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 Recently, flexible and stretchable features have been introduced 

for the use in various devices such as sensor, thin film transistor, 

and organic light-emitting diode. Advance developments in terms of 

materials, device physics, chemistry, and mechanics allow various 

devices to sustain their performance under deformation. But, many 

researches are still required to achieve stretchable electronic 
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devices having high performance. Among the element, it is expected 

that the materials have an important role and lead to high 

performance. 

A carbon nanotube is one of the promising materials for the use in 

the stretchable electronics due to its excellent properties resulted 

from unusual structure of the carbon nanotube. In addition, tunable 

properties using functionalized group on the tube are advantages of 

the carbon nanotube. So, the use of carbon nanotube in stretchable 

electronics has been increased using the excellent properties. 

However, some technical issues such as low dispersion stability, 

scalability, and lower properties than individual carbon nanotube 

remain, which should be solved.  

First, we used an inkjet printer to improve the low scalability. In 

contrast to spin coating or screen printing reported in previous 

paper, the inkjet printing system reduces loss of materials; this is 

advantage for the use of single-walled carbon nanotube that suffers 

from high cost. Instead of the organic solvent having toxicity, the 

single-walled carbon nanotube was dispersed in aqueous solution. 

The low dispersion stability of the single-walled carbon nanotube 

in the aqueous solution was solved using surfactant. The 
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synthesized ink was printed on stretchable substrate. Well-shaped 

film was obtained by controlling substrate temperature, UV ozone 

treatment. To reduce the surfactant used for dispersion stability, 

two post treatments (water rinsing and nitric acid treatment) were 

performed. Significant results of both treatments were confirmed 

from conductivity and structural properties.  

The inkjet-printed single-walled carbon nanotube thin films 

exhibited excellent mechanical properties under deformation. The 

thin films did not lose conductivity in even high tensile strain 

(100%), and the conductivity was maintained in cyclic stretching 

test although little variation of resistance was shown. The specific 

phenomenon was confirmed from microstructure of the thin film, 

which was crack bridging of carbon nanotube. The property was 

demonstrated using a integration with light-emitting diode. 

Response of the single-walled carbon nanotube thin film on the 

external strain could be controlled by structural properties of the 

thin film without loss of durability. Inkjet-printed pre-pattern 

caused cracks on the thin film, which improved the response on the 

external strain. When the conditions of the pre-pattern were 

optimized, the thin film had high sensitivity, durability, linearity. The 
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printed thin films were demonstrated by detecting human motions. 

Strain sensor system consists of stretchable electrode and strain 

sensor were fabricated using tunable response of the inkjet-printed 

single-walled carbon nanotube thin film on the tensile strain. 

 

주요어 : Inkjet-printing, Single-walled carbon nanotube, 

stretchable, strain sensor 

학   번 : 2010-30981 
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Chapter 1  

 

Introduction 

1.1 Motivation  

 Stretchable electronics is one of the hottest research areas in 

electronic applications, and it is evaluated as the promising next-

generation electronics. Many researchers and groups tried to 

improve the stretchable electronics in term of material, device 

physics, chemistry, etc. Among the areas, the material affects the 

direction of the development significantly. A drastic improvement in 

the stretchable electronics is mainly achieved by continuous 

development in the carbon material such as carbon nanotube and 

graphene. And, it has still a lot of potential to improve the 

electronics, even to unpredictable direction; this potential is 

originated from unusual properties of the carbon material. It is 

interesting thing that the researches for the stretchable electronics 
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using the carbon material showing unusual properties have been 

widely investigated in recently. To meet the recent research flow 

and respond the drastic development resulted from the carbon 

material, we should know the fundamental theory of the carbon 

material and recent approaches, and try to use the contents for 

solving some technical issues. In this chapter, it is introduced that 

the properties, application and ink fabrication method of the carbon 

nanotube in this chapter. The information of the carbon nanotube 

reported by other research group provides advantages of the 

processes and disadvantages reducing the properties of carbon 

nanotube. Based on the contents, we choose a synthesis method for 

well-dispersed carbon nanotube in aqueous solution, a fabrication 

method for a formation of carbon nanotube thin film, post 

treatments for improving the carbon nanotube thin film, and 

applications for the carbon nanotube thin film in next chapter. 
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1.2 Carbon nanotube 

There are intense interests for carbon nanotubes in electronic 

applications due to their specific properties, not shown in other 

materials, since it was invented in 1991. [1] The structure of the 

carbon nanotube is a well-rolled graphene plate, and the size of the 

tube is determined by conditions in fabrication process such as 

catalyst or deposition technique. [2],[3] It is noted that graphene 

has excellent electrical properties owing to sp2 bonding of carbon 

atom. The carbon nanotube, rolled graphene plate, has not only 

excellent electrical properties but also specific properties not 

observed in other carbon nanotube materials. [4]-[6] The specific 

properties resulted from unusual molecular structure could be used 

for various applications such as supercapacitor [7],[8], electrode 

application [9],[10], active materials in thin film transistor 

[11],[12], and various sensors. [13]-[15] To obtain good 

application, we should know the background theory and the 

properties of carbon nanotube exactly. And, we should take a 

fabrication method to improve the advantage of carbon nanotube and 

to reduce the disadvantage of the materials.  
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1.3 Properties of carbon nanotube 

1.3.1 Structure of carbon nanotube 

Carbon is 6th in the periodic table of the elements; the extra 

electrons in the subshell are four that are weakly bound electrons in 

the 2s22p2 valence orbital except two strongly bound electrons in 

the 1s2 orbital. The electron occupations in the orbital are mixed 

and changed to improve the binding energy of the carbon atom and 

other atom because the energy gap between 2p energy level and 2s 

energy level is lower than the binding energy of the chemical bonds. 

This is called as spn hybridization; the name of the hybridization is 

determined by the number of 2p electron. In case of graphite, one 

carbon atom has covalent sp2 bonding, mixed by one 2s electron and 

two 2p electrons, with neighboring three carbon atom to planar 

structure and the remained electrons in out-of-plane with weak 

bonding. [16],[17] The specific structure with one carbon atom and 

three carbon atoms bonded around the carbon atom has periodic 

lattice; the structure called by a honeycomb structure is base 

structure of graphene (one-atom-layer thick of graphite). [18] 

The structure of carbon nanotube is the wrapped graphene. The 

wrapping method of the graphene is determined by a pair of indices 
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(n.m); the indices mean unit vector of two directions in honeycomb 

structure of graphene. [19],[20] There are some types of the 

carbon nanotube with different twisted structure. Each carbon 

nanotube is distinguished by some relationship of the indices 

formed by different twisted angle. When a relationship of unit 

vector to the direction of carbon nanotube presents m=0, it called 

zigzag nanotube. When the relationship has n=m, it called armchair 

nanotube. In other cases, the carbon nanotube is called by chiral, 

the angle with a vector for m=0 is called by chiral vector. To 

understand easily, zigzag nanotube has 0° of the chiral vector and 

armchair has 30°. [21]  
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Fig. 1.1 (a) Carbon nanotube has tubular structure which are made 

by connecting A and A’ in a graphene sheet. The structure of 

carbon nanotube and the twisted angle are determined by lattice 

vector ch and θ, respectively. a1 and a2 denote the unit vector of 

the graphene sheet. 

(b) Possible lattice vectors that consists of a pair of indices (n,m). 
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The circled dots and dots mean metallic and semiconducitng 

behavior for each point, respectively. A vector having indices (n,0; 

n is integer) is called by chiral vector, and some structure of carbon 

nanotube is determined by an angle between the chiral vector and 

lattice vector [25] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 16 

 

 

 

 

 

 

 

 

Fig. 1.2 Top and side view of two types of carbon nanotube (a) 

armchair structure, and (b) zigzag structure [26] 

 

 

 



 

 17 

1.3.2 Electrical properties of carbon nanotube 

Carbon nanotubes have been studied for specific electrical 

properties compared to the other carbon-related materials such as 

graphene having small band gap properties. [22],[23] In addition, a 

complex relationship of individual carbon nanotube should be 

considered to comprehend electrical properties of carbon nanotube 

thin film due to conduction mechanism between carbon nanotubes. 

[24] The individual carbon nanotube has two types of electrical 

properties determined by a chiral vector of the individual carbon 

nanotube, and the carbon nanotubes having two different properties 

are coexist in the thin film [25],[26]; it is hard work to consider the 

whole relationship. [27] The defect or other doped materials on the 

tube can affect electrical properties of the carbon nanotube 

significantly. [28],[29] In this chapter, we concentrate the 

fundamental theory and investigation for the electrical properties of 

carbon nanotube to confirm the feasibility of carbon nanotube in 

electronic application rather than to analyze the carbon nanotube 

statistically. 

 Carbon nanotubes have tubular structures with asymmetric ratio of 

width and diameter; the unusual electrical properties of carbon 
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nanotube are strongly related with the structure of the carbon 

nanotube. [30] It is noted that a single-walled carbon nanotube has 

cylindrical structure by rolling a graphene sheet. The electrical 

properties of the single-walled carbon nanotube are sensitive to 

their structural properties and easily tunable using geometrical or 

chemical doping that cause the change of electrical transport on the 

surface of tube controls of carbon nanotube. [31],[32] In addition, 

the size of energy band gap of carbon nanotube is determined by 

the diameter of carbon nanotube. If the graphene sheet is not 

suppressed to external force and distorted, the diameter of carbon 

nanotube depend on the helicity of the tube.  The helicity is 

specified by a pair of integers (n, m). The integers means a 

perpendicular vector to the direction of length, which is determined 

by the pair of atoms on a graphene sheet when the sheet forms the 

tube and the pair of atoms is connected. Based on the theoretical 

calculations, the general rules for electrical properties of the 

single-walled carbon nanotube are introduced using the vector in 

the graphene sheet as follows [33],[34]  

Ch = na1 + ma2 

The vector is called by a chiral vector; the chiral vector is one of 
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the expressions to specify the carbon nanotube. There is one 

carbon nanotube having (n, m) tubes with n-m=3j where j is a 

nonzero integer; this is metallic carbon nanotube. In general, the 

case should be metals, but some case of carbon nanotube has a tiny 

band gap because of the curvature effect of the carbon nanotube 

although the j is nonzero integer. In other case, the carbon 

nanotubes have large gap semiconducting. [35] When the radius of 

the tube increases, the band gap of the semiconductor decreases 

with a 1/R dependence. [36] The crystallinity of carbon nanotube 

related with helicity could be tuned using atmosphere in the 

chamber during synthesis and other fabrication conditions. [37] The 

various characteristics of carbon nanotube determined by the 

structure provide a fascinating theme to study the electrical 

properties of the carbon nanotubes and a high possibility for the use 

in electronic application such flexible electronics. 

 To use the carbon nanotube in the electronic application, a recent 

advance of carbon nanotube-based device should be considered. 

After the carbon nanotube was invented by Ijima in 1991, the 

carbon nanotube-based devices have been widely investigated in 

various applications. Although the carbon nanotube-based devices 
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fabricated in nanoscale showed fascinating results in the various 

applications due to the unusual properties of the individual carbon 

nanotube, [38],[39] it is hard to improve uniformity and scalability. 

[40] Recently, the interest of carbon nanotube for the use in the 

electronic application has been expanded to the larger scale devices. 

[41]-[44] However, most of them have problems in term of lower 

properties than the individual carbon nanotube. Compared with the 

individual carbon nanotube having excellent conductivity, thin film 

type has inferior electrical properties resulted from the carrier 

transport mechanism in tube-tube junction exhibited higher contact 

resistance than on-tube resistance. [45] When a carrier moves 

from one nanotube to another nanotube, a huge energetic loss take 

place in the interface region and a drastic reduction of conductivity 

occurs in the junction. There are some ideas to increase 

conductivity of the carbon nanotubes in the mixed system. 

 A doping is one of the compatible methods to improve electrical 

properties of carbon nanotube. Many functional groups could be 

attached on the carbon nanotube using the chemical treatments. 

[46]-[49],[146] The effect of the doped of grafted materials on 

the electrical properties of the carbon nanotube depends on the 
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electron affinity of the groups. [50] In case of p-type doping 

materials, the group with high electron affinity pulls the electron in 

the carbon nanotube into the group. Acid materials are 

representative materials for p-type doping of the carbon nanotube 

to improve electrical properties. The doping effect on the electrical 

properties of carbon nanotube thin film has been studied with 

various analyses in previous reports. This is simple method to tune 

the electrical properties, but the improvement using some acid 

materials has degradation in air because the molecules weakly 

absorbed to the carbon nanotube surface will be unstable by the 

moisture. [51] In this aspect, other method using metal nanoparticle 

has good environmental stability without degradation after exposure 

to heat, water, isopropyl alcohol, and acetone. [52]  The metal 

nanoparticles are attached on the surface of carbon nanotube using 

chemical treatment such as acid treatment. [53],[54] When some 

chemical treatments are performed subsequently, the mechanical 

adhesion between metal nanoparticle and carbon nanotube is 

improved; this improve the contact resistance at tube-tube junction. 

Although metal particle-mixed conductive composite is also 

reported, it is not a solution to reduce contact resistance. [55] The 
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two methods, crafted or functionalized carbon nanotube, provide 

high feasibility and possibility for use in the electronic devices 

because the properties could be tuned to meet the needs 
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Fig. 1.3 Schematic map of various functionalized carbon nanotube 

[146] The covalent bonded functionalized groups on the surface 

affect the properties of the carbon nanotube. 
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1.3.3 Mechanical properties of carbon nanotube 

 It is well noted that mechanical properties of carbon nanotube is 

quite high owing to specific structure. In the structure of carbon 

nanotube, a covalent bonding formed by four carbon atom is well 

known as sp2 hybridized carbon atoms tightly bonded with a bonding 

angle of 120 degree. In the honeycomb structure formed by 

periodic lattice of the covalent bond, a quite strength is required to 

distort the periodic lattice or to move bonded atom into the other 

lattice; this means the carbon nanotube has good resistance to the 

tensile stress and elastic deformation. [56],[57] To confirm the 

mechanical properties such as Young’s modulus and tensile stress 

of a carbon nanotube, many researches have been studied. [58]-

[61] 

The excellent mechanical properties resulted from its unusual 

structure could be used in various applications. An addictive 

improving a toughness of base materials in cement mixture is the 

best method using the mechanical properties of the carbon nanotube. 

[62],[63] The carbon nanotube in the cement, strength but brittle, 

prevent fracture of the ceramic material. When a crack takes place 

in a certain region, the crack propagates to the whole region by 
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applied force. The carbon nanotube randomly mixed in the material 

reduces the velocity of crack propagation due to its excellent 

mechanical properties. It is very useful method for brittle materials 

and widely studied for various base materials. [64] 

 Unlike a single walled carbon nanotube with high Young’s 

modulus and tensile stress, a significant reduction of the mechanical 

properties occur in case of thin films and composites. [65],[66] 

The low mechanical properties resulted from the bonding between 

each carbon nanotube. In case of individual carbon nanotube, the 

periodic lattice of carbon atom in the honeycomb structure disturb 

distortion of the lattice; this improve the mechanical properties of 

the individual carbon nanotube. However, main force affecting the 

bonding between each carbon nanotube in the bundles or thin film is 

van der Waals force known for weak bonding force than covalent 

sp2 bonding in the honeycomb structure. Only a weak tensile stress 

could apart each carbon nanotube and causes a crack in the film. 

Some papers reported layer-by-layer self-assembly method to 

improve the mechanical properties using electrostatic force 

between each layer. [67]-[69]  

In addition, there are other structural efforts that have been used 



 

 26 

in stretchable electronics recenlty. A wrinkled structure is one of 

the solutions to improve resistance of deformation when external 

stress is subjected. [71],[72] The pre-strain applied to the 

substrate before deposition of carbon nanotube improve 

stretchability of the deposited thin film. The electrical properties of 

the thin film are maintained in high strain range compared to the 

results on bare substrate. Recently, the wrinkled structure is widely 

used in various applications such as supercapacitor [72] and 

photovoltaic cell. [73] The high dependency on the mechanical 

properties of the substrate to fabricate wrinkled structure is the 

drawback of this wrinkled structure. 

 The other solution is an intended fracture in the thin film of 

bundles of carbon nanotube. The electrical properties of thin film 

formed by carbon nanotube have a reduction when tensile stress is 

induced. The external force cause a crack, and reduced electrical 

properties. Conversely, the crack in the thin film of carbon nanotube 

does not propagate when maximum stress is same. Ii is so called by 

“programming” usually observed in stretchable electronics based on 

the carbon nanotube. [74]-[76] The phenomenon is originated 

from the excellent mechanical properties of individual carbon 
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nanotube. The phenomenon has high potential to the stretchable 

electronics, but low electrical properties reduced from the initial 

stress should be solved 
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1.3.4 Other properties of carbon nanotube 

 Carbon nanotube is the most famous materials having versatility in 

many areas, which results from the unique structure of the carbon 

nanotube. In previous chapter, the electrical and mechanical 

properties of the carbon nanotube were introduced to inform the 

utility of the material. There are still excellent properties of carbon 

nanotube to use the material in various devices. The individual 

carbon nanotube has a large optical absorption band at 4.5 eV 

originated from π-plasmon of carbon nanotube and low optical 

absorption in other energy level relatively. [77] The optical 

absorption is determined by the diameter of carbon nanotube 

resulted from different catalysts in the synthesizing process. [78] 

The optical absorption of the carbon nanotube, although it has some 

variation and little optical absorption occur in low photon energy, 

raises the use of transparent conducting thin film. The transparent 

conducting thin films of the carbon nanotube have been widely 

reported in various applications such as electrode application for 

organic solar cell. [79]-[81] However, a graphene sheet 

synthesized in large area has been focused in the application of 

transparent conducting film in recently because of some technical 
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issues and problems of carbon nanotube. [82],[83] To use the 

carbon nanotube thin film for transparent conducting film, some 

problems such as carrier transport in tube-tube junctions should be 

solved. 

 Thermal conductivity of the carbon nanotube is also advantage in 

the properties. The single and multi-walled and carbon nanotube 

have been studied for high thermal conductivity [84],[85]. It is 

originated from phonons on the carbon nanotube having long-range 

crystallinity in the structure. The structure of carbon nanotube 

provides the longitudinal thermal conductivity; this exceeds the in-

plane thermal conductivity of graphite. [86] The high thermal 

conductivity of carbon nanotube resulted in the dissipating heat in 

various electronic applications has high potential for the use of 

carbon nanotube. [87] 
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1.4 Dispersions of carbon nanotube  

Since the carbon nanotube was invented, various fabrication 

methods have been tested for uniform film or composite. In most 

case of fabrication method, dispersion stability of carbon nanotube 

in a certain solvent is critical and difficult issue for high uniform film 

or composite. And, it is difficult issue to disperse carbon nanotube 

in a certain solvent. In this chapter, fabrication methods of ink or 

composite for carbon nanotube-based devices will be introduced. 

 

1.4.1 Fabrication ink for a solution process 

An ink is fabricated by solvent, material powder and additive for 

controlling viscosity or dispersion stability or adhesion. The ink is 

usually used for printing or coating method which require low 

viscosity. It is well noted that carbon nanotube disperse in aqueous 

solution is very difficult thing without any changes in the structure 

of the carbon nanotube. [88],[89] The solvent for dispersing 

carbon nanotube prefers organic solvent with functionalized group 

[89] or non-hydrogen-bonding based on Lewis base [90] than 

aqueous solvent. Although many groups investigating carbon 

nanotube have used organic solvents for ink synthesis and 
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dispersion stability, the organic solvent is harmful mostly. [91],[92] 

To avoid the hazard situation, it has been tried to fabricate carbon 

nanotube-based aqueous solution using some additive. A surfactant 

is the most famous addictive materials for improving the dispersion 

stability of the carbon nanotube in aqueous solution. [93] The 

surfactant was coated on the surface of the carbon nanotube; this 

provides steric repulsive force which prevents the carbon nanotube 

agglomerating. [94],[95] The agglomeration of carbon nanotube in 

the solution is originated from van der Waals force activated 

between the carbon nanotubes. The carbon nanotube-based 

solution with surfactant has a colloidal structure results from the 

steric repulsive force of the surfactant and has good dispersion 

stability. [96] Sodium dodecyl sulfate (SDS), Triton X-100 (TX-

100) and sodium dodecylbenzene sulfonate (SDBS) are well-known 

materials for the dispersion stability of the carbon nanotube. But the 

maximum concentration of carbon nanotube in the surfactant-

dissolved solution is low. [97] In addition, it raises another 

technical issue for elimination of the dissolved surfactant which 

could affect the properties of carbon nanotubes. [98]-[100] 

 A method of surface functionalization has advantage in term of the 
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side effect of the surfactant. When the structure of carbon material 

having honeycomb structure with sp2 bond and π electron were 

transformed by acid or polymer materials, the van der Waals force 

activated between carbon nanotubes become weaker. [101] The 

properties of carbon nanotube also changes slightly. In general, acid 

materials have been used for the surface functionalization. To 

improve the effect of the surface functionalization, the acid 

treatment is performed with thermal oxidation. When the carbon 

nanotube have a process consist of boiling in the acid solution and 

thermally oxidation, the carbon nanotubes has functional group on 

their surface such as carboxylic, hydroxyl and carbonyl. [102] But, 

the properties of carbon nanotube could be also changed by the 

defect formed during the oxidation process. [103] The above 

mentioned methods to improve the dispersion stability of carbon 

nanotube have disadvantages each other. Among them, the method 

compatible with the process have to be selected.  

 

1.4.2 Fabrication carbon nanotube composites in polymer 

matrix 

 A carbon nanotube-polymer composite was reported in 1994, and 
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the composite consists of multi-walled carbon nanotube and epoxy. 

[104] After the invent, the polymer composites with carbon 

nanotube have widely studied in many research groups to improve 

the uniformity of the carbon nanotube in the polymer. But it is 

difficult thing to achieve the uniform dispersion due to viscosity of 

polymer compared to the viscosity of water or alcoholic solvent. To 

obtain the well-dispersed carbon nanotube in the polymer, there 

are some methods. The basic concept is the dispersion of the 

carbon nanotube into a monomer, and then, polymerized using heat 

or curing agent. [105] If the carbon nanotube in the monomer suffer 

low performance from the debundle state caused by high viscosity 

of the polymer, the dispersion of the carbon nanotube into a liquid 

solution that contains dissolved or dispersed monomer. In that case, 

the liquid that contains the monomer and the carbon nanotube-

dispersed liquid should be miscible. The liquid used for the 

dispersion should be evaporated before polymerization. Also, the 

liquid should not interfere with the polymerization of the monomer 

and the properties of composite. Polyvinylalcohol (PVA), 

polystryrene (PS), and poly(methyl methacrylate)(PMMA) are well 

known materials for the polymer-based composite. [106]-[108] 
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Recently, some polymers showing stretchable properties such as 

poly(dimethlysiloxane) (PDMS) have been studied for the matrix 

material of the carbon nanotube-based composite to apply their 

mechanical properties. [109]-[110] 
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1.5 Applications of carbon nanotube 

 The carbon nanotube is one of the most useful materials with 

versatile and excellent properties due to its structure. Since the 

carbon nanotube was invented in 1991, various applications have 

been reported using the properties. The range of the application 

varies from electrode application to semiconducting materials. In 

this chapter, the application will be introduced.  

 

1.5.1 Stretchable electronics 

 Stretchable electronics is not only the meaning of some electronic 

devices, but also a system with platform, electronic device and 

electrode applications. [111]-[113] The stretchable electronics is 

regarded as next-generation electronics, the system do not lose its 

performance under harsh conditions compared to the flexible 

electronics. To overcome the harsh conditions, systematic 

approaches of all components in the stretchable electronics are 

required. The carbon nanotube is one of the best candidates for 

components in the stretchable electronics, except platform based on 

elastic polymers. In this chapter, the stretchable components using 

carbon nanotube are introduced.  
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 The use of the carbon nanotube in the stretchable electronics has 

become hottest topic since T. Someya’s group reported 

stretchable electrode application of the carbon nanotube in 2008. 

[114] Although a single walled carbon nanotube has high tensile 

strength and maintain the tubular structure in tensile strain up to 

16% resulted from the unusual structure of carbon nanotube and 

high binding energy of sp2 covalent bond, bundle structure has low 

mechanical properties because bonding energy between each 

carbon nanotube in the bundle is weak as van der Waals force as 

mentioned in previous chapter. To improve the stretchablility of 

single walled carbon nanotube in the bundle, they used PDMS and 

ionic liquid as polymer matrix material and additive for dispersion 

stability of carbon nanotube in the polymer matrix, respectively. 

The stretchable composite has good stretchability of 118%. The 

Stretchable composite maintained electrical properties in high strain 

range; the compliant properties of the composite realize the 

stretchable active matrix array for thin film transistor and organic 

lighting-emitting diode. [115] In addition, viscous paste with 

carbon nanotube for screen printing having advantage of scalability 

could be fabricated by slight changes during synthesis processes. 
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However, conductivity of the stretchable composite is still low to 

meet the requirement of electronics devices. In 2012, silver 

nanoparticles were attached on the carbon nanotube to improve the 

conductivity of the carbon nanotube. [54] In addition, silver 

nanoflakes were also mixed for conducting composite; the silver 

nanoflakes take a role of bridge between each carbon nanotube 

having conduction mechanism of hopping. When silver nanoflakes 

contacted silver nanoparticles on the carbon nanotube, a current 

easily moves to other nanotube. Modified contents of silver flake in 

the conducting nanocomposite improve conductivity of the 

composite under deformable conditions because a possibility of 

contact between silver nanoflake and nanoparticle increase.  

 Various sensor applications are also studied in the stretchable 

electronics. Since the sensor can measure a tiny change, the harsh 

conditions such as tensile stress that cause a change are hard to 

obtain exact results in the stretchable electronics. So, an 

investigation on sensor for the stretchable or flexible electronics is 

challengeable, and various stimuli could be targeted for the 

stretchable or flexible sensor. [116]-[118] Among the stretchable 

sensor measuring stimulus, pressure sensors have been widely 
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studied for an electronic skin substituting human skin for replacing 

the role. The pressure sensor could measure applied pressure on 

the sensor, and the measurable pressure range of the sensor varies 

by fabrication method, materials and sensor structure. A most 

famous pressure sensor was reported by Z. Bao’s group in 2012. 

[75] They used spray-coated single walled carbon nanotube thin 

film on PDMS substrate; the thin film has specific phenomenon in 

microstructure during stretching-releasing cyclic test. Because of 

the specific phenomenon, the single walled carbon nanotube thin 

films do not lose their sensing properties when tensile stress is 

subjected. A transparent pressure sensor with sandwiched 

structure of the single walled carbon nanotube thin films has 

capacitive type for sensing the applied pressure; it can measure the 

spatial distribution of applied pressure.  

 Strain sensors are most useful sensor in the stretchable 

electronics for sensing applied strain to the platform in the 

electronics. Since strain sensor was invented for sensing strain in 

the structure, bridge, and ship, the sensor has been widely used in 

various areas such as structure, sports, rehabilitation and analysis 

of materials. [119]-[121] Recently, strain sensors for the use in 
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human-motion detector get become the most intensive research 

area to meet the need for increasing interest. While a strain sensor 

used for detecting crack or fatigue in building or structure should 

have high sensitivity to sensing a tiny change, the strain sensor for 

human-motion detection requires improved stretchability, stability 

during dynamic action and durability. The former is mostly focused 

on semiconducting-based strain sensor having high sensitivity to 

the applied strain, and the latter is focused on conducting 

composite-based strain sensor having high stretchability. Normally, 

skin of human or rat maintains its elastic properties in the strain 

range of 30~50%. [122],[123] When a higher tensile strain than 

the strain range is subjected to the skin, the skin has fracture or 

loses its intrinsic properties of elastic. As consider the above 

mentioned conditions, strain sensor should have wide strain range; 

the semiconducting-based strain sensor does not meet the 

conditions of strain range due to low stretchability.  

 To solve this problem and obtain strain sensor with wide strain 

range, various types of strain sensor have been investigated by 

using different materials. [124]-[126] The sensitivity of the strain 

sensor is determined by fabrication methods, materials, structures 
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and other issues. Many groups have modified their studies for 

improving properties of the strain sensor. However, it is still hard 

to clear trade-off between sensitivity and strain range of strain 

sensor. 
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Fig. 1.4 Various stretchable electronic applications (a) Stretchable 

electrode integrated with organic light emitting diode, (b) Pressure 

sensor, (c) Strain sensor, and (d) Silicon circuit 

[74],[75],[111],[115] 
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1.5.2 Thin film transistor 

As mentioned in previous chapter, the radius and chiral vector of 

single walled carbon nanotube affect the band gap of the carbon 

nanotube. Although there are some changes by types of energy 

source during fabrication method, the ratio of metallic and 

semiconducting single walled carbon nanotube in the manufactured 

carbon nanotube is 1:2. [33],[127] Commercial powder of carbon 

nanotube fabricated by the CVD method has also the ratio of 

mixture; this means that a separation process of mixed carbon 

nanotube powder is required to use each carbon nanotube. 

Especially, a few metallic carbon nanotube in the bundles of 

semiconducting carbon nanotube causes low switching properties of 

thin film transistor having active material of semiconducting carbon 

nanotube. Rather than electrode applications using the conductivity 

of the carbon nanotube, semiconducting properties of carbon 

nanotube are sensitive to the concentration of metallic carbon 

nanotube. To reduce the concentration of metallic carbon nanotube 

in the thin film of semiconducting carbon nanotube, there are many 

papers investigating separation process of the mixed carbon 

nanotube. [128]-[130] Before 2000, separation process using 
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filtration or transfer technique was reported to fabricate electronic 

devices such as logic circuit. But, the previous technique has many 

disadvantages to enlarge a scale of the electronic device. 

 Two technique reported in the recent lead to a great improvement 

of thin film transistor based on semiconducting carbon nanotube. 

One is surface treatment, and the other is density gradient 

ultracentrifugation (DGU). [131] Z.Bao’s group had reported the 

surface treatment on substrate to improve the selectivity of the 

substrate to the carbon nanotube. They reported surface treated 

substrate using two different organic chain groups such as phenyl 

and amine group preferred metallic and semiconducting carbon 

nanotube, respectively. The results were confirmed by Raman 

spectroscopy, and semiconducting-enriched thin film showed 

switching properties. 3-Aminopropyltriethoxysilane(APTES) 

materials used for the attachment of the amine organic group to the 

substrate is critical material and many paper studied after the first 

report for surface treatment has used the material of surface 

treatment. In addition, other material for surface treatment on 

substrate to improve preference on semiconducting carbon 

nanotube is also reported. [132]  
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Above mentioned in previous chapter, a diameter of carbon 

nanotube is related with the band gap energy of carbon nanotube. A 

density gradient ultracentrifugation method is based on the 

difference of diameter of carbon nanotube, When two noncovalent 

surfactant are applied to the solution of carbon nanotube powder, 

the surfactants interact with a layer of carbon nanotube. Two types 

of carbon nanotube are covered with the surfactant, and the 

surfactant-covered carbon nanotube has different buoyant densities 

due to different diameters of each carbon nanotube. The buoyant 

densities of carbon nanotube is determined by concentration of two 

surfactant attached on carbon nanotube. By the different buoyant of 

the surfactant-covered carbon nanotube, it has gradient separation 

during centrifugation in extremely high speed. To improve the 

concentration of the each carbon nanotube, some conditions such as 

the ratio of two surfactants and the number of centrifugation are 

adjusted. After ultracentrifugation, each layer in the solution is 

separated with different optical absorption spectra. The separation 

technique makes a great improvement on the study for thin film 

transistor due to mass production of semiconducting-enriched 

aqueous solution.  
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 Before 2010, some researches for thin film transistor based on 

semiconducting-enriched ink have been focused to obtain 

fundamental properties of semiconducting single walled carbon 

nanotube. [12],[133] Recently, the use of the semiconducting 

single walled carbon nanotube is more complex. Various electronic 

devices such as OLED driving circuit [134],[135] logic circuit 

[136],[137], active matrix for pressure sensor array[138]-[139], 

and  X-ray imager [140] are tried using the semiconducting 

material. Although some technical issues are remained, the 

semiconducting single walled carbon nanotube is the most useful 

and versatile materials in next-generation electronics. 
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Fig. 1.5 A General approach for sorting carbon nanotube by 

electronic type that consists of metallic and semiconducting carbon 

nanotube. (a) Schematic image of the separation process exhibits 

surfactant encapsulation on the carbon nanotube and different 

density determined by diameter of carbon nanotube (b) Optical 

image of the separated solution by ultracentrifugation (c) Optical 

absorbance of the separated solution  
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1.5.3 Energy storage device 

Energy storage is a question of long standing in the electronic 

device application for the use in a certain area where power supply 

is limited. The energy storage devices are classified by the 

mechanism during charging-discharging. While pseudo-capacitor 

based on the redox mechanism of metal oxide materials has high 

energy density and is more suitable for large scale electronics such 

as battery, supercapacitor (is also called as ultracapacitor) based 

on the electrical double layer mechanism has high power density 

and high charging speed. [141] The supercapacitor requires high 

surface area to increase contact between electrode and ions in 

electrolyte during chaging-discharging process. Carbon materials 

are well-known materials for high surface area, and carbon 

nanotube is also one of the promising candidates for supercapacitor. 

[142] Although the efforts on surface area of carbon nanotube for 

improving energy density is also studied using fractured carbon 

nanotube, many interests for carbon nanotube-based 

supercapacitor are focused on specific substrate recently. To use 

the supercapacitor for flexible or stretchable electronics devices, 

various substrates such as paper [143], cotton [144], textile [145], 



 

 48 

and PDMS [72] have been studied. Especially, high porous 

structure of cotton and textile benefit the net surface area of the 

system; this leads to high power and energy density of 

supercapacitor with high charging speed. The development on the 

substrate will enable to obtain stretchable energy storage device 

with high performance. 
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Chapter 2 

 

Synthesis of single-walled carbon nanotube ink in 

aqueous solvent and optimization of printing conditions 

for inkjet-printed SWCNT thin film 

 

2.1 Introduction 

Recently, scalability in fabrication process should be considered 

for low process cost and large scale device. There are many 

researches for the scalability of fabrication process; a solution 

process is one of the promising candidates for the technical issues. 

In fact, many processes in industrial process have been substituted 

to the solution process due to the scalability. Although high-

performance devices such as memory, central processing unit are 

still difficult to be fabricated by the solution process, simple devices 

have been tried using the method. When the solution process is 

optimized, various printing system can raise the scalability of the 
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solution process. We also tried to fabricate an ink for solution 

process and optimized the printing system for high scalability. The 

detailed progress will be introduced in this chapter 
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2.2 synthesis of single-walled carbon nanotube ink in aqueous 

solution 

 Recently, Interests for carbon nanotube-based devices have 

increased continuously. [1]-[3] To meet the needs for the carbon 

nanotubes, commercially available ink based on have been widely 

used, and many research group have tried to fabricate well-

dispersed carbon nanotube ink with high quality. [4],[5] It is well 

noted that carbon nanotube has surface properties of hydrophobic 

and do not disperse in the aqueous solution. To solve the technical 

issues, there are two methods for dispersion of carbon nanotube. 

One is the use of organic solvent, and the other is surfactant. The 

former is very simple method; the functionalized groups in the 

aromatic solvent depart the each carbon nanotube and disturb the 

agglomeration of the carbon nanotube resulted from the van der 

Waals force. [6] Although this is simple method, most organic 

solvents are toxic and noxious to human body. The latter is the use 

of addictive in the solution for dispersion stability. There are some 

surfactants having both hydrophilic and hydrophobic groups in the 

molecular structure. [7] The hydrophobic groups in the molecular 

structure attached on the carbon nanotube and the hydrophilic 
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groups held the water molecule in the aqueous solution. The well-

attached surfactants on the carbon nanotube improved the 

dispersion stability of the carbon nanotube in the aqueous solution. 

Commercially available aqueous inks also use the surfactant. But, 

they have other additives such as binder; information for the 

contents or the kind of the addictive is not given. So, there are 

additional problems resulted from the uninformed additive materials. 

Many research groups related with carbon nanotube have used 

synthesis of ink used only surfactant. [8]-[10] When we know the 

information of surfactant, we can choose the post treatment to 

reduce the surfactant. The groups have tried to optimize the 

contents and the kind of the additive are in the synthesized solution; 

the most famous surfactant for dispersion stability of carbon 

nanotube in the aqueous solution is sodium dodecylbenzene 

sulfonate (SDBS). [10] The surfactant has higher dispersion 

stability of carbon nanotube than other surfactant. 

We also used the SDBS as surfactant enhancing dispersion stability 

of carbon nanotube in water. The optimized weight ratio between 

surfactant and carbon nanotube was reported as 10:1. But we 

considered a loss of carbon nanotube during filtration performed in 
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the later, and set the weight ratio 10:1.5. At first, the carbon 

nanotube powder synthesized by arc-discharge method and water 

were mixed using tip sonication. When we used ultra-sonication for 

dispersion, the ink did not disperse well. The working and rest 

times of tip sonication during a period were set as 0.5 seconds. The 

working time was 20 minutes. The surfactant did not include in the 

first sonication, because each carbon nanotube is tangled in the 

powder. When the untangled powder and surfactant are mixed, the 

surfactant could not attach on the carbon nanotube surface 

effectively. To reduce this problem, carbon nanotubes in water 

solution except surfactant were dispersed using tip-sonication at 

first. [12] Then, the surfactant was added in the solution and the tip 

sonication was further performed for 20 minutes. An 

ultracentrifugation of the fabricated solution was performed at 

5,000 RPM during 30 minutes to reduce untangled particle in the 

solution. After ultracentrifugation, only upper region in the resulted 

solution was collected using pipette. A filtration using filter paper is 

performed in the last process. The filtration is critical process for 

preventing agglomeration of carbon nanotube on the nozzle of the 

cartridge used for the inkjet printing system. [13] When much ink 
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was filtered using one filter paper, the concentration of the ink 

decreased. So, we used one filter paper for filtering solution of 5 

mL. The fabricated ink had higher dispersion stability than 6 months. 
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Fig. 2.1 Fabrication of single-walled carbon nanotube based ink. (a) 

Schematic flow of ink synthesizing process (b) Information of the 

single-walled carbon nanotube (c) Molecular structure of sodium 

dodecylbenzene sulfonate. Comparison of the effect of the tip 

sonication on the dispersion stability (a) after 2 months, (b) after 6 

months  
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2.3 Printing conditions of the synthesized ink 

We used inkjet printer made from Fujifilm dimatix inc., the 

operation principal of the printer is piezoelectric type. There are 

two types of the cartridge for the inkjet printer; the specification of 

the cartridge is determined by the volume of one ink drop. When ink 

in the cartridge goes through the nozzle of the cartridge, the volume 

of one ink drop is determined by the size of nozzle. The cartridge of 

1 pL has 9 μm of nozzle size, and one ink drop jetted from the 

cartridge has about 1 pL of volume. While the cartridge of 10 pL 

has 21 μm of nozzle size, and it enlarge the size of one ink drop. 

The resulted films from the jetted ink are also affected by the size 

of ink drop. If a narrow line is needed, the small size of nozzle in the 

cartridge is essential. In some research areas for electronic devices, 

pemtoliter inkjet printer having a tiny size of nozzle is tested to 

meet the needs for narrow line or channel. [14] But, we used the 

cartridge having 21 μm of nozzle size in this experiments. 

 In order to fabricate well-shaped pattern using inkjet printer, 

some parameters should be optimized. Surface energy, temperature 

and drop spacing are important parameters, and they affect the 

shape of the printed pattern. When we used materials with different 
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surface energy, the surface energy is critical issue for inkjet 

printing system. In this system, we used aqueous solution and 

poly(dimethlysiloxane) (PDMS) substrate; the materials have 

different surface energy. The water has hydrophilic surface 

properties, while the PDMS used for substrate has hydrophobic 

surface properties. When the water printed on the PDMS substrate, 

the contact angle between ink drop and substrate had high value as 

shown in fig 2.2; this means that the intended pattern do not have 

its shape. To reduce the hydrophobicity of the PDMS substrate, it 

was reported that the imported hydroxyl group during UV ozone 

treatment improve the quality of printed film. [15],[16] When the 

treatment was subjected to the PDMS substrate with a long time (> 

60 min.), a thin layer of SiO2 formed on the PDMS substrate. The 

UV ozone treatment should be optimized well because the formed 

SiO2 is weak to the induced stress. Another solution to balance the 

different surface energy of two materials is surfactant. The 

surfactant has two types of functionalized groups; the groups 

reduce the gap of surface energy between the materials. [17] In 

our experiments, both methods were used for well-shaped pattern 

and film. The effect of each method could be confirmed by contact 
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angles between PDMS substrate and ink drops. An ink drop on the 

PDMS substrate without surfactant and UV ozone treatment showed 

high contact angle. When the surfactant used for dispersion stability 

of carbon nanotube in aqueous solution was added, the contact angle 

has a drastic decrease. The contact angle had more reduction by 

the UV ozone treatment. When we compared the effect of the 

methods on the surface optimization for inkjet-printed aqueous 

solution by the contact angle, the surfactant in the solution was 

more effective than the UV ozone treatment. 
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Fig. 2.2 Contact angles between solution drops and PDMS substrate 

with different treatments 
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 The substrate temperature should be also considered for well-

shaped films. Before the effect of substrate temperature on the film, 

we should check effect of surface tension. The printed aqueous 

solution exhibited some bead in the substrate than well-defined 

shape due to the effect of surface tension in fig 2.3. In case of 

multi-nozzle printing, the phenomenon was shown outstandingly, 

and it is hard to obtain clean edge of film. Although the UV ozone 

treatments reduced the phenomenon, the problem of low uniformity 

was not solved completely. To solve this problem, high substrate 

temperature was good solution in term of vaporization. Ii is well 

noted that the optimized substrate temperature is a critical option to 

form clean pattern line. [18] The effect of substrate temperature on 

the formed film was shown in fig 2.3. The formed film at high 

substrate temperature showed well-shaped film, while the printed 

results at low temperature showed circle shape rather than well-

shaped film. A higher substrate temperature caused a nozzle 

clogging during the printing process. To prevent this nozzle 

clogging, we used 45 degree of substrate temperature. 

When the printed ink drops were overlapped with a certain printing 

direction, the printed ink drops became a printed line. And, the 
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continuous printing of the line get became the intended shape. The 

uniformity of the shape is determined by drop spacing which means 

distance between each ink drop. If the drop spacing is set as much 

shorter value than a diameter of one ink drop, the printed line has 

good edge properties and low surface properties. In contrast, longer 

distance between each ink drops than the diameter of one ink drop 

cause low edge properties in the printed line. To improve both film 

properties of edge and surface, the drop spacing had been used for 

a half of a diameter of one ink drop in the previous reports. [15] In 

our experiments, one ink drop on the UV ozone treated formed a 

circle with a diameter of 40 um, and we used the drop spacing of 20 

um. In these conditions, the printed ink drop formed a printed line 

with good edge properties and the width of the printed line was 80 

um. Although the edge property of the printed line is poor in the 

origin point of the inkjet printing, the edge properties improved in 

other positions.  
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Fig. 2.3 Optical images of 1-layer printed SWCNT thin film on 

PDMS substrate with different conditions of substrate temperature 

(TS) and UV ozone treatment 
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2.4 Fundamental properties of Inkjet-printed SWCNT film 

The printed lines draw a certain shape using a printing pattern. 

Although the 1-layer printed thin film had conductivity and 

transparency, it is hard to use the thin film for stretchable electrode 

or strain sensor due to low conductivity and durability of the thin 

film under stressed situation. To obtain high properties for the use 

in the stretchable devices, several layers of SWCNT film were 

overlapped. When printing times increased, the conductivity of the 

printed thin film was improved and the transmittance decreased. A 

concentration of the single-walled carbon nanotube in the 

fabricated solution was 1.5 mg/mL, and it would be lowered during 

filtration. When we considered a weight fraction between carbon 

nanotube and water in the solution, the portion of carbon nanotube 

in the ink was low. So, the printed ink drop, line and film had 

transparency. The overlapped layer had higher density of carbon 

nanotube per unit area than 1-layer printed thin film; this cause the 

improved conductivity and lower transparency. But the multi-

layered thin films still had low conductivity compared to the 

previous reports, [19]-[21] and many cracks occur in the film 

during mechanical deformation of the substrate. The pre-formed 
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cracks were main sources which caused a drastic reduction of 

conductivity when external stress is subjected. To improve the 

mechanical properties of the printed thin film without the 

degradation, the film was washed using distilled water. In previous 

reports, the water rinsing is effective method for reducing the 

surfactant used for dispersion stability of carbon nanotube in the 

aqueous solution. [22],[23] In addition, we confirmed that the 

printed thin film could be easily wrinkled during bending. The pre-

formed wrinkles in the thin film became the cracks during 

deformation mechanically; this caused a large reduction in 

conductivity of carbon nanotube thin film in the stretchable test. To 

prevent the wrinkle forming, the water rinsing was performed after 

inkjet printing of carbon nanotube ink on the stretchable substrate.  

In addition, the washed film soaked into diluted nitric acid for 

improving the conductivity of the film. The post treatments to 

enhance the conductivity have been reported, and the nitric acid is 

well known as one of the p-type doping material for carbon 

materials. [24]-[26] When we performed diluted acid treatment (4 

mol/L) on the washed thin film, we obtained a large reduction of 

sheet resistance of carbon nanotube as shown in figure 2.4.  
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 After all process, thicknesses of the 1-, 2-, 3- and 5-layer 

printed film has 130, 140, 260, and 410 μm, respectively. The 

thickness was measured by alpha-step, and it was tried by several 

times to reduce measurement error. The thicknesses were 

measured in the perpendicular direction to the printing direction 

rather than the parallel direction having low edge properties. The 

thickness had a change during the post treatment as shown in figure 

2.5.  The change of the thickness and surface properties of the 

carbon nanotube thin film was exhibited to compare the effect of the 

post treatment. The surface properties of the printed thin film were 

confirmed by atomic force measurement. The results of the surface 

properties 5-layer printed film were shown in figure 2.6 

respectively. After water rinsing, the thickness and surface 

properties changes. As-printed sample showed curved surface, 

while both sample performed by each treatment showed rough 

surface, even exhibiting shape of carbon nanotube. The surfactant, 

used as high weight fraction in the synthesized ink, was washed out, 

and this caused the changes of the thickness and surface properties. 

The results from the conductivity and the surface properties of the 

carbon nanotube film showed a reduction of the surfactant. 
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Fig. 2.4 Sheet resistance of 1-, 2-, 3-, and 5-layer printed 

SWCNT thin films that were untreated (closed triangle), rinsed 

(closed circle), and nitric acid-treated (closed square). 

Transmittance in the visible range (~380-780 nm) for each 

SWCNT thin film on a PDMS substrate, after all processes, is 

indicated by the open squares 
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Fig. 2.5 Line profile value derivated from AFM results (left: AFM 

images, right: line profile value) of 5-layer printed SWCNT thin 

film (a) before post treatments (b) after water rinsing, and (c) after 

nitric acid treatment. To compare the thickness in the central region 

of the thin film, scotch tape detached some thin film located in the 

left side of the AFM image; this caused little delamination of the 

thin film 
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Fig. 2.6 AFM images of 5-layer inkjet-printed SWCNT thin film 

(a) before post treatments (b) after water rinsing, and (c) after 

nitric acid treatment 
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2.5 Conclusion  

In summary, inkjet-printed single-walled carbon nanotube thin 

films on PDMS was obtained. To avoid the use of uninformed ink, 

we fabricated the ink using tip sonication, centrifugation, and 

filtration. The each conditions of the process were optimized, and 

the synthesized ink had good dispersion stability. Although water 

solvent in the aqueous ink did not spoil the PDMS substrate, a lot of 

optimized conditions of printing system were required because 

surface tension of water and the hydrophobic surface properties of 

the PDMS substrate. Surface tension of water resulting in circle 

shape of the printed film was solved using substrate temperature. 

The hydrophobic surface properties of the PDMS substrate caused 

high contact angle of printed ink and low edge properties of the 

printed film. UV ozone treatment on the PDMS and surfactant used 

in the fabrication process provided a large reduction of contact 

angle. However, the surfactant reduced the electrical properties of 

the printed film although the material had good effects for the 

properties of the dispersion and the contact angle. To reduce the 

surfactant and improve the electrical properties of the printed film, 

we tried the post treatments consists of water rinsing and diluted 
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nitric acid; these treatment showed a significant effects on the 

properties of the electrical and surface 
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Chapter 3 

 

Inkjet-Printed Stretchable Single-Walled Carbon 

Nanotube Electrodes with Excellent Mechanical 

Properties 

 

3.1 Introduction 

Recently, there has been intense research interest in the use of 

stretchable electronics for next-generation electronic device 

applications, for which device parts such as interconnects and 

driving circuits, and platforms must have good mechanical 

properties if they are to perform their functions under 

deformation.1-3 Among these device components, stretchable 

interconnects have been most widely studied, but present the most 

significant research challenges. Although metals such as gold and 
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silver have been studied for stretchable interconnects, they show 

poor mechanical properties, and plastic yielding under high strain.4-

6 Carbon nanotubes (CNTs) are therefore considered as a 

promising candidate for highly stretchable interconnects, owing to 

their excellent mechanical properties.7 CNTs have been widely 

applied as stretchable electrodes for organic thin film transistors7 

and organic light emitting diodes,8 as well as pressure9 and strain 

sensors.10 However, previous studies investigating stretchable 

interconnects were based on composite CNT/elastomeric matrix 

structures (which require the use of ionic liquids to achieve uniform 

dispersion),7,12 the layering of CNT films between two 

polydimethylsiloxane (PDMS) substrates,11 or an aerogel CNT 

backfilling process.13
 These processes are not suitable for the 

generation of large-area patterned electrodes, because of the 

complex and laborious processes that are required. A patterned 

CNT interconnect based on a screen printing method was reported 

to show a good conductivity of 102 S/cm, and good stretchability 

under 118% strain.14 However, the screen printing method still 

requires the use of laborious processes for the synthesis of the 

CNT ink; in addition, ink is wasted during the patterning process, 
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and different stencil shadow masks are required to create 

corresponding, different electrode patterns. Further, CNT-based 

electrodes typically show a higher initial resistance compared with 

their metal counterparts. Although CNT is a well-known material 

whose electrical properties can be controlled using doping methods, 

only a few studies have investigated CNT doping in stretchable 

electronics.9,15  

 Here, we describe the simple inkjet printing of single-walled 

carbon nanotube (SWCNT) stretchable electrodes, and their post-

treatment processing. The inkjet-printing method holds many 

advantages over conventional methods in terms of its easy 

patterning nature, low fabrication costs, and large-area scalability. 

To reduce the initial resistance, post-treatments were performed. 

The relationship between the electrical and mechanical properties 

was confirmed by measuring the stretching of the SWCNT thin film. 

The SWCNT electrode was integrated with a light emitting diode to 

confirm the feasibility of its use for stretchable electronics 

applications. 
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3.2 Material and equipment for inkjet-printed single-walled 

carbon nanotube stretchable electrode 

SWCNT thin films were prepared using an inkjet printer (Dimatix 

2831, Fujifilm Dimatix Inc., Santa Clara, CA, USA) and an aqueous 

SWCNT ink. The aqueous ink was synthesized by applying tip 

sonication to an SWCNT (HANOS ASP-100F, Hanwha Nanotech, 

Seoul, South Korea) and sodium dodecylbenzenesulfonate (SDBS, 

Sigma Aldrich, St. Louis, Missouri, USA) mixture with a weight 

ratio of 3:20. The ink was then filtered using filter paper (NO. 541, 

Whatman, Maidstone, UK), to prevent the printer nozzle from 

clogging. PDMS substrates were fabricated by mixing PDMS 

(Sylgard 184, Dow Corning Corp., Midland, MI, USA) and its curing 

agent at a weight ratio of 10:1. Before the SWCNT ink was printed 

on the PDMS substrate, an ultraviolet (UV) ozone treatment was 

performed on the PDMS substrate for 10 minutes, to increase the 

wetting properties of the aqueous SWCNT ink; this was necessary 

because of the PDMS’s hydrophobic properties.16 After the 

SWCNT ink was printed on the PDMS substrate, water and diluted 

nitric acid (4 mol/L) were sequentially drop-casted to reduce the 

amount of SDBS,17 and to further improve the initial electrical 
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properties of the SWCNT films, respectively. Each treatment step 

was performed for 1 hour. Previous papers have reported doping 

materials that increased the initial electrical properties.18,19 Based 

on our experience with several acidic materials, the drop casting of 

diluted nitric acid was determined to be the simplest process, and 

the most compatible with the SWCNT thin film formed on the PDMS 

substrate.  

Figure 3.1 (a) shows a schematic illustration of the processes 

used to fabricate the inkjet-printed SWCNT electrodes. When the 

cartridge temperature (40°C) and the ink drop velocity (~6–7 m/s) 

were optimized in the ink-jetting process, each ink drop on the UV 

ozone-treated PDMS formed a circle with a diameter of 40 μm. To 

form an electrode with a smooth surface and clean edges, we used 

~1–2 cartridge nozzles (with a nozzle diameter of 21 μm), and a 

drop spacing of 21 μm. The PDMS substrate was placed on a 

heated (45°C) platen to prevent the agglomeration of ink drops; 

the resulting films had a line width of approximately 80 μm. A 

series of the printed lines were fabricated by optimizing the space 

between the lines. It was possible to obtain a minimum line spacing 

of approximately 25 μm, and both the line width and the spacing 
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could be further reduced if smaller nozzles were used. Optical 

images of the fabricated thin films are shown in Fig. 3.1 (b). The 

SWCNT electrode had a dog-bone shape, with two square pads 

(0.5 × 0.5 cm2) and one narrow line (0.1 × 3.0 cm2). Both ends 

were fixed to a stretching apparatus using an adhesive (3145 

silicone adhesive, Dow Corning), to allow uni-axial stretching tests 

to be performed. The inkjet-printed SWCNT thin films had 

intrinsically poor initial electrical properties, so the water rinsing 

and nitric acid treatments were sequentially applied to improve their 

electrical properties. The thickness, resistance, and transmittance 

were measured using an ALPHA-STEP instrument (Nanospec 

AFT/200, KLA-TENCOR, Milpitas, CA, USA), a 4-point probe, and 

UV-vis spectroscopy, respectively. After all treatments, the 

average thicknesses of the 1-, 2-, 3-, and 5-layer printed 

SWCNT that were 130, 140, 260, and 410 nm, respectively.  
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Fig. 3.1 (a) Schematic diagram of the process used to fabricate 

inkjet-printed SWCNT thin films on PDMS substrates using an 

aqueous SWCNT ink (b) Optical images of 1-,2-,3-, and 5-layer 

printed SWCNT thin films (square shape), and a 5-layer printed 

SWCNT thin film (dog-bone shape) 
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3.3 Excellent mechanical properties of inkjet-printed SWCNT 

thin film 

Figure 3.2 shows the electrical properties of the inkjet-printed 

SWCNT thin films on the PDMS substrate, as measured during uni-

axial stretching tests. To confirm the effects of the treatments on 

the SWCNT thin films, all of the samples were subjected to strains 

of up to 100%, using an extension speed of 1 mm/min; the results 

are shown in Fig. 3.2. Although all of the samples showed a slight 

increase in resistance under the tensile strain, the post-treatment 

processes greatly improved the performance of the electrodes. The 

surfactant used to increase the dispersion stability of the SWCNTs 

in aqueous solution caused a decrease in the electrical properties of 

the SWCNT thin films. In previous studies, SWCNT thin films were 

rinsed with water to reduce the amount of surfactant in the films, 

which were intended to have improved electrical properties.17 In 

addition, some acid materials are p-type doping materials for 

CNTs.20 We therefore applied water rinsing and acid treatments 

(sequentially) to increase the conductivity of the SWCNT 

electrodes. The treated SWCNT thin films showed a large reduction 

in their initial resistance and a large reduction in the variation of 



 

 110 

their resistance in the same strain range. 

The electrical properties of the inkjet-printed SWCNT thin films 

on the PDMS substrate were measured during cyclic strain tests, 

for various printing times, as shown in Fig. 3.3 (a). The cyclic 

strain tests on the SWCNT thin films were performed using a strain 

of 50%, with a speed of 1 mm/min. All of the samples showed a 

sharp increase in resistance after the first stretching cycle, while 

after the second cycle the resistance variation showed oscillatory 

behavior. As the cycling number increased, the resistance showed 

saturation behavior, with small oscillations; this behavior was 

similar to that observed in previously reported investigations.9,11,13 

The variation in the resistance was minimal during the cycles 

subsequent to the first cycle—during which the conducting path was 

reduced—as long as the maximum strain was the same. This 

indicated that the SWCNT thin films could be used as high-

performance stretchable electrodes after a single stretching cycle. 

Figure 3.4 (a) shows optical images of the cracks formed in the 

inkjet-printed SWCNT thin films after the first stretching cycle; the 

repeatable crack formation and de-formation processes that 

occurred during the subsequent cycles are also illustrated in this 
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figure. Figure 3.4 (b) shows the SEM images that were taken at 

each stage, demonstrating the presence of the tangled SWCNTs 

that provided a good electrical connection under high tensile strain 

for the SWCNT films. Although cracks formed under the large 

strains that were applied, the tangled SWCNTs maintained their 

connections, even across large cracks, as shown in Fig. 3.4 (b); the 

connections between the SWCNTs prevented the cracks from 

propagating throughout the whole film, in contrast with inkjet-

printed silver electrodes.16 The formed cracks became increasingly 

narrower when the film was released, until a wrinkle structure was 

formed around them. This process was directly related to the 

oscillating behavior of the resistance after the second cycle, as 

shown in Fig. 3.3 (a).  

To investigate the durability of the SWCNT thin films, we 

increased the cycling number, stretching speed, and strain range in 

the cyclic strain tests. Figure 3.3 (b) shows the resistances of 1- 

and 5-layer printed samples measured during a cyclic strain test 

with a high stretching speed (100 mm/min), and high strain (100%). 

The verisimilar oscillatory behavior was observed in the resistance 

of the printed samples even under such a harsh condition. The 
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normalized resistance was determined as the ratio of the resistance 

measured after each cycle to the resistance measured after the first 

cycle; all of the thin films showed normalized resistances of less 

than 1.30, even at high cycling numbers. Although the films showed 

low normalized resistance values, the 5-layer printed film showed 

superior properties compared with the 1-layer printed film, in 

terms of its low initial and saturated resistances. Little variation in 

the resistance was observed during cyclic strain tests in previous 

studies of SWCNT stretchable electrodes.11,13 However, most of 

these electrodes showed high initial resistances, or the tests were 

performed at low cycling numbers. Here, we obtained inkjet-

printed SWCNT thin films that provided excellent electrical 

properties under high stretching speeds and high cycling numbers 

under the high tensile strains. 
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Fig. 3.2 Electrical properties of untreated (triangle), rinsed (circle), 

and nitric acid-treated (square) SWCNT thin films on PDMS 

substrate for strains up to 100% 
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Fig. 3.3 (a) Electrical properties of SWCNT thin films (1-, 2-, 3-, 

and 5-layer printed samples) measured during cyclic strains tests 

for strains up to 50%, at a low speed (1 mm/min.)(b) Resistances 

of 1-and 5-layer printed thin films, measured during cyclic strain 

tests for strains up to 100%, with a high speed (100 mm/min.) 
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Fig. 3.4 (a) Optical images, and (b) SEM images of the SWCNT thin 

films (left: initial, middle: 50%-stretched, right: released state) 

during th strain tests  
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3.4 Applications of inkjet-printed SWCNT thin film 

To investigate the potential usage of the inkjet-printed SWCNT 

thin films for stretchable electrode applications, the films were 

integrated with a light emitting diode (3 Φ blue LED, LEDJOY, 

Seoul, South Korea). The 5-layer printed sample was used in this 

stretchable lighting application test under a 500 mm/min stretching 

speed and 100% tensile strain. When the SWCNT thin film 

stretching cycle was performed, the LED showed good illumination, 

as shown in Fig. 3.5. The brightness was monitored using a chroma 

meter (CS-200, Konica Minolta Inc., Tokyo, Japan), which showed 

oscillating changes similar to the changes in the resistance shown in 

Fig. 3.3 (a) and (b). The relative brightness was reduced to 0.64 at 

100% tensile strain, compared with the brightness at released state. 

Although there was some variation, a small variation in the 

resistance resulted in only a small variation in the brightness of the 

LED, even under 100% strain; these results indicated the potential 

of these SWCNT electrodes for highly stretchable electronic 

applications.  
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Fig. 3.5 Blue LED connected using a 5-layer printed SWCNT thin 

film, observed during cyclic strain test using a speed of 500 

mm/min. 
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3.5 Conclusion  

In summary, inkjet-printed SWCNT thin films on PDMS 

stretchable substrates were developed. Their initial electrical 

properties were improved via simple post-treatments that were 

compatible with the substrate. During cyclic strain tests, all of the 

thin films showed an irreversible increase in resistance during the 

first stretching, owing to the formation of cracks, as well as a very 

small, reversible variation during the rest of the cycles. These 

phenomena were confirmed under various fabrication and test 

conditions, by varying the number of layers printed, the stretching 

speed, and the strain. The 5-layer printed electrode showed small 

variations in the resistance under high strains and high stretching 

speeds. The 5-layer electrode was integrated with an LED and 

tested under high stretching speeds and high strains. The LED 

brightness was maintained during the cyclic strain tests, 

demonstrating these SWCNT-based electrodes as one of the best 

candidates for interconnection components in electronics 

applications where high stretching capabilities are required. 
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Chapter 4 

 

A highly sensitive and repeatable strain sensor based 

on inkjet-printed single-walled carbon nanotube 

 

4.1 Introduction 

Advance developments in stretchable and flexible electronics 

device components have allowed various electronic devices to 

perform their function under tensile strain. [1]-[5] The 

developments in term of materials [6],[7], fabrication method [8], 

and system [9],[10] improve the properties of the electronic 

devices under deformation. For example, a metal has good 

conductivity and poor stretchability resulted from crack in 

microstructure; this disturbs the use of metal electrode in the 

stretchable electronics. [11] Some papers have tried to solve this 

problem of the metal-based stretchable electrode using structural 

approaches such as wavy or wrinkled structure of stretchable 
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electrode. [12],[13] These systematic and comprehensive efforts 

lead to a drastic development in area of stretchable electronics 

application. A strain sensor measuring the length of the devices 

under deformation is one of the stretchable electronics applications 

that also require the endeavor to meet the demand in recent 

development  

 Strain sensor has been widely studied for detecting structural 

fracture in the building and bridge since the pieozoresitivity of 

silicon wire was observed under tensile strain. [14],[15] As other 

types of strain-dependent phenomenon such as tunneling effect of 

percolated conductive materials in non-conductive materials matrix 

have been applied to strain sensor application, the range of 

detectable deformation has been expanded [16],[65] ; this 

expansion provides the potential to the strain sensor in various 

stretchable electronic devices. The semiconducting based strain 

sensors using the band gap shift that depend on inter-atomic 

spacing under tensile strain have high gauge factor, defined by GF 

= , as 120~150 in small tensile strain (<0.3%).[14],[17] The 

gauge factors of metal foil based strain sensor are about 2 because 

the Poisson’s ratio of the metal is typically 0.25~0.35. The metal 
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foil based strain sensor has reversible response to the tensile strain 

less than 2% due to a rapid change of microstructure ratio when 

plastic deformation in the metal occurred.[18] Conductive fillers in 

textile or composite based strain sensor have conducting path; the 

conducting paths are de-constructed under deformation. Although 

the polymer composite based strain sensors detect large 

deformation, the response of the strain sensors on the applied 

strain is not proportional to the changes in length. [19],[20]0 

Figure 4.1 and table 4.1 introduce the conventional products for 

measuring the strain, and various strain sensor reported recently 

are introduced in term of sensitivity and strain range. It is noted 

that fracture of fiber in the skin take place at the strain range higher 

than 25% and the skin stretch on the back of the hand caused by 

flexion movement of index finger is higher than 3~6%. [21]-[23] 

But, most previous studies for semiconducting and metal gauge are 

not suitable due to low strain range. [17],[48],[49] Composite 

based strain sensors that reported high strain range could detect 

the tensile strain of skin, but they showed non-linear response on 

the change in length. [54] High sensitive and stretchable strain 

sensor is essential to meet the demand for wearable electronic 
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devices such as smart glove, health monitoring system, and 

electronic skin. Recent studies for strain sensor device are focused 

on the single-walled carbon nanotube (SWCNT) thin films that are 

formed by spin coating or transfer method; these strain sensor also 

undergo low gauge factor. [24],[34],[40] High mechanical 

properties of material and the systematic efforts to reduce the 

disadvantage of the materials are challenging for further 

development in the strain sensor device. 

 Here, we introduce a new concept of strain sensor based on 

inkjet-printed SWCNT thin film on stretchable substrate using 

periodically ordered cracks in the thin film. The strain sensor 

shows high gauge factor and good durability in high strain range. 

The inkjet-printed SWCNT thin film has good durability and high 

sensitivity resulted from the periodically ordered cracks. There are 

various sensing properties of strain sensor such as linearity, 

stretching speed effect to measure human motion; these properties 

of the strain sensor show good performances. The stain sensor with 

excellent sensing properties can measure human motion from small 

vibration in back on the hand to ligament flexion. 
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Fig. 4.1 Recent reports and commercial products for strain sensor 

plotted as function of gauge factor and working range. Human skin 

lose their elastic properties in the tensile stain up to 45~55% [22] 
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Table 4.1 Recent reports for strain sensor exhibited by fabrication 

information, properties, and applications [24]-[57] 
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4.2 Effect of periodically-ordered patterns on the structural 

and electrical properties of the inkjet-printed SWCNT thin 

films 

 Figure 4.2 illustrates schematic flow of the fabrication and 

structure of inkjet-printed SWCNT based strain sensor. The 

synthesized SWCNT aqueous ink was printed with specific pattern 

or shape using an inkjet printer (Dimatix 2831, Fujifilm Dimatix Inc., 

Santa Clara, CA, USA).  Poly(dimethlysiloxane) (PDMS) (Sylgard 

184, Dow Corning Corp., Midland, MI, USA) substrate with inkjet-

printed SWCNT pattern was subjected to UV ozone treatment to 

improve wetting properties of the PDMS substrate for 10 minutes. 

[13] 5-layer printed SWCNT thin film was printed on the UV ozone 

treated sample. To reduce surfactant used for the dispersion 

stability of SWCNT powder in aqueous solution, [58],[59],[60] a 

rinsing method using a pipette was performed on the SWCNT strain 

sensor for 1 hour, and then it was dried. Figure 1(b) shows the 

structure of the inkjet-printed SWCNT strain sensor on the PDMS 

substrate. Although the fabrication process is similar to the inkjet-

printed SWCNT stretchable line introduced in previous chapter, 

there is a different step with the process of the stretchable line. 
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The Inkjet-printed SWCNT pattern exists between the inkjet-

printed line and the PDMS substrate.  

The effect of the printed pattern on the structural properties of the 

printed thin film is shown in the figure 4.3. As mentioned in the 

chapter, the printed thin film did not have cracks in the film if an 

external stress is not subjected. When applied stress (or strain) 

was subjected to the thin film, many cracks in the thin film initiated. 

The formed cracks propagated according to the magnification of the 

external stress. [24] Unlike the SWCNT thin film without pre-

printed pattern, there were two types of crack in the SWCNT thin 

film with the pattern. Small crack took place randomly in the line 

and the crack did not propagate in whole thin film under low tensile 

strain due to fiber bridging behind crack tip. [61]-[63] Large scale 

crack near the printed pattern, even obviously observed in tensile 

strain of low magnification, propagated along the pattern under 

tensile strain. The opened cracks of both types became narrow and 

wrinkle structure when the external tensile strain was eliminated. 

The phenomenon of the repeatable crack formation in the SWCNT 

thin film could be observed in various pattern shapes such as circle 

and vertical line; this means that we can arrange the crack formed 
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by the pre-printed pattern. As shown in the figure, the intended 

crack formed near the pre-printed pattern grew to the 

perpendicular direction of the external strain. If we consider that 

the crack formed under tensile stress disturb electrical current flow 

in the film, the vertical line is more effective shape for highly 

sensitive strain sensor. 
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Fig. 4.2 Schematic diagram of the process used to fabricate inkjet-

printed SWCNT strain sensor on PDMS substrates using an aqueous 

SWCNT ink 
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Fig. 4.3 Optical images exhibiting the effect of the pre-pattern on 

the structure of the 5-layer printed SWCNT thin films on the PDMS 

substrate for strain up to 25% and 50%, respectively (Shape of the 

pattern - left: without pattern, middle: circle, right: vertical line) 
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To further investigate the effect of the pre-printed pattern on the 

electrical properties of the printed SWCNT line, we optimized the 

shape and densification of the pre-printed pattern as shown in 

figure 4.4. The shape of the printed line was a dog-bone shape 

having two rectangular pads used for measuring the electrical 

properties of the thin film and a narrow line. The printed patterns 

located in the narrow line. The sensitivity of the printed strain 

sensor was determined by the shape of the pre-printed pattern 

resulting in ordered cracks. We fixed some conditions of the pattern 

such as width of the narrow line and length of the strain sensor and 

changed the density of the pre-printed pattern in length of the 

strain sensor and the size of the pre-printed patterns in the narrow 

line. The SWCNT stretchable line introduced in previous chapter 

had excellent mechanical properties under harsh conditions due to 

cracks formed randomly; the crack did not propagated to the whole 

thin film. However the cracks formed by the pre-printed pattern 

propagated to the whole thin film as shown in figure 4.4 (b) and (c), 

which cause a drastic reduction of the current path in the thin film. 

Periodic ordered patterns formed periodic and fully-propagated 

crack, the crack thin down the current path in the thin film 
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effectively. Although the low scale cracks were exhibited in the thin 

film by the tensile strain, large scale crack cut off the thin film 

during stretching cycle; the effect of the large crack is dominant in 

the resistance of the thin film. All the cracks were de-formed at 

released state. The narrowed conducting path formed by ordered 

pattern is key issue for high sensitive strain sensor. The effects of 

the pre-pattern size and the pattern density on the sensitivity of 

strain sensor are observed as shown in figure 4.4 (d) and (e). 

Strain sensors with no conducting path (w: 0 mm) show high 

sensitivity to the tensile strain, but they had high sample variations 

due to the large scale crack formed in whole thin film. The 

conducting path with small scale crack prevents the resistance of 

the thin film from increasing unpredictably. When the ratio of 

conducting path in the printed line increased, a gauge factor of the 

strain sensor became 0.91; this is a comparable value with 

previously reported paper for thin film based strain sensor. 

[24],[38],[40] The periodically ordered and dense crack with 

narrow conducting path is most effective method for high sensitive 

strain sensor and the inkjet printer is well matched with high 

sensitive strain sensor in term of easy patterning and scalability.  
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Fig. 4.4 (a) schematic illustration of inkjet-printed SWCNT strain 

sensor with pre-pattern having two variable conditions that are 

vertical distance between patterns and numbers of pattern in thin 

film. Optical images of the strain sensor for strain up to 50% (b) in 

central region and (c) in edge region of the thin film. Gauge factor 

variation controlled by the conditions of (c) the distance and (d) the 

number of pattern  
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The effect of the intended crack resulted from pre-printed pattern 

are observed in figure 4.5. The strain-sensitivity of the printed film 

changed when some treatments were subjected. To compare the 

changes, we prepared three types of 5-layrer printed thin film 

having different treatments each other and measured the resistance 

behavior of all samples during stretching cycle test. All samples 

were tested by strain increasing test for stains up to 12.5%, 25.0%, 

37.5% and 50.0% respectively and the cycle were performed twice. 

The resistivities of the printed thin films at release state were 

continuously increased as the tensile strain increase; this is 

correlated with increasing crack density and size as shown in fig 4.3. 

This has been widely reported in the SWCNT or nanomaterial-

based thin film due to crack or buckled structure. [34],[35],[40] In 

second stretching cycle, the resistances of the printed thin films at 

release state did not change significantly because the cracks did not 

propagate at the same maximum strain although the recovery of the 

resistivity in release state was late. As mention in the chapter 3, 

diluted nitric acid (4 mol/L) treatment performed on the washed 

SWCNT thin film reduced the resistivity of the thin film and 

resistance variation during the stretching test. In contrast to the 
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acid-treated sample, the printed thin film having pre-printed 

pattern exhibited the high sensitivity on the applied strain. Unlike 

other types of the printed thin film having only randomly-formed 

crack, the printed thin film having the pre-printed pattern had two 

types of crack. The intended crack resulted from pre-printed 

pattern improved the sensitivity of the thin film on the applied strain 

by a limitation of current path; the strain-sensitivity of the thin film 

was higher than that of the thin film without the pre-printed pattern. 

We can confirm the intended crack is high effective method to 

improve the sensitivity of the stain sensor  

So, we measured various specificities of the strain sensor as well 

as the sensitivity of the strain sensor to confirm the feasibility of 

the strain sensor. 
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Fig. 4.5 Resistance variations showing the effect of the pre-pattern 

on the electrical properties of 5-layer printed SWCNT thin film 

having pre-pattern (w: 0.1 mm, n: 80) (open triangle) on PDMS 

substrate for strain up to 12.5, 25%, 37.5%, and 50% respectively 

and comparison results of 5-layer printed SWCNT thin film having 

no pattern (w: 0 mm, n: 0, rinsed sample-opened square, nitric acid 

treated sample-closed square) The stretching tests were 

performed twice.  
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4.3 Fundamental properties of the inkjet-printed strain sensor 

Figure 4.5, 4.6, and 4.7 demonstrate properties of the strain 

sensor under uni-axial tensile strain test. The 5-layer printed 

lines optimized by pre-printed pattern are tested and the printed 

line was pre-stretched for strain up 50%. When the 5-layer 

printed strain sensor was subjected to the strain up to 10%, 30%, 

and 50% respectively, the variation of normalized resistance 

showed similar behavior under the tensile stress. Compared with 

the 5-layer printed thin film without pre-printed pattern, the strain 

sensor showed excellent sensitivity on the tensile strain in the 

whole range. They showed about 12 of gauge factor and it had little 

change in various strain ranges. The constant value of gauge factor 

in the whole strain range means good linearity of the strain sensor. 

The good linearity of the stain sensor is one of the important 

properties to measure the external stimuli. In general, the linearity 

of the strain sensor to the tensile strain could be explained by the 

value of adjust R-square used in the statistics. [29],[41],[55],[57] 

Except some strain sensors showing good linearity, many stain 

sensors reported for thin film type underwent low linearity of 

response on external stimuli. Although some reports did not include 
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the value of adjust R-square, the resistance variation during 

stretching test had non-linear behavior. [19],[24],[30] This means 

that additional program or revision is required to confirm the 

applied strain exactly. The value of adjust R-square of our strain 

sensor were 0.99452~0.99763; this means the strain sensor 

showed good response on the external stress. Although little 

relaxations were observed at releasing state, the increasing-

decreasing curve during stretching cycle was symmetric to the 

tensile strain.  

The cycling number of tensile strain test was up to 1,000 times to 

confirm the durability of the strain sensor, the maximum value of 

normalized resistance for strain up to 50% of the strain sensor 

rarely changed as shown in figure 4.7. When we saw the resistance 

variation during one cycle exhibited in this figure, it was symmetric 

to the tensile strain. The excellent durability of the strain sensor 

resulted from crack bridging is a merit of the nanotube-based thin 

film as introduced in previous chapter. Moreover, the durability was 

well-maintained if a maximum tensile strain is constant. A low 

dependency about stretching speed is also critical factor for high 

feasible strain sensor to various applications such as data glove, 
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shoes and cloth that required dynamic motion. But, only a few paper 

studied the effect of stretching speed that should be considered to 

detect the dynamic motion. [19] We also measured the resistance 

variation of the strain sensor during stretching cycle with various 

stretching speeds from 1 mm/min to 500 mm/min. The normalized 

resistances during stretching cycle were well matched except 

stretching speed of 500 mm/min that has only few measured results. 

Although an little inconsistency is observed during releasing the 

strain sensor, it showed stretching speed-independent response; 

this means the strain sensor is effective device to measure dynamic 

action. 
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Fig. 4.6 (a) Normalized resistance variations of 5-layer printed 
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SWCNT thin film having pre-pattern (w: 0.1 mm, n: 80) (open 

triangle) on PDMS substrate for strain up to (a) 10, (b) 30, and (c) 

50% respectively and comparison results of 5-layer printed 

SWCNT thin film having no pattern (w: 0 mm, n: 0, rinsed sample-

opened square, nitric acid treated sample-closed square) 
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Fig. 4.7 Normalized resistance variation of 5-layer printed SWCNT 

thin film having pre-pattern (w: 0.1 mm, n: 80) measured during 

cyclic test for strains up to 50% with stretching speed of 100 

mm/min. 
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Fig. 4.8 Normalized resistance variation of 5-layer printed SWCNT 

thin film having pre-pattern (w: 0.1 mm, n: 80) for strains up to 

25% with different stretching speed from 1 to 500 mm/min. (closed 

symbol) and comparison results of 5-layer printed SWCNT thin 

film have no pattern (w: 0 mm, n: 0) with stretching speed of 100 

mm/min. (opened symbol) 
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4.4 Application of the inkjet-printed strain sensor 

To confirm the feasibility of the strain sensor in various conditions 

such as wide strain range, a strain sensor fixed on substrate by 

adhesive glue was tested for specific motions. The 5-layer printed 

strain sensor optimized by pre-printed pattern was used for the 

test and the strain sensor was pre-stretched for strain up to 50% 

before fixed. To reduce sample variations, we used the printed 

strain sensor with gauge factor of 13.98. Figure 4.9 shows various 

motions and the response of the strain sensor on the motions. In the 

figure, the range of the motion varied from a tiny strain, even un-

attempted, on the back of hand during mouse click to a strain on the 

finger during grabbing. Since the strain sensors have been studied 

for motion detector, many applications such as finger, wrist, and 

balloon test were reported to measure the induced tensile strain. 

[34],[43],[64] But there were only a few papers that classified the 

different motions using a strain sensor. [50] We can classify the 

different motions due to the high sensitivity of the strain sensor 

from small strain to large strain. It was observed that human 

motions such as surface tension on the back of hand, wrist flexion 

and finger bending are lower than 25% because calculated strain 
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from the gauge factor and normalize resistance in the figure did not 

exceed 50%. Our strain sensor, highly sensitive strain sensor in the 

strain up to 50% with good linearity to the tensile strain and low 

dependency on the stretching speed, is much effective for the strain 

range of human motions. In addition, the response to the tensile 

strain was not affected by deformation speed that means a certain 

deformation with different deformation speed could be measured as 

equally subjected strain as shown in figure 5.8 (a). Although little 

variation was shown in the results, the resistance variations during 

finger bending with different speeds showed similar results. The 

inkjet-printed strain sensor is highly suitable for measuring various 

human motions based on different ranges and speeds.  

 A strain sensor system could be fabricated by the strain sensor 

and the stretchable electrode that has low sensitivity to the tensile 

strain. Some efforts for the strain sensor system have been tried to 

measure a spatial distribution of tensile strain under deformation 

conditions. [54] To obtain exact strain, resistance variation of the 

stretchable electrode should be lower under tensile strain unlike 

that of the strain sensor. It was reported that different materials 

and additional processes were required to meet the low resistance 
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variation. But, an inkjet-printed strain sensor system reduces the 

laborious works resulted from materials and processes due to 

scalability of the inkjet printing system and selective enhancement 

in the strain-response. Figure 4.10 (a) illustrate strain sensor 

array on a glove; a strain sensor line with stretchable electrode was 

tested for detecting motion in the index finger. Periodically ordered 

patterns were also printed on the desirable region, which was a 

ligament placed between middle phalanx and proximal phalanx, in 

stretchable substrate, and then the sample was UV ozone treated. A 

long SWCNT line was printed on the sample and the sample was 

water-rinsed and nitric acid-treated. When the finger was bended, 

the resistance in the strain sensor line showed a drastic increase by 

finger motion on the region with periodically ordered patterns. The 

resistance in the strain sensor line showed a little increase by 

finger motion on the regions without the ordered patterns. The 

combination of stretchable electrode having low response on the 

tensile strain and strain sensor lines that have periodic patterns on 

different regions can measure spatial distribution of tensile strain 

during a certain motion.  
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Fig. 4.9 Optical images and normalized resistance variation of 5-

layer printed SWCNT thin film having pre-pattern (w: 0.1 mm, n: 

80) measured in various actions at (a), (d) finger, (b), (e) wrist, 

and (c), (f) back of the hand, respectively. 
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Fig. 4.10 (a) Optical image of combination of stretchable electrode 

and strain sensor (b) Resistance variation during the motion such as 

(c) bending fingertip and (d) grip 
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4.5 Conclusion  

In summary, we fabricated inkjet-printed single-walled carbon 

nanotube thin films on stretchable substrate for the use of strain 

sensor having high response on the external strain. The strain 

sensor was fabricated using inkjet printer and the synthesized ink. 

Pre-pattern fabricated by inkjet printer caused large size crack; 

this is effective obstacle for the current flow under deformation. We 

confirmed that high response of strain sensor compared with 

reference sample not having pattern. The high response of strain 

sensor was optimized by the size and the number of the pre-

pattern. The optimized strain sensor exhibited high strain range, 

high gauge factor, linear response on the tensile strain, high 

durability in cyclic test, and low variation resulted from different 

stretching speed. The properties of the inkjet-printed strain sensor 

were suitable to measure human motion having dynamic action. We 

successfully demonstrated the strains sensor to measure various 

human motions from small vibration caused in back of the hand to 

large change such as finger bending. We combined the stretchable 

electrode and the strain sensor to minimize the measuring system, 

and it was also demonstrated. 
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Chapter 5 

 

Conclusion 

 

In this thesis, we report the inkjet-printed single-walled carbon 

nanotube thin films on stretchable substrate for stretchable 

electrode and strain sensor. The carbon nanotube is well known 

materials as excellent properties in term of electrical and 

mechanical properties resulting in various applications exhibiting 

high performance. Nevertheless the high performance in the various 

applications, some technical issues of the carbon nanotube such as 

scalability and low dispersion stability in aqueous solution having 

high safety solvent than organic solvent disturb the use of carbon 

nanotube. Especially, it has many problems for the use in 

stretchable electronic, known as next generation electronics, 

requiring large area device, compatibility with polymer material. We 
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tried to solve the technical issues of the carbon nanotube using the 

inkjet printer and synthesized single-walled carbon nanotube ink. 

To use the synthesized ink for inkjet printing, some conditions were 

optimized. In the optimized condition, inkjet-printed single-walled 

carbon nanotube showed well-shaped films and the printed films 

were developed for stretchable electrode and strain sensor using 

specific phenomenon of the carbon nanotube.  

 The carbon nanotube has advantage in term of the properties of 

the carbon nanotube, but it has also disadvantage of low dispersion 

properties in aqueous solution compatible with stretchable substrate. 

To use the aqueous solution, we fabricated single-walled carbon 

nanotube ink using surfactant, water, and nanotube powder. In 

fabrication process, we used tip sonication, ultracentrifugation, and 

filtration. The tip sonication improved the effect of the surfactant in 

the solution by untangling nanotube, and the ultracentrifugation and 

filtration prevent a large bundle of carbon nanotube clogging a 

nozzle on cartridge of the inkjet printer. Since the printed ink has 

hydrophilic properties that are not matched with the PDMS 

substrate having hydrophobic properties, we used the UV ozone 

treatment and controlled the substrate temperature of the inkjet 
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printer. The treatment and the effect of surfactant used for 

dispersion stability showed a significant improvement of film 

properties. Two post treatments were performed to the printed film 

having a lot of surfactant that reduce the electrical properties of the 

thin film. Water rinsing reported by an effective method to reduce 

the surfactant in the thin film and nitric acid treatment improving 

the electrical properties of carbon nanotube exhibited a drastic 

change in electrical and structural properties of the thin film. 

 The printed single-walled carbon nanotube thin film showed 

excellent mechanical properties. After the post treatments that 

were performed for reducing the surfactant in the thin film, the thin 

film had improved electrical and mechanical properties. Unlike a 

untreated sample having a high resistance and a large variation in 

resistance during stretching test, the sample performed by two post 

treatment had good electrical properties and excellent mechanical 

properties. Except initial increase in resistance, the resistance 

variation of the treated sample had low value under tensile strain. 

The specific phenomenon was maintained although strain range, 

stretching speed, and the number in cyclic test changed. It was 

originated from the structure of the single-walled carbon nanotube 
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thin film. The printed thin film had tangled structure of the single-

carbon nanotube, which disturb crack propagation. When a crack 

occurred in the thin film, it was propagated to the whole thin film by 

external stress. But the tangled carbon nanotubes prevent the crack 

propagating, which related the excellent mechanical properties of 

single-walled carbon nanotube. The high strechability of the 

printed thin film demonstrated via integration with light-emitting 

diode.  

 The resistance response on the tensile strain changed the status of 

the thin film. The nitric acid treated thin film had low response on 

the tensile strain; this is suitable for the stretchable electrode. In 

contrast with the nitric acid treatment, pre-pattern perform by 

inkjet printer caused large scale crack under deformation; this large 

crack narrow the current path in the thin film. The intended crack 

improved the resistance response on the tensile strain significantly. 

The number of crack and size were optimized using the pre-pattern, 

the optimized thin film had high response on the tensile strain, and 

the response was maintained during stretching tests. The excellent 

strain response was also obtained with different stretching speed 

and high cycling number in stretching test. It was successfully 
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demonstrated via various motion tests such as finger and wrist 

bending, and mouse clicking. In addition, the strain sensor having 

high response on the tensile strain and the stretchable electrode 

having low response on the tensile stain were combined. The 

combination of strain sensor and stretchable electrode was also 

demonstrated. 
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국문 초록 

 

 

최근 센서, 박막 트랜지스터, 유기 발광 소자 등 다양한 분야에서 

신축성 전자소자들이 소개되고 있다. 이러한 신축성 전자소자의 급격한 

성장은 재료, 소자 물리, 화학, 기계공학 등 다양한 분야의 협업을 통해 

이루어지고 있다. 지속적으로 기존의 신축성 전자소자가 지닌 문제점을 

해결하고, 우수한 특성을 지닌 신축성 전자소자를 개발하기 위해서는 

다방면으로 접근하여 넓은 시각에서 바라볼 필요가 있다. 현재 신축성 

전자소자를 제작하기 위해서는 높은 기계적 변형을 견딜 수 있는 재료, 

구조, 시스템이 필요하며, 그 중에서도 가장 기본이 되는 우수한 기계적 

특성의 가진 재료의 선정은 필수적이다. 

탄소나노튜브는 신축성 전자소자에서 가장 각광받는 재료 중 하나이다. 

독특한 튜브구조와 그로부터 기인한 높은 기계적, 전기적 특성은 신축성 

전자소자를 제작하기 위한 최적의 특성을 보여주고 있다. 또한, 

관능기를 이용한 기계적, 전기적 특성 조절이 용이하고, 외부 자극에 

대한 반응이 변화하는 점은 탄소나노튜브의 가장 큰 장점이며, 다양한 

전자소자 제작을 가능하게 한다. 하지만, 개별 탄소나노튜브 대비 낮은 

박막 특성을 가지며 탄소나노튜브의 높은 합성비용으로 인해 스크린 

프린팅과 같이 재료의 소모가 큰 대면적 제작공정에 적합하지 않고, 물 
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기반의 잉크에 낮은 분산 안정성을 보여 신축성 전자소자 대면적 제작에 

많은 문제점을 나타내고 있다. 

이를 해결하기 위해 재료의 소모가 적은 잉크젯 프린팅 공정을 이용하여 

탄소나노튜브 기반 신축성 전자소자 제작을 진행하였다. 잉크젯 프린팅 

공정은 공정비용이 저렴하며, 대면적 전자소자 제작이 용이하며, 재료의 

소모가 적은 장점을 가지고 있지만, 사용되는 잉크의 점도에 영향을 

많이 받아 재료 사용의 제약이 있다는 단점을 지니고 있다. 유해성이 

높은 유기용매가 아닌 물을 이용하여 직접 잉크를 제조하여 앞서 언급된 

단점을 해결하고, 계면활성제를 이용하여 낮은 분산성을 해결하였다. 

기판온도 최적화와 UV(ultraviolet) 오존을 이용한 표면처리를 이용하여 

잉크젯 프린팅 기반 탄소나노튜브 박막을 제작하였다. 분산성을 

향상시키기 위해 이용된 계면활성제는 탄소나노튜브 박막의 전기적 

특성을 저해시키기 때문에, 인쇄된 박막 내부의 계면활성제를 줄이는 

과정이 필요하다. 본 연구에서는 물을 이용한 계면활성제를 씻어내고 

묽은 질산을 이용하여 추가적인 전기적 특성 향상을 유도하였다. AFM 

(Atomic Force Microscope)를 이용하여 두 가지의 후처리 공정 동안 

발생하는 구조적 변화를 확인하였으며, 5 번 인쇄된 박막의 면저항이 

313.55 Ω/□에서 19.08 Ω/□으로 급감하는 것을 확인하였다. 

앞서 제작된 잉크젯 프린팅 공정 기반 탄소나노튜브 박막은 높은 기계적 

변형률 (100%)에서도 파괴되지 않는 것이 확인되었다. 높은 기계적 
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변형속도(100 mm/min.)의 반복 인장 실험에서도 박막이 파괴되지 않고, 

전기적 특성이 일정하게 유지하는 것을 확인하였다. 비록 미세한 전기적 

특성 변화가 발생하지만, 반복 인장 실험에서도 전기적 특성이 유지되는 

현상은 다양한 실험조건에서 발생한다. 이는 SEM (Scanning Electron 

Microscope)와 현미경 관찰을 통해 균열 브릿징 현상에 의해 기인하는 

것을 확인하였다. 잉크젯 프린팅 기반 탄소나노튜브 박막의 우수한 

기계적 특성을 활용하기 위하여 LED (Light- Emitting Diode) 램프를 

연결하여 기계적 변형 동안 램프의 밝기 변화를 측정하였으며, 램프의 

밝기가 일부 변화하였지만 높은 기계적 변형에서도 유지되는 것을 

확인하였다.  

외부의 기계적 변형에 의한 잉크젯 프린팅 기반 탄소나노튜브 박막의 

전기적 특성 변화는 박막의 구조적 변화를 이용하여 쉽게 조절할 수 

있다. 선-인쇄된 탄소나노튜브 패턴을 이용하여 박막 내부의 균열을 

인위적으로 유도하고, 균열의 크기나 방향을 조절하여 박막의 기계적 

특성은 유지하되 전기적 특성 변화를 크게 증가시킬 수 있다. 선-

인쇄된 탄소나노튜브 패턴의 크기나 모양을 최적하여 높은 민감도와 

높은 신뢰성, 그리고 우수한 선형성을 가진 잉크젯 프린팅 공정 기반 

변형률 감지 센서를 제작하였다. 제작된 센서를 이용하여 사람의 다양한 

움직임을 측정 가능한 것이 확인되었다. 앞서 제작된 신축성 전극과 

변형률 감지 센서는 간단한 처리공정으로 외부 변형에 의한 전기적 특성 
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변화율이 상반되게 변화하는 것을 이용하였으며, 신축성 전극과 변형률 

감지 센서를 통합한 변형률 감지 시스템을 제작 가능성을 확인하였다.  

 

주요어 : 잉크젯 프린팅, 단일벽 탄소나노튜브, 신축성, 변형률 감지센서 

학번 : 2010-30981  
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