrene) (SIS, D1111K Kraton, styrene 22 wt%), poly(styrene-butylene-

styrene) (SBS, KTR 103 Kumho Chemicals), poly(styrene-isoprene-

butylene-styrene) (SIBS, D1171P Kraton), and polyester-based 

thermoplastic polyurethane (TPU, K-596A Kolon) were supplied by the 

stated companies. Other chemicals including various thiols were 

purchased from Sigma Aldrich unless otherwise noted. Metal 

nanomaterials except Ag flakes (i.e., Ag NWs, Ag NPs, Ag-Au NWs, Au 

NSs, and Au NPs) were synthesized as described below. Ag flakes were 

purchased from Alfa Aesar. 

 

Synthesis of metal nanomaterials 

Silver nanowires (Ag NWs) 

Ag NWs were synthesized according to the previously-reported 
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method3.5. The synthesized Ag NWs were washed with ethanol several 

times and dispersed in ethanol.  

 

Surface modification (ligand exchange) 

150 mg of Ag (or Au) nanomaterials were dispersed in 80 ml 

chloroform, and 1 ml thiol of interest was added. The solution was stirred 

at room temperature for a week. Then, the nanomaterials were washed 

with chloroform for 3 times and a mixture of ethanol and toluene for 2 

times. After the ligand modification, the quantity of ligands was 

measured using TGA (Discovery TGA, TA instrument, USA). 

 

Preparation of the nanocomposites 

The ligand-modified nanomaterials were mixed with block-

copolymers in the solvent comprising 200 µl ethanol and 2 ml toluene 

for the uniaxial strain test or with block-copolymers in the solvent 

comprising 480 µl ethanol and 4.8 ml toluene for the biaxial strain test. 

Then, these two solutions were poured into two Teflon molds, 

respectively. Subsequently, the solutions were dried in a humid condition 
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(over 60% humidity) at room temperature to obtain nanocomposite films. 

 

Material characterization 

SEM images were acquired using Field-Emission Scanning Electron 

Microscopes (SUPRA 55VP, Carl Zeiss, Germany and S-3400N, Hitachi, 

Japan). To observe the nanocomposite while stretching it inside the SEM 

equipment, an in-situ tensile stage (MICROTEST 2KN Tensile stage, 

DEBEN, UK) was used. 

 

Measurement of conductivity 

Conductivity is calculated by using the following equation, 

conductivity (σ) = 1 / resistivity (ρ); ρ = thickness × sheet resistance3.38. 

The sheet resistance was measured using a custom-made 4-point probe 

(probe: LS system, Korea; instrument: keithley 2400, Tektronix, USA), 

while the thickness was measured by using SEM (S-3400N, Hitachi, 

Japan). To prepare a sample with a clean cross-section for SEM imaging, 

the nanocomposite film was put in liquid nitrogen for 5 secs and 

mechanically broken. 
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Measurement of resistance change 

For the measurement of the resistance change under uniaxial or biaxial 

strains, the nanocomposite film was cut as a rectangular shape. Each end 

of the rectangular nanocomposite film was connected to copper wires 

using a silver paste. Then, the sample was transferred onto a VHB film 

(VHBTM, 3M), which was mounted on the uniaxial tensile stage (Jaeil 

Optical System, Korea) or the biaxial tensile stage (Namil Optical 

Instruments, Korea). The resistance was measured using a sourcemeter 

(Keithly 2450) while the nanocomposite on the VHB film was stretched 

by the tensile stage. The initial resistance and the resistance at 50% strain 

were acquired for calculating the resistance variations. For the cyclic 

tests, the resistance change was measured using a probe station (B1500A, 

Keysight, USA). 
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3.3 Result and Discussion 

The nanocomposite was prepared by drying solvent from the solution 

that consists of Ag nanomaterials and elastic block-copolymer matrix 

(Figure 3.1). The surface of Ag nanomaterials is conjugated with ligands, 

which facilitate the dispersion of nanomaterials in the media. 

As-synthesized Ag NWs typically have polyvinylpyrrolidone (PVP) 

ligands on their surface. The ligand exchange with thiol was confirmed 

by thermogravimetric analysis (TGA) and contact angle measurement. 

When PVP is exchanged with different thiols, the types and lengths of 

thiols affect the stretchability of the nanocomposite (Figure 3.2). We 

chose 1-decanethiol as an optimum ligand for achieving both high 

stretchability and high conductivity, and it was used for the model 

nanocomposite (Figure 3.3). 

We compared the model nanocomposite (Ag NWs with 1-decanethiol 

in SEBS) to the control case (Ag NWs with PVP in SEBS). In the control 

experiment (Ag NWs with PVP in SEBS), cracks are easily generated in 

Ag NWs even under small applied strains (Figure 3.4; spaces indicated 

by yellow lines are increased when the strain increased from 10% to 
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20%). When the strain increases to 30%, mechanical fractures are 

generated in the nanocomposite. 

The distance between hard domains of the polymer near Ag NWs are 

increased from ~ 40 nm to ~ 110 nm after 200% stretching3.36. The 

elongation of the polymer matrix did not cause any cracks in nearby Ag 

NWs. 

The facile migration of the surface-modified Ag nanomaterials in the 

block-copolymer matrix enables their adaptive self-organization under 

external strains. A uniaxial strain applied to the nanocomposite induces 

tensile and compressive stress parallel and perpendicular to the direction 

of the external strain, respectively (Figure 3.5). The compressive stress 

is caused by the Poisson effect, typically found in soft materials3.37. SEM 

images of Ag NWs show their migration and alignment with the 

stretching direction (Figure 3.7). In the case of 2D Ag flakes, they rotate 

and reorient inside the polymer by the strain (Figure 3.8). More SEM 

images of Ag flakes show the adaptive rearrangement of their 

configuration along the strain direction (Figure 3.9). 

Such strain-induced self-organizations of Ag nanomaterials are also 
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observed in the nanocomposites based on other elastic block-copolymers 

such as poly(styrene-isoprene-styrene) (SIS), poly(styrene-butadiene-

styrene) (SBS), thermoplastic polyurethane (TPU), and poly(styrene-

isobutylene-styrene) (SIBS) (Figure 3.10). Furthermore, similar self-

organization behaviors are observed in other types of metal 

nanomaterials such as 0D gold nanoparticles (Au NPs), 1D Ag-Au core-

shell NWs, and 2D Au nanosheets (Au NSs) (Figure 3.11). 

Without the surface modification (i.e., with PVP ligand), however, the 

aforementioned self-organizations of Ag nanomaterials are not observed 

(Figure 3.12). Cracks are generated and the percolation network of Ag 

nanomaterials is broken. 

Responsive self-organizations of the Ag nanomaterials under biaxial 

strains can be used to fabricate a nanocomposite whose resistance is 

insensitive to biaxial strains (Figure 3.13). We prepared the 

nanocomposites using the various combinations of Ag nanomaterials and 

measured the relative resistance change under various conditions of x-

directional strains (X-strains) and y-directional strains (Y-strains) 

(Figure 3.14). We found that having the amount of flakes smaller than 

that of Ag NPs is beneficial to minimizing the resistance variation under 
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biaxial strains (Figure 3.15). For example, the nanocomposite 

comprising 40 wt% Ag NWs, 30 wt% Ag NPs, 10 wt% Ag flakes, and 

20 wt% SEBS show the small resistance variation of < ~ 0.4% and the 

high conductivity of > ~ 31,000 S/cm under all conditions of biaxial 

strains (Figure 3.16). The auxiliary percolation networks formed by Ag 

NPs and Ag flakes contribute to maintaining the main percolation 

networks formed by Ag NWs (Figure 3.14). The nanocomposite exhibits 

stable resistance (variation of < 1%) under 1000 cycles of various biaxial 

strain conditions ((X-strain, Y-strain) = (5%, 45%), (15%, 35%), or (25%, 

25%)) (Figure 3.16). 
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Figure 3.1. Migration of Ag NWs modified with 1-decanethiol in the 

viscoelastic block-copolymer matrix under external strain. a) Schematic 

illustrations and an optical image that show the fabrication and 

composition of the nanocomposite. The prepared nanocomposite 

solution composed of Ag nanomaterials such as Ag NWs and elastic 

block-copolymer such as SEBS is dried in a mold at room temperature 

for the fabrication of the nanocomposite film. 
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Figure 3.2. Electrical and mechanical performance of the 

nanocomposites depending on the types of ligands on Ag NWs. a) 

Relative resistance change of nanocomposites with various thiol ligands 

under uniaxial strains. The nanocomposite with 1-decanethiol shows the 

highest stretchability. b) Table for the full names and structural formulas 

of the thiol ligands used for the nanocomposites in a). 
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Figure 3.3. Electrical and mechanical performance of the 

nanocomposites depending on the length of the hydrocarbon chains of 1-

alkanethiols (carbon numbers of 1-alkanetiols: 3, 6, 10, and 18). Relative 

resistance change of the nanocomposites under (a) uniaxial strains and 

(b) initial conductivity of the nanocomposites with four types of 1-

alkanethiols. All nanocomposites contain 80 wt% Ag NWs. 
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Figure 3.4. SEM images that show the nanocomposite before and after 

stretching. a) SEM images that show the nanocomposite before 

stretching. The bright sphere-like regions correspond to hard regions 

while the dark regions correspond to soft regions of SEBS. Before 

stretching, the distance between hard regions is ~ 40 nm. Scale bars, 200 

nm (left) and 100 nm (middle and right). b) SEM images that show the 

nanocomposite after 200% stretching. After stretching, the distance 

between hard regions becomes ~ 110 nm. Scale bars, 200 nm (left) and 

100 nm (middle and right). 
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Figure 3.5. Adaptive self-organization of Ag nanomaterials inside the 

viscoelastic media in response to the uniaxial strain. a) Schematic 

illustrations that show stresses induced on the nanocomposite under 

uniaxial strain. b-d) Schematic illustrations that show the adaptive self-

organization of (b) Ag NPs, (c) Ag NWs, and (d) Ag flakes with 1-

decanthiol in SEBS under uniaxial strain. 
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Figure 3.6. SEM images that show the nanocomposites comprising (a) 

Ag NPs and (b) Ag NWs before stretching (left) and after 200% 

stretching (right). After stretching, the adaptive self-organizations of the 

Ag nanomaterials are observed. Scale bars, (a) 500 nm, (b) 5 μm. 
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Figure 3.7. Adaptive self-organization of Ag NWs with 1-decanethiol in 

SEBS under uniaxial strains. a) Schematic illustrations that show the 

self-organization of Ag NWs with 1-decanethiol in the viscoelastic SEBS 

matrix under applied strains. b) SEM images that show the self-

organization of Ag NWs in the viscoelastic matrix under applied strains 

of 50% and 100%. The red dotted arrow indicates the stretching direction, 

and other colored arrows indicate the aligned directions of the Ag NWs. 

All scale bars, 20 μm. 
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Figure 3.8. SEM images that show the nanocomposites comprising Ag 

flakes before stretching (left) and after 200% stretching (right). After 

stretching, the adaptive self-organizations of the Ag nanomaterials are 

observed. Scale bars, 2 μm. 
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Figure 3.9. Adaptive self-organization of Ag flakes with 1-decanethiol in 

SEBS under uniaxial strains. a) Schematic illustrations that show the 

self-organization of Ag flakes with 1-decanethiol in the viscoelastic 

SEBS matrix under the external strains. b) SEM images that show the 

self-organization of Ag flakes in the viscoelastic matrix under applied 

strains of 50% and 100%. Red and blue boxed regions in the top row are 

magnified in the middle and bottom row. Circles highlight the self-

organization of Ag flakes as the uniaxial strain increases. All scale bars, 

10 μm. 
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Figure 3.10. Adaptive self-organization of Ag NWs with 1-decanethiol 

in the nanocomposites based on different types of block-copolymers 

under uniaxial strain. a-d) SEM images of nanocomposites fabricated 

using (a) SIS, (b) SBS, (c) TPU, and (d) SIBS before (left) and after (right) 

200% stretching. All scale bars, 50 μm. 
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Figure 3.11. Adaptive self-organization of Au nanomaterials in the 

nanocomposites under uniaxial strain. a-c) SEM images of the 

nanocomposites fabricated using (a) Au NPs, (b) Ag-Au core-shell NWs, 

(c) Au nanosheets (Au NSs) before (left two columns) and after (right 

two columns) 200% stretching. 1-decanthiol ligand and SEBS were used 

for the nanocomposites. Red boxed regions in the first and third column 

are shown in the magnified view in the second and fourth column. Scale 

bars, (a) 1 μm, (b) 10 μm and (c) 10 μm. 
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Figure 3.12. Behavior of Ag nanomaterials without the surface 

modification in the SEBS matrix under uniaxial strains. a) Schematic 

illustration that shows the stresses on the nanocomposite under a uniaxial 

strain. b-d) Schematic illustrations that show the behaviors of the 

nanomaterials without the surface modification for (b) Ag NPs, (c) Ag 

NWs, and (d) Ag flakes. e-g) SEM images that show the nanocomposites 

composed of (e) Ag NPs, (f) Ag NWs, and (g) Ag flakes, without the 

surface modification, before (left) and after (right) 200% stretching. 

Cracks in Ag NWs (left bottom inset of the rightmost frame of (f)) were 

observed. Scale bars, (e) 2 μm, (f) 40 μm, (inset) 5 μm, and (g) 2 μm. 
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Figure 3.13. Strain-insensitive resistance of the nanocomposite under 

biaxial strains. Schematic illustrations that show the percolation 

networks inside the nanocomposite constructed from various Ag 

nanomaterials before and after biaxial stretching. 

  



１０３ 

 

 

Figure 3.14. Graphs of strain-insensitive resistance of the nanocomposite 

under biaxial strains. a) Relative resistance changes of the 

nanocomposites with various compositions of Ag NPs and Ag flakes 

under various biaxial strains. F, NP, and NW denote the weight fraction 

of Ag flake, Ag NP, and Ag NW, respectively. X and Y denote the applied 

strain in x- and y-direction, respectively. b) Relative resistance changes 

of the nanocomposite comprising 40 wt% Ag NWs, 30 wt% Ag NPs, 10 

wt% Ag flakes, and 20 wt% SEBS under various biaxial strains. c) 

Conductivity of the nanocomposites with various weight fractions of Ag 

NPs and Ag flakes. 
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Figure 3.15. SEM images that show the nanocomposite comprising 40 

wt% Ag NWs, 30 wt% Ag NPs, 10 wt% Ag flakes, and 20 wt% SEBS 

before and after biaxial stretching. Scale bars, 5 μm (left), 2 μm (middle), 

and 1 μm (right). 
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Figure 3.16. Relative resistance changes of the nanocomposite during 

1000 cycles of stretching with various biaxial strains. 
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3.4 Conclusion 

We presented a material strategy for the strain-insensitive nanocomposite 

under skin deformations. Designed for high-performance skin 

electronics, the nanocomposites comprise Ag nanomaterials and block-

copolymer elastomers. When the surface of Ag nanomaterials is treated 

with 1-decanethiol, the Ag nanomaterials exhibit adaptive self-

organization behavior inside the elastic block-copolymer matrix in 

response to uniaxial and/or biaxial strains. The combination of surface-

modified nanomaterials of various dimensions could maintain their 

percolation networks under various strains applied to the nanocomposite, 

and thus the extremely stable electrical performance (i.e., resistance 

variation of < 1%) under skin deformations (< 50% strains) could be 

achieved. Such a unique property was demonstrated via a skin-mounted 

strain-sensing device with a strain-sensitive sensing element and strain-

insensitive interconnections, which could measure strain changes only at 

the desired location of the finger while irresponsive to other mechanical 

deformations. 
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Chapter 4 Introduction: Stretchable and conductive 

electrodes for biomedical applications 

4.1 Introduction 

Since noble metals are biocompatible and have reliable performance 

in biological environments, they have been used as electrodes in 

biomedical devices4.1-4.3. However, due to the  intrinsic difference in the 

mechanical properties between soft biological tissues and rigid noble-

metal bioelectrodes, practical applications of the bioelectrodes have been 

a challenging goal to achieve4.4,4.5. For example, the mismatch of 

mechanical property can continuously cause stress to a target tissue and 

disrupt the formation of intimate contact between the electrode and the 

tissue, which results in inflammatory responses4.6-4.8 and inferior signal 

derivery through the electrode4.9,4.10. 

To solve these problems, stretchable bioelectrodes based on soft 

conductive nanocomposites have been developed4.11-4.13. Their 

mechanical properties are intrinsically stretchable and deformable in 

response to the motions of substrates, thus creating a conformal contacts 

between the electrode and the tissue4.14,4.15 while keeping high electrical 
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conductivity under repetitive mechanical stresses4.16,4.17. Within various 

material candidates for stretchable electrodes, metal nanomaterials 

dispersed in elastomeric matrix have shown promising results4.18-4.20, 

such as exceptional electrical performance4.21 and superior mechanical 

stretchability4.22, showing their potential usage as stretchable 

bioelectrodes4.23,4.24. 

Desirable metal nanomaterials have to follow specific features. First, 

materials composing the nanomaterials have to be noble metals such as 

gold4.25 and platinum to guarantee biocompatibility in long-term4.26. 

Noble metals are stable in biochemical reactions under in vivo conditions, 

thereby allowing a well-confined interface between the electrode and the 

tissue in a long-term4.27. Though silver nanowires (AgNWs) have shown 

high electrical performance in stretchable electrodes4.28,4.29, cytotoxicity 

of silver hinders their long-term in vivo applications4.30. Second, the 

nanomaterials should have a low percolation threshold. At the same filler 

fraction, a stretchable electrode fabricate with a conductive filler with 

lower percolation threshold exhibits higher electrical performance than 

a stretchable electrode fabricated with a conductive filler with a higher 

percolation threshold4.31,4.32. This explains why stretchable 
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nanocomposite electrodes fabricated from noble metal nanomaterials 

with high percolation thresholds, such as gold nanoparticles (AuNPs) 

and gold nanosheets (AuNSs)4.33, usually exhibit only modest electrical 

conductivity. Third, the dimensions of nanomaterials have to be larger 

than the electron mean free path for electrical conductivity. Intrinsic 

conductivity of a nanomaterial is decreased when its dimension is 

smaller than the electron mean free path of the material4.34. For instance, 

the percolation threshold of thin AuNWs would be very low as can be 

expected from their high aspect ratios. However, their intrinsic 

conductivity is too low to be used in a stretchable bioelectrode because 

of their typical diameters (< 30 nm)4.35,4.36 smaller than the mean free 

path of the electrons in gold (37.7 nm)4.37. Lastly, a facile and large-scale 

synthesis method should be available to afford the use of the 

nanomaterial for fabricating the bioelectrode4.38. 

In this study, we present a facile and scalable synthetic method for 

highly branched gold nanosheets (hB-AuNSs) that meet all the above 

requirements for a desirable nanomaterial for stretchable bio-electrodes. 

They consist of noble metal (i.e., gold and platinum), have a low 

percolation threshold, exhibit dimensions larger than the electron mean 
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free path, and can be synthesized in a large scale via a simple process. 

To confirm such ideal characteristics of hB-AuNSs, we fabricated a 

stretchable bioelectrode with a nanocomposite composed of hB-AuNSs 

and medical-grade thermoplastic polyurethane (TPU). By decorate hB-

AuNSs coated with a platinum shell (hB-AuNSs@Pt) to the electrode 

surface, the charge storage capacity of the electrode reached 83 mC/cm2 

and the impedance decreased by about 30 times. The in vivo utility of 

the stretchable bioelectrode was examined through animal experiments, 

where electrophysiological recording and electrical stimulation was 

successfully demonstrated. 
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4.2 Experimental Section 

Synthesis 

Synthesis of hB-AuNSs 

25.7 mmol cetyltrimethylammonium bromide (Acros Organics, 

product number: 227165000), 1.2 mmol sodium dodecyl sulfate (Sigma 

Aldrich, product number: 436143), 1 mmol sodium 

dodecylbenzenesulfonate (Sigma Aldrich, product number: 289957), 5.1 

ml of 20 wt% poly(diallyldimethylammonium chloride) solution (Sigma 

Aldrich, product number: 409014), and 1.6 mmol hydrogen 

tetrachloroaurate(III) hydrate (Strem Chemicals INC., product number: 

79-0500) were dissolved in 700 ml of deionized (DI) water. Then, 30 ml 

of 0.45 M ascorbic acid (Sigma Aldrich, product number: A92902) 

solution was added to the aqueous solution. The reaction volume can be 

adjusted while maintaining the concentrations of the chemicals. The 

reaction solution was kept undisturbed for 24 hours at room temperature. 

Products were washed several times with DI water and ethanol (Samchun 

Chemicals, product number: A0098). The as-synthesized hB-AuNSs 

were dispersed in ethanol. For the ligand exchange, 1 ml of 1-octanethiol 
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(Sigma Aldrich, product number: 471836) was added to 20 ml of hB-

AuNS solution that contains 200 mg of hB-AuNSs. The solution was 

briefly sonicated to disperse the agglomerated hB-AuNSs and vigorously 

shaken for 24 hours. The ligand-exchanged hB-AuNSs were thoroughly 

washed with ethanol. The final form of hB-AuNSs was dispersed in 

either toluene (Samchun Chemicals, product number: T0499) for the 

fabrication of PNCs or THF (Samchun Chemicals, product number: 

T0140) for the fabrication of TNCs.  

 

Synthesis of hB-AuNSs@Pt 

To disperse hB-AuNSs in water, the ligands of the as-synthesized hB-

AuNSs were exchanged to zwitterionic (ZW) ligand which was 

synthesized by the previously reported method43. 100 mg of ZW ligands 

were mixed with 100 mg of hB-AuNSs in 40 ml of water. After mild 

sonication, hB-AuNSs were properly dispersed in the solution. 5 ml of 5 

mM sodium borohydride (Sigma Aldrich, product number: 452882) 

solution was added, and the solution was shaken for 2 hours. The ZW 

ligand-conjugated hB-AuNSs were washed several times with DI water 
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and dispersed in DI water. Then, a reaction solution which contains 5 mg 

of ZW ligand conjugated hB-AuNSs, 120 mg of polyvinylpyrrolidone 

(Mw 40k, Sigma Aldrich, product number PVP40), 10 mg of potassium 

tetrachloroplatinate(II) (Sigma Aldrich, product number: 206075) and 9 

ml of DI water was prepared. 1 ml of 82 mM ascorbic acid solution was 

added to the reaction solution. The solution was heated to 40 °C and 

stirred at 200 rpm. The reaction was continued for 4 hours. hB-

AuNSs@Pt were washed with ethanol and dispersed in THF. 

 

Synthesis of AuNSs 

We synthesized AuNSs using a previously reported method with some 

modifications4.44. A reaction solution which contains 30 mg of L-arginine 

(Sigma Aldrich, product number: A5006) and 210 ml of water was 

heated to the boiling temperature. Then, 3 ml of 0.25 M hydrogen 

tetrachloroaurate(III) hydrate solution was injected into the solution. The 

reaction continued for 2 hours. AuNSs were washed with ethanol. For 

the ligand exchange, 1 ml of 1-octanethiol was injected into the solution 

which contains 50 ml of ethanol and 100 mg of AuNSs, and stirred for 2 
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days. The ligand-exchanged AuNSs were washed with ethanol several 

times. 

 

Synthesis of AuNPs 

We synthesized AuNPs using a previously reported method with some 

modifications4.12. A reaction solution which contains 400 mg of 

polyvinylpyrrolidone (Mw 40k) and 100 ml of water was heated to 80 °C 

in an oil bath and stirred at 300 rpm. When the temperature of the 

solution reached 80 °C, 5 ml of 0.57 M ascorbic acid solution and 25 ml 

of 60 mM tetrachloroaurate(III) hydrate solution were injected in to the 

solution one after another. The reaction continued for 2 hours in the oil 

bath. The as-synthesized AuNPs were washed several times with ethanol. 

The ligand exchange was conducted in the same manner as AuNSs. 

 

Fabrication of PNCs 

PNCs were prepared by using a previously reported method with some 

modifications4.45. Composite solutions of the gold nanomaterials (i.e., 

hB-AuNSs, AuNSs, or AuNPs), polystyrene (Mw 35k, Sigma Aldrich, 
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product number: 331651) and toluene were rapidly injected into a large 

amount of methanol (Samchun Chemicals, product number: M0588) and 

vigorously stirred. Precipitated products were retrieved and dried in a 

vacuum oven. The dried products were pressed under 10 MPa at 100 °C 

to make a thin film for the measurement of the electrical conductivity.  

 

Characterization of electrical properties of PNCs 

The sheet resistance of PNCs was measured using a four-point probe 

with a Keithly 2450 Source Meter. The thickness of PNCs was measured 

with field-emission scanning electron microscope (FE-SEM; JEOL Ltd, 

JSM-7800F Prime) installed at the National Center for Inter-university 

Research Facilities (NCIRF) at Seoul National University. 

Thermogravimetric analysis (TGA; Ta Instruments, SDT Q600) was 

conducted to calculate the volume fractions of the gold nanomaterials in 

the PNCs. 

 

Fabrication of TNCs and TNCs@Pt 

Composite solutions of the gold nanomaterials (i.e., hB-AuNSs or 
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AuNSs), medical-grade thermoplastic polyurethane (Lubrizol, Product 

name: TPU SG-80A), and THF were prepared and dried in a 

polydimethylsiloxane mould. The volume fractions of the gold 

nanomaterials in the TNCs were calculated from the TGA results. To 

further fabricate TNCs@Pt, another solution containing hB-AuNSs@Pt, 

TPU, and THF was prepared with an hB-AuNSs@Pt to TPU weight ratio 

of 78:22. This solution was directly poured onto the hB-AuNS-TNCs 

(5.7 vol.%) before being removed from the mould. TNCs and TNCs@Pt 

were patterned afterwards using a laser cutting machine (Universal Laser 

Systems, VLS 2.30) for electrochemical property measurements and in 

vivo experiments. 

 

Characterization of electrical properties of TNCs 

The sheet resistances of TNCs were measured with a four-point probe 

method. The thicknesses of TNCs were measured using a surface profiler 

(Bruker, DektakXT). The electrical conductivities were calculated by 

using the sheet resistances and the thicknesses. The conductivity changes 

were measured with the TNCs placed on VHB films (3M, product name: 
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VHB Tape 4910 Clear). Also, electrochemical impedance spectroscopy 

(EIS) and cyclic voltammetry (CV) were conducted with a 

potentiostat/galvanostat (CH Instruments, CHI660E) in PBS. A platinum 

sheet and Ag/AgCl (3 M potassium chloride solution) were used as 

counter and reference electrodes, respectively. The impedance 

measurement was performed for the frequency range of 1 to 100 kHz, 

with a potential amplitude of 5 mV. CV was measured with a potential 

scan rate of 50 mV/s from -0.6 to 0.8 V. The cathodic charge storage 

capacity (CSCc) was calculated by integrating the cathodic current of the 

cyclic voltammogram. 

 

Cytotoxicity test 

Cytotoxicity was evaluated using the previously reported method with 

a slight modification4.46. A 96-well plate was seeded with 10,000 of L929 

cells per well and cultured for 24 hours. Then, Dulbecco's modified 

Eagle’s medium (DMEM) in the wells was replaced with separately 

prepared DMEM which was obtained by incubating with one of three 

different materials (i.e., hB-AuNSs, hB-AuNSs@Pt, and hB-AuNS-
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TNCs@Pt) at 37 °C for 5 days. Cells in the plate were cultured for 

another 24 hours. 20 μl of 12 mM 3-(4,5-dimethyl-2-thiazolyl)-2,5-

diphenyl-2H-tetrazolium bromide (Sigma Aldrich, product number: 

M2128) was injected into each well and incubated for 4 hours at 37 °C. 

After removing the medium, 200 μl of dimethylsulfoxide (Samchun 

Chemicals, product number: D1138) was injected into each well and the 

absorbance at 540 nm was measured using a 96-well plate reader 

(Perkin-Elmer, Victor X4). 
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4.3 Result and Discussion 

Facile and scalable synthesis of hB-AuNSs 

The large-scale synthesis method is very simple. It does not even 

require any constant stirring or temperature control (Figure 4.1). The 

reaction solution contains a gold precursor, hydrogen 

tetrachloroaurate(III), and four surfactants including 

poly(diallyldimethylammonium chloride) (PDDA), 

cetyltrimethylammonium bromide (CTAB), sodium dodecyl sulfate 

(SDS), and sodium dodecylbenzenesulfonate (SDbS). Due to Au3+ ions, 

the color of the reaction solution is reddish orange. The reddish orange 

color immediately becomes transparent as the Au3+ ions are reduced to 

Au+ when ascorbic acid is added to reduce the gold precursor. The 

reaction solution is left undisturbed at room temperature for 24 hours. 

After 24 hours, the synthesized hB-AuNSs settle down at the bottom of 

the solution.  

An hB-AuNS is composed of a nanosheet-shaped body and dozens of 

long-ribbon-shaped branches. Transmission electron microscopy (TEM) 

images of the hB-AuNS are presented in Figure 4.2. The average 
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diameter of the body is 7.6 μm (Figure 4.3a), and the average length and 

width of the branches are 6.9 μm and 110 nm, respectively (Figure 

4.3b,c). Overall, hB-AuNSs have a planar shape that becomes thicker 

toward the edge. The thicknesses are ~40 nm at the edge of the body and 

at the branches, while the thickness measured at the center of the body is 

about 20 nm. The typical length of the branches of hB-AuNSs is similar 

to the average diameter of the body. 

A large amount of ligands covers the surface of as-synthesized hB-

AuNSs, which can increase the contact resistance4.40 among the hB-

AuNS and hampers their solution dispersibility. Therefore, we changed 

the ligand of the hB-AuNSs with 1-octanethiol to remove the excess 

ligands and to enhance the dispersibility of hB-AuNSs. Consequently, 

the amount of the ligands on the hB-AuNSs was significantly reduced, 

and their dispersion in solution was significantly improved. 

 

Percolation thresholds of the gold nanomaterials 

We prepared three kinds of nanocomposites using polystyrene (PS) 

and each type of gold nanomaterials (i.e., AuNSs and AuNPs) (Figure 
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4.4). A general method for the measurement of the percolation threshold 

which assures the even distribution of the nanomaterials in the 

nanocomposites was used for the fabrication of PS nanocomposites4.41. 

The fabrication process of the nanocomposites is as follows. First, a 

solution composed of PS and the gold nanomaterial is swiftly injected 

into methanol, resulting in the formation of the polystyrene 

nanocomposites (PNCs) in the form of fine powders (Figure 4.6). As the 

powder form is not suited for the measurement of conductivity, the 

composite powders are fabricated into film shapes by adding pressure 

and heat. The film shaped nanocomposites vary in color depending on 

the type of the included nanomaterial: darkish brown for nanocomposites 

of hB-AuNSs and PS (hB-AuNS-PNCs), bright gold-like color for 

AuNS-PNCs, and darkish gold-like color for AuNP-PNCs. The colors of 

the nanocomposite films observed with the naked eye are uniform. The 

uniform distribution of the nanomaterials in the PS matrix was confirmed 

with SEM images (Figure 4.5).  

The volume fraction of the nanomaterials (Vf) was plotted against the 

electrical conductivity of the PNCs to estimate the percolation threshold 

of each gold nanomaterial (Figure 4.7). The percolation threshold of hB-
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AuNSs (1.56 vol.%) is lower than that of AuNSs (2.74 vol.%) and 

AuNPs (5.02 vol.%). The electrical conductivity of hB-AuNS-PNCs is 

91 S/cm at the Vf of 2.13 vol.%, while AuNS-PNCs and AuNPs-PNCs 

are still insulating at this Vf. The presence of numerous branches in hB-

AuNSs grants the effective formation the percolation network, whereas 

AuNPs and AuNSs have less chances to form the network (Figure 4.8).  

 

Electrical performance of the stretchable bioelectrodes 

Although the PNCs are useful for constructing a percolation network 

due to their even distribution of nanomaterials in the composite, they are 

not stretchable. Therefore, we used a biocompatible elastomer (i.e., 

medical-grade TPU) instead of PS to fabricate stretchable bioelectrodes. 

TNCs do not exhibit any cytotoxicity (Figure 4.9). TNCs based on 

AuNPs were not prepared for comparison, since AuNPs have a much 

higher percolation threshold than hB-AuNSs or AuNSs. 

hB-AuNS-TNCs outperform AuNS-TNCs in terms of the electrical 

performance. The conductivities of hB-AuNS-TNCs are higher than 

those of AuNS-TNCs for all the Vf values investigated (Figure 4.10). At 
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a Vf of ~7 vol.%, hB-AuNS-TNCs exhibit a greater stretchability than 

AuNS-TNCs. For instance, the stretchabilities at ~7.9 vol.% are ~200% 

and ~100% for hB-AuNS-TNCs and AuNS-TNCs, respectively. The 

resistance change of hB-AuNS-TNCs under the same external strain is 

also smaller than that of AuNS-TNCs.  
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Figure 4.1. Schematic illustrations of the synthesis of hB-AuNS. 
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Figure 4.2. Morphological characterization of hB-AuNSs. (a-c) TEM 

images of hB-AuNSs showing the overall morphology (a-c, scale bars: 5 

μm). (d-f) Magnified views of the branches and the edge part of the body 

(d, scale bar: 1 μm; e, scale bar: 200 nm). The thickness changes between 

the body and the branches. Insets in e show the cross-sectional TEM 

images of a branch (pink-dotted box, scale bar: 100 nm) and a body (light 

blue-dotted box, scale bar: 100 nm), which show the thicknesses 

(numbers in the images indicate the thicknesses). A magnified view of 

an individual branch (f, scale bar: 100 nm). 
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Figure 4.3. Histogram of the body diameter (a), branch length (b), and 

branch width (c) of hB-AuNSs. 
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Figure 4.4. Morphology and percolation threshold calculation of the gold 

nanomaterials. (a) SEM image (scale bar: 10 m) and cross-sectional 

TEM image (inset; scale bar: 50 nm) of AuNSs. (b) Optical camera 

image of AuNSs dispersed in toluene. (c) TEM image of AuNPs (scale 

bar: 200 nm). (d) Optical camera image of AuNPs dispersed in toluene. 
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Figure 4.5. SEM images of hB-AuNS-PNCs (a, scale bars: 100 μm), 

AuNS-PNCs (b, scale bars: 100 μm), and AuNP-PNCs (c, scale bars: 5 

μm). 
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Figure 4.6. Percolation thresholds of hB-AuNSs, AuNSs, and AuNPs. (a) 

Electrical conductivity against filler volume fraction (Vf) for the 

nanocomposites of the gold nanomaterials and polystyrene (PS). Insets 

show the optical images of the composite powders (top) and the 

compressed composite films (bottom) of hB-AuNSs (pink-dotted box), 

AuNSs (light blue-dotted box), and AuNPs (green-dotted box). Numbers 

in the graph indicate the percolation threshold of each material and scale 

bars in the dotted boxes are 2 mm. 
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Figure 4.7. Percolation threshold (Vf,th: volume fraction at the 

percolation threshold) calculation by fitting the data obtained using hB-

AuNSs (a), AuNSs (b) and AuNPs (c). The fitting and calculation of 

Vf,th were conducted according to the previously reported method.50  

The equation for fitting the graph (dotted line) is “log(σ)=a∙log(Vf-

Vf,th)+b”. The fitting parameters (i.e., a and b) and R2 values are 

indicated in each graph. 

 

  



１４０ 

 

 

Figure 4.8. SEM images of hB-AuNS-PNCs (a, scale bars: 1 μm), AuNS-

PNCs (b, scale bars: 5 μm), and AuNP-PNCs (c, scale bars: 100 nm). 
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Figure 4.9. Cytotoxicity of the gold nanomaterials and the 

nanocomposites. (a) Cell viability test using the MTT assay with L929 

cells. (b-e) Optical microscope images of L929 cells after treating the 

cells with the DMEM prepared by incubating different kinds of materials; 

blank (b), hB-AuNSs (c), hB-AuNSs@Pt (d) and hB-AuNS-TNCs@Pt 

(e). Scale bars are 100 μm. The morphology of the cells remains 

unchanged in all cases, which shows the negligible cytotoxicity of the 

materials. 
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Figure 4.10. Electrical conductivity and stretchability of TNCs. (a) 

Comparison of the electrical conductivity (σ) against filler volume 

fraction (Vf) between hB-AuNS-TNCs (pink) and AuNS-TNCs (light 

blue). The inset in (a) shows magnified view of (d), and the axis units are 

equal to those in (d). (b, c) Relative resistance (the ratio of instantaneous 

resistance to initial resistance; R/R0) changes under tensile strain for hB-

AuNS-TNCs (pink) and AuNS-TNCs (light blue) at relatively high (b) 

and low Vf (c). The legend in (a) applies equally to (b) and (c). 
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4.4 Conclusion 

hB-AuNSs which synthesized by a facile and scalable synthesis 

method exhibit a low percolation threshold and dimensions larger than 

the electron mean free path of gold. Due to the unique morphology of 

hB-AuNSs, they have low percolation threshold. Consequently, the 

stretchable electrodes fabricated with hB-AuNSs and TPU show 

exceptional performance in the perspective of electrical conductivity and 

stretchability compared to those fabricated with other gold nanomaterials. 

Platinum can be coated on the surface of hB-AuNSs, and the produced 

hB-AuNSs@Pt can be decorated on the surface of the hB-AuNS-TNC. 

A greatly reduced impedance and an improved charge storage capacity 

was obtained by the modifications. Such admirable electrical 

performance was successfully demonstrated by animal experiments 

including electrophysiological recording and electrical stimulation in 

vivo. Thus, hB-AuNSs and the materials derived from them offer a 

desirable material platform for the fabrication of stretchable 

bioelectrodes with high performance. 
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국문 초록 

입는 전자기기와 이식용 전자기기를 위한 높은 전기적인 

성능의 늘어나는 나노복합체 전극 

부드러운 생체조직과 단단한 기존의 의료용 전자기기 간의 

물리적인 특성의 차이는 면역반응과 기기의 기능 저하 등의 

다양한 문제를 일으킨다. 이런 문제를 극복하기 위해서 신축성 

전자기술이 개발되고 있다. 신축성 전자기기를 기반으로 

만들어진 의료용 전자기기는 생체조직과 같이 부드럽고 늘일 

수 있다. 의료용 기기에 사용되는 전극은 생체신호를 읽고 

생체조직에 전기자극을 주는 역할을 한다. 금속 나노재료와 

탄성체의 나노합성물은 금속의 전기전도성과 탄성체의 

부드러운 물리적인 성질 둘 다를 가진다. 늘어나는 나노합성물 

전극의 성능은 합성물의 제작방법과 금속나노재료의 종류에 

의해 결정된다. 
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논문의 주제에 대해서 소개를 하는 첫 번째 챕터에서는 

늘어나는 합성 전극에 대한 앞선 연구들에 대해서 소개한다. 

두 번째 챕터에서는 물위에서 조립을 하는 방법을 사용하여 

나노합성물전극을 만드는 방법에 대해서 설명한다. 이 

방법으로 만든 전도성이 있고 늘일 수 있는 나노박막은 

완전히 상이 분리된 구조로 이루어져 있다. 한 면의 

나노박막은 한 방향으로 배열된 나노선으로 이루어져있고, 

다른 면은 얇은 탄성체층으로 이루어져 있다. 이 특별한 

구조에 의해서 나노박막은 굉장히 높은 전기전도도와 

늘어나는정도를 가진다. 나노박막은 빛 감응 패터닝 방법으로 

패턴을 만들 수 있다. 패턴을 만든 여러층의 나노박막을 

쌓음으로써 나는 복합적인 기능을 가지는 입는 전자기기를 

성공적으로 제작하고, 시연하였다. 
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세 번째 쳅터에서 나는 피부의 변형에 따라서 저항이 

변하지 않는 나노합성물을 만드는 방법을 개발하였다. 그 

나노합성물은 은 나노재료와 탄성체로 이루어졌으며, 피부위에 

사용하는 전자기기를 위하여 디자인 되었다. 1-데칸싸이올을 

리간드로 가지고 있는 은 나노재료는 탄성체의 내부에서 한 

방향이나 두 방향의 변형하에서 스스로 정렬이 되는 형상을 

보였다. 다른 종류의 나노재료를 합쳐서 만든 나노합성물은 

다양한 변형 하에서 저항을 일정하게 유지하였다. 

네 번째 쳅터에서 나는 신축성 생체전극을 위한 새로운 금 

나노재료를 합성하였다. 금 나노재료는 간단하고 규모를 쉽게 

키울 수 있는 방법을 통해 합성되었다. 그 나노재료는 낮은 

퍼콜레이션 한계를 가지고 있었고, 크기가 금의 전자 평균 

이동거리보다 컸다. 나는 이 금 나노재료와 폴리우레탄으로 

신축성 나노합성물 전극을 만들었다. 그 신축성 전극은 낮은 
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전도성 충전재 분율에서도 높은 전기적인 성능을 보였다. 

백금을 이 금 나노재료위 위에 코팅하였다. 백금을 코팅한 금 

나노재료로 늘어나는 전극의 표면을 덮어줌으로써 나는 

신축성 전극의 전기화학적 성능을 향상시킬 수 있었다. 

 

주요어: 금속 나노재료, 신축성 전극, 피부위에 사용하는 

전자기술, 생체전극, 신축성 나노합성물 전극 

 

학번: 2017-28721 

 


	Chapter 1.  Introduction: Stretchable and conductive nanocomposite electrodes for biomedical applications
	1.1 Introduction
	1.2 Conductive fillers for stretchable nanocomposite electrodes
	1.2.1 Characteristics of conductive fillers for high performance stretchable electrodes
	1.2.2 Metal nanomaterials for stretchable bioelectrodes

	1.3 Fabrication techniques for stretchable nanocomposite       electrodes
	1.4 Biomedical applications of stretchable electrodes
	1.4.1 Wearable devices
	1.4.2 Implantable devices

	1.5 Dissertation overview
	1.6 References

	Chapter 2. Fabrication of highly conductive and stretchable nanomembrane for skin-electronics
	2.1 Introduction
	2.2 Experimental Section
	2.3 Results and Discussion
	2.4 Conclusion
	2.5 References

	Chapter 3. Ordered organization of nanomaterials in stretchable nanocomposites with strain-insensitive resistance
	3.1 Introduction
	3.2 Experimental Section
	3.3 Results and Discussion
	3.4 Conclusion
	3.5 References

	Chapter 4. Synthesis of highly branched gold nanosheets for stretchable and biocompatible nanocomposite electrodes
	4.1 Introduction
	4.2 Experimental Section
	4.3 Results and Discussion
	4.4 Conclusion
	4.5 References

	Bibliography
	국문 초록 (Abstract in Korean)


<startpage>17
Chapter 1.  Introduction: Stretchable and conductive nanocomposite electrodes for biomedical applications 1
 1.1 Introduction 1
 1.2 Conductive fillers for stretchable nanocomposite electrodes 6
  1.2.1 Characteristics of conductive fillers for high performance stretchable electrodes 9
  1.2.2 Metal nanomaterials for stretchable bioelectrodes 13
 1.3 Fabrication techniques for stretchable nanocomposite       electrodes 17
 1.4 Biomedical applications of stretchable electrodes 22
  1.4.1 Wearable devices 22
  1.4.2 Implantable devices 26
 1.5 Dissertation overview 29
 1.6 References 32
Chapter 2. Fabrication of highly conductive and stretchable nanomembrane for skin-electronics 40
 2.1 Introduction 40
 2.2 Experimental Section 41
 2.3 Results and Discussion 47
 2.4 Conclusion 72
 2.5 References 74
Chapter 3. Ordered organization of nanomaterials in stretchable nanocomposites with strain-insensitive resistance 79
 3.1 Introduction 79
 3.2 Experimental Section 82
 3.3 Results and Discussion 86
 3.4 Conclusion 106
 3.5 References 107
Chapter 4. Synthesis of highly branched gold nanosheets for stretchable and biocompatible nanocomposite electrodes 116
 4.1 Introduction 116
 4.2 Experimental Section 120
 4.3 Results and Discussion 128
 4.4 Conclusion 143
 4.5 References 144
Bibliography 152
국문 초록 (Abstract in Korean) 155
</body>

