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Abstract 

Ultrasensitive sensor design based on 
spider inspired mechanical crack 

Yong Whan Choi 
School of Mechanical and Aerospace Engineering 

The Graduate School 
Seoul National University 

In this thesis, we describe crack sensor systems inspired by spider’s slit organ. 

Firstly, we present a sensor based on the guided formation of straight mechanical 

cracks within a regular micro-scale pattern. The sensor is highly sensitive to 

pressure (sensitivity = ~ 1 × 105 at pressures of 8-9.5 kPa range) as well as strain 

(GF = ~ 2 × 106 at strains of 0-10% range). Secondly, we present crack sensor based 

on a cracked transparent epilayer, Indium-Tin Oxide (ITO), deposited on a 

transparent PET substrate, which exhibits ultra-high sensitivity to strain, (GF = ~ 

4000 at 2% strain), to pressure (sensitivity = 1.91 kPa-1 at pressure from 30 to 70 

kPa), and transparency (89% at wavelength of 560 nm). Theoretical description, 

durability and reproducibility have also been demonstrated for each case. 

Key Words : Strain sensor, Pressure sensor, Micro-pattern, mechanical crack 

Student Number: 2011-20762 
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Chapter 1. Introduction 
 

 

In nature, creatures with remarkable abilities can be easily found. For example, 

there are hydrophobic properties of lotus leaf, anti-reflections in the moth’s eye, dry 

adhesion for gecko lizard, photonic crystal effects for beetles, directional wettings 

for morpho butterfly, and drag reductions for shark’s skin. So many researchers are 

looking to nature for inspiration. Recently, a mechanical crack-based strain sensor 

with high sensitivity was proposed, which was inspired by the spider’s sensory 

system. Spiders have slit organs on its legs to detect vibrations in their surroundings. 

The slit geometry enables ultrasensitive displacement detection by allowing 

mechanical compliance, which results in the deformation of the slit in response to 

small external force variations. Inspired by this ability, Kang et. al. designed a 

multifunctional sensor based on nanoscale crack junctions and demonstrated its 

ultrahigh sensitivity to physiological signals and external forces. For further 

enhancement in sensitivity and diverse functionality, analysis and investigation on 

the crack sensor are needed. The sensitivity and characteristic of the crack sensor is 

strongly affected by the crack geometry and the material property. For enhancing 

the crack sensor sensitivity, we patterned holes on the surface of the device, which 

concentrate the stress near patterned holes leading to generate uniform cracks 

connecting the holes throughout the surface. Furthermore, for diverse functionality 

of the crack sensor, a transparent epilayer, Indium-Tin Oxide (ITO), is deposited on 

a transparent PET substrate.  
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In Chapter 2, we demonstrate such ultra-sensitive pressure sensor based on the 

guided formation of straight mechanical cracks within a regular micro-scale pattern. 

The sensor has patterned holes on the surface of the device, which concentrate the 

stress to particular regions. Each hole precisely generates uniform cracks 

connecting the holes throughout the surface. We found that such a guided straight 

crack formation results in an exponential dependence of the resistance against the 

strain, overriding all known linear or power law dependences. Consequently, the 

sensors were highly sensitive to pressure (with a sensitivity of over 1 × 105 at 

pressures of 8-9.5 kPa range) as well as strain (with a gauge factor of over 2 × 106 

at strains of 0-10% range). A new theoretical description for the guided crack 

system was proposed to be in a good agreement with experiments. Durability and 

reproducibility was also confirmed. 

 

In chapter 3, we present a highly sensitive pressure and strain sensor based on 

a cracked transparent epilayer, Indium-Tin Oxide (ITO), deposited on a transparent 

PET substrate. This sensor system with which we demonstrated how to detect 

pressure and finger motions exhibited ultra-high sensitivity to strain, (gauge factor 

about 4000 at 2% strain), to pressure (sensitivity is about 1.91 kPa-1 at pressure from 

30 to 70 kPa), and transparency (up to 89% at wavelength of 560 nm). Also, 

durability was validated over 5,000 cycles. The sensor thus was found to boast 

broad applications including touchscreens and motion detectors. 
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Chapter 2. Pressure sensor based on guided straight crack 

 

 

2-1. Objective 

 

Studies on wearable healthcare and artificial electronic skin devices [1-4] and 

the development of high performance sensors are attracting profound interests. 

Various types of pressure sensors have been developed based on nanowires [5,6], 

silicon rubber [7], piezoelectric [8], and organic thin-film transistors [9,10] for 

accumulating external information. Also, strain sensors based on carbon nanotubes 

[11,12], nanofibres [13], graphene platelets [14] and mechanical cracks [15-17] 

have been reported. Although cracks were considered as defects to be avoided in 

general, studies on cracks such as patterning by cracks [18], thin-film cracking for 

producing nanowires [19], and interconnectors [20,21] have been reported in recent 

times. A crack sensor inspired by the spider’s sensory system was reported to be 

remarkably sensitive to strain and vibration [15]. However, it has limitations in 

which strains of merely 2 % can be applied. The cracks in Ref. 15 comprised a 

system of parallel cracks which revealed a universal behavior of the resistance 

against the strain which was close to a power-law dependence (see below). Yet, 

more control over the crack morphology and stretchability is still required for 

alternating the sensor into a more stretchable one for pressure sensing. Properly 
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designed crack lip morphology can provide the rapid increase in the resistance with 

the strain and thus in sensitivity. Cracks should be made straight with negligible 

asperity that may give sharp lip disconnection and rapid increase in the resistance 

vs strain. In this work, we designed a micro-patterned crack sensor and 

demonstrated its ultrahigh sensitivity to external forces (e.g. pressure) and 

physiological signals (e.g., wrist pulse).  
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2-2. Fabrication method of guided straight crack sensor 

 

A schematic diagram for the fabrication of induced crack-based sensor is shown 

in Figure 2-1. Spin coated 100 μm polydimethylsiloxane is bonded on glass by 

oxygen plasma (CUTE-1MPR, Femto Science Inc.). 20 μl polyurethane acrylate 

(PUA) dripped in PDMS/glass mold. Pillar patterned silicon mold cover on and 350 

nm ultraviolet (UV) flood exposure (approximately 12 mJ/cm2) followed. A 

patterned 10 nm chrome layer is formed by thermal evaporator (thermal evaporator; 

Selcos Inc.) and 20 nm platinum layer with sputtering is followed. Metal layer 

deposited PUA film is carefully detached from PDMS/glass mold and stretched 

with 5 % strain at x/y-direction by custom-built stretcher. Resistance change was 

measured by a Lab View-based PXI-4071 system (National Instruments Inc.). The 

lateral dimension of the sensor strip was 5 mm × 10 mm on the 100-μm-thick C-

PUA as shown in Figure 2-2(a). In terms of the stretchability, the crack sensor can 

be stretched by 10 % strain as shown in the photograph in Figure 2-2(b). Hole-

patterns generate stress concentration between adjacent two holes and induce 

regular cracks as shown in Figure 2-2(a). When stretching force is applied to the 

patterned crack sensor, cracks formed perpendicular to the force are opened (red 

arrows) while the parallel ones are closed (blue arrows) because the Poisson’s ratio 

of rubber-like C-PUA induces such a behavior as shown in Figure 2-2(b). After 

preparing the crack network, the sensor undergoes the strain test. Before applying 
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strain cracks are closed tightly as shown in Figure 2-2(c). After stretching the 

contact area between crack lips decrease as shown in Figure 2-2(d) thus increasing 

the electrical resistance that was measured. 
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Figure 2-1. Fabrication procedure for induced crack sensor. (a) Dripping PUA 

on glass and cover with silicon mold. UV exposure is followed for curing PUA. 

(b) Metal layer (Cr 10 nm/Pt 20 nm) is deposited. (c) 10 % of strain is applied 

bi-axially.  

  

a 

b 

c 
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Figure 2-2. Schematic illustrations and images of an induced crack sensor. (a) 

Image (left) and illustrations (right) of the sensor before stretching. The sensor has 

lateral dimensions of 5×10 mm on 100-μm-thick C-PUA and all cracks are closed. 

(b) Image (right) and illustrations (left) of the sensor after stretching. Cracks 

perpendicular to the stretching direction are opened (red) and other ones are closed 

(blue). (c) SEM image of the sensor of the left image (left) of (a) and magnified 

SEM image of closed crack (right). (d) SEM image of the sensor of the right image 

(right) of (b) and magnified SEM image of opened crack (left).  
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2-3. Results of the guided crack strain sensor 

 

The resistance of the metal layer dramatically increased due to the opening of 

the cracks [15] because there was no conductivity between disconnected lips of the 

crack. Rare, yet bridging, metal contacts between crack lips result in the high strain 

sensitivity of the resistance. The resistance analyzer measured the resistance of the 

metal layer on the polymer and the sensor was periodically stretched by the dynamic 

measurement system (3342 UTM, Instron Co.) as shown in Figure 2-3. Along with 

the high strain sensitivity, the crack-based sensor was demonstrated to be highly 

repeatable since the resistance variations of the sensor while loading up to 10 % 

strain and unloading back to 0% strain at a sweeping speed of 10 mm/min (see 

Figure 2-4) closely match during the experiment. The overall gauge factor 

determined from the definition ((∆R/R_0)/ε) exceeds 2 × 106 at strains of 0-10% as 

shown in Figure 2-5. It is noted that resistance variation to strain is non-linear (strain 

dependent gauge factor defined by [Gauge Factor = ((dR⁄R_0 ))⁄dε] is shown in 

Figure 2-6). Cracks induced by hole-patterns showed regularity in shape, which 

results in reproducibility in five samples as shown in Figure 2-7. Graphs of the 

resistance of the patterned crack sensor loaded to strain 10 % and unloaded to strain 

0 % are overlapped, which illustrates that some hysteresis occurs only at sufficiently 

high strains (see Figure 2-8). In Figure 2-8 we plot the experimental resistance vs 

strain curve along with theoretical fits that illustrates the validity of the theory given 
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later. As to the response time, the cracks of the patterned crack sensor react within 

100 ms to the abrupt sweep strain up to 0.4 % (Figure 2-9). Finally, the marathon 

test has been performed for 5000 cycles (Figure 2-10) to show good reproducibility 

even for strains up to 10%. 

The initial resistance of the sensor without stretching is about 100 Ω. The 

maximum gauge factor is 2 × 106 at strains of 0-10%. Consequently the resistance 

of the sensor varies from approximately 100 Ω to 20 MΩ. The power consumption 

of the sensor can be estimated with equation P=I2∙R, where I is the test current by 

the resistance analyzer (NI instruments, PXI-4071) and R is the resistance of the 

sensor. For the condition of the data acquisition system with highest resolution, the 

energy consumption of the sensor becomes 0.1 mW (test current is 1 mA, resistance 

of the sensor is 100 Ω, and resolution of data acquisition is 1 μΩ). With the lowest 

resolution, the power consumption would become 0.1 nW (test current is 1 μA, 

resistance of the sensor is 100 Ω, and resolution of data acquisition is 10 Ω). 
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Figure 2-3. Illustration of the cyclic stretching test with a resistance analyzer.  
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Figure 2-4. The normalized resistance measured at a strain sweep rate of 10 
mm/min. 
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Figure 2-5. loading/unloading behavior at various final strains. 
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Figure 2-6. Strain-dependent gauge factor by taking the derivative of R/R0 
with respect to strain [Gauge Factor = (dR/R0)/dε]. 
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Figure 2-7. loading/unloading behavior with five different samples for 
reproducibility. 
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Figure 2-8. Theoretical analysis data with experimental normalized 
resistance data.  
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Figure 2-9. Response time of the sensor resistance to strain 0.4 %. 
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Figure 2-10. Marathon tests (<5,000 cycles) with repeated loading/unloading 
of various final strain. (a) Marathon test with various final strain (black – at final 
strain 10 %, red – at final strain 5 %, blue – at final strain 2.5 %) (b) 
Loading/unloading at 10 % final strain after 5,000 cyclic test. 
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2-4. Utilizing induced crack sensor for pressure sensing and result 

 

One can make an arrangement of the sensor strip by giving restriction to the ends 

of the crack sensor that can be used as a pressure sensor (Figure 2-14 inset). 

Applying pressure makes the sample stretched and increases the resistance of the 

metal film. For the pressure measurements the crack sensor was mounted on a 

custom-built machine and resistance data were measured with the resistance 

analyzer (PXI-4071, National Instruments). Pressure data were acquired with a load 

cell (2712-041, Instron Co.). Resistance to pressure data obtained (Figure 2-11) 

could be approximately linearized into three pressure regions: 1) for 0-6 kPa the 

slope is 606.15 kPa-1, 2) for 6-8 kPa the slope is 40341.53 kPa-1, and 3) for 8-9.5 

kPa the slope is 136018.16 kPa-1. These results exceed the performance of pressure 

sensitivities from previous studies at 6-9.5 kPa region. As shown in Figure 2-12, a 

tiny ant’s weight (Ponera japonica, 1 mg), corresponding to pressure 0.2 Pa, can be 

registered by the patterned crack sensor that illustrates the high performance of the 

pressure sensor. Physiological signals of wrist pulse can be measured by attaching 

the crack sensor to the wrist. As seen in Figure 2-13, detailed pulse data with 

percussion, tidal and diastolic waves can be easily resolved with high accuracy. To 

demonstrate the sensor scalability and ability to detect pressure with a spatial 

resolution, a sensing network of 16 pixels (4×4 pixel array) with dimensions of 6×6 

cm2 is presented in Figure 2-14. The device, based on the crack sensor shows high 
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flexibility and can be bent as given in Figure 2-15. Small LEGO pieces shaped as 

S, N, U was gently placed on the pixel arrayed sensor, while the induced pressure 

and their positions were easily detected as shown in Figure 2-16.  
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Figure 2-11 The normalized resistance data with pressure. Slope (green) is for 

0-6 kPa, (blue) is for 6-8 kPa and (red) is for 8-9.5 kPa..  
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Figure 2-12. The induced crack sensor is able to sense very small pressures. 

Shown is the resistance change on placing and removing a small ant (1 mg) on 

the area of 50 mm2, corresponding to a pressure of 0.2 Pa. 
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Figure 2-13. Resistance change by a physiological signal of wrist pulse. (a) 

Resistance change by wrist pulse and image of the sensor attached on wrist shown 

in inset. (b) Typical characteristics of the wrist pulse including percussion, tidal and 

diastolic waves are shown. 
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Figure 2-14. The illustration of 8×8 array of the crack sensor, overall 

dimensions of the device are 6×6 cm2 and the pixel is 1×1 cm2. Inset is the image 

of FEM simulation showing stress distribution and deformation of the crack 

sensor with pressure.  
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Figure 2-15. Representative image of sensor flexibility. 
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Figure 2-16. Pressure distribution with pieces of LEGOs. 
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2-5. Effect of crack geometry on sensor sensitivity 

 

we investigate the effects of the crack morphology on resistance change while 

applying strain 10 % to the crack sensor. First, we tested a sensor without any 

pattern. After performing the same crack inducing procedure, we obtained the crack 

network given in the SEM image in Figure 2-17(a). One can notice that the free 

cracks tend to have long straight parts perpendicular to the strain direction. Due to 

these parts the resistance vs strain curve should have the exponential behavior. We 

made sure that the experimental data for the non-patterned sensor given in Figure 

2-17(b) indeed follow the exponential law in a wide range of strain. However, in 

Figure 2-17(a) one can notice a large amount of curved crack elements that 

deteriorate the sensor performance: The slope of the resistance vs strain curve is 

much lower than for the patterned crack sensor. In order to see the effect of the 

straight regions on the performance of the sensor three different hole-patterns were 

used. These patterns were characterized by pitches (P; the shortest distance between 

the hole centers) which were the same for all the three tested patterns and by the 

gaps (G; the shortest distance between the tips of holes) which were different 

(Figure 2-18). While stretching the crack sensor for crack generation, metal film 

was also stretched and fractured at the same time. The waves along the pattern gap 

were formed after the stretching force was removed. Different morphologies of 

waves were generated depending on the pattern gap, which were elliptic for the 



30 
 

pattern gap of 10 μm, straightened for the pattern gap of 20 μm, and intermediate 

between elliptic and straight for the pattern gap of 15 μm. Only for the case of the 

pattern gap of 20 μm, a single straightened crack was formed between the pattern 

gap because the cracks were generated along the wave crests. Figure 2-19 shows 

the resistance change of the metal film while applying strain to the crack sensor. 

For non-straightened cracks, the gauge factor was demonstrated to be about 200, 

relatively low compared to that of the 20 μm pattern gap sample (over 2 × 106). 

Non-straightened cracks have irregularity in their shape and behavior when strain 

is applied to the crack sensor. It happens that the elliptical shaped cracks could be 

also generated in the space 20 μm case. However, the portion of elliptical shaped 

cracks is small compared to straight-shaped cracks, therefore, its effect on sensor 

performance is negligible (Figure 2-20). To understand this irregularity, we 

performed finite element method (FEM) simulations. Figure 2-21 illustrates the 

stress concentration at pattern gaps using FEM. The simulation result shows that 

narrower pattern gaps generate a wider distribution of high stress that stimulates 

appearing cracks everywhere within the gap distance. This is not the case for the 20 

μm gap where the crack originates at the very tips of the gap (Figure 2-21, right 

plate). Additional confirmation of irregular morphology and opening of non-

straightened cracks for narrower gaps, according to FEM simulations is given in 

Figure 2-22. Thus the performance lower than for the patterned straight-crack 

sensor found above for the non-patterned crack sensor finds its explanation in the 
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existence of multitude of curved cracks in the latter.  

To additionally prove the viability of our theoretical concept of a single-

parameter-dependent (which is the normalized gap size x/x_0=k ε/ x_0) resistance, 

we placed the square pattern at 60 and 45 degrees to compare the normalized 

resistance versus strain with the 90 degree case considered above (see the schematic 

in Figure 2-23(a)). The experimental data are shown in Figure 2-23(b). Being re-

plotted in log-log scale, the 60 degree curve closely coincides with the 90 degree 

curve after rescaling the strain by 0.32 (Figure 2-24). This is explained in the 

schematic in Fig S8a by the effective narrowing of the relevant gap size due to a 

90-60=30 degree geometry which brings the gap size at a given strain from x=k ε 

to sin(𝜋𝜋 6⁄ ) 𝑥𝑥 = k (0.5ε) or even further to k (0.32ε) because of the additional 

contraction of the sample orthogonally to strain. Note that the gap of the 

complementary angle of 60 degrees has little relevance here because the 

conductivity is governed by the most conductive path which occurs through the 

narrower gap at 30 degrees. For 45 degree case with the same complementary angle 

the rescaling factor is 0.7, thus it is close to sin(𝜋𝜋 4⁄ ) = 1 √2⁄ as it should be. 
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Figure 2-17. Non-patterned sensor. (a) SEM image of cracks. (Red arrows: curved 

crack, Blue arrows: straight crack. (b) The normalized resistance vs strain of non -

patterned sensor.  
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Figure 2-18. SEM images of three different hole-pattern and shape of cracks. 

Arrows indicates each cracks.  
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Figure 2-19. 20 μm gap (black), 15 μm gap (red) and 10 μm gap (blue) sample 

normalized resistance data with samples stretched with strain 10% (a) and 

which is magnified the lower region (b).  
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Figure 2-20. Variation of formed cracks on three different sets of samples 

(a,b,c). Ten SEM images for each sample shows that only one or two elliptical-

shaped cracks from ten cracks are formed. (red square indicates the elliptical shaped 

cracks). (d) The normalized resistance variation with respect to strain measured 

upto 5 % final strain for three different samples..  
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Figure 2-21. FEM modeling results of stress concentration on metal/polymer 
surfaces for different three hole-patterns. 
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Figure 2-22. Crack morphologies vary to different hole pattern. (a) Irregular 

crack formations for pattern gap 10 μm and 15 μm. Blue-arrow indicates contact 

points left of pattern gap 10 μm with 10 % strain applied. Red-arrow is for pattern 

gap 15 μm. (b) Straight crack formation for pattern gap 20 μm. Black-arrow 

indicates contact points left. 

  

Irregular crack opening  regular crack opening  a b 
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Figure 2-23. (a) Illustration of different pattern rotating angles. (b) Rotating angle 

of 90° (black), 60° (red), 45° (blue) sample normalized resistance data with samples 

stretched with strain 1%. 
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Figure 2-24. Relevant crack opening by rotating pattern at 60 degrees. (a) 

Schematic of crack opening by rotating pattern at 60 degrees. (b) log-log scale re-

plotting of Fig 3f showing close coincidence of the graphs after the corresponding 

abscissa rescaling. 

 

 

 

 

 

 

  



40 
 

2-6. Theoretical analysis 

 

For that sensor due to a technology of producing large unidirectional strain the free 

cracks cut the sensor strip through so that the normalized conductance 𝑆𝑆 of the 

sensor vs strain 𝜀𝜀 

𝑆𝑆 = ∫ 𝐏𝐏(𝑥𝑥)𝑑𝑑𝑥𝑥∞
𝜀𝜀                            (S1) 

was determined by the probability distribution function (pdf) 𝐏𝐏(𝑥𝑥) of the steps on 

a crack lip15 making contacts between the lips. For a free crack we found an equation 

for 𝐏𝐏(𝑥𝑥) with the only “size” parameter – the strain  𝜀𝜀0 that corresponds to the 

crack gap width 𝑘𝑘 𝜀𝜀0 being about the grain size 𝑥𝑥0 =  𝑘𝑘 𝜀𝜀0   

𝐏𝐏(𝑥𝑥) = 𝐏𝐏(1/𝑥𝑥)/𝑥𝑥2 ,                      (S2) 

where 𝑥𝑥 = 𝜀𝜀
𝜀𝜀0

 and 𝑘𝑘 is the proportionality factor to be defined by relating the 

crack gap width to the strain15. 𝑘𝑘 can be different for different material realization 

of parallel crack systems and should be obtained from experiment. 

     Physically, Eq. (S2) states that tiny steps of the crack asperity made by the 

shifts of grains are distributed the same as the large steps made by grain piling, 

because the substrate elastic field being scale-less and thus having no characteristic 

length may not distinguish between tiny and large meandering asperity. Among 

solutions of Eq. (S2) one may choose either the log-normal pdf  

 𝐏𝐏(𝜀𝜀) = 1
𝜀𝜀𝜀𝜀√𝜋𝜋

exp �− (ln (𝜀𝜀/𝜀𝜀0))2

𝜀𝜀2
�                  (S3) 
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or a nearly identical log-logistic pdf  

𝐏𝐏(𝜀𝜀) = 𝐵𝐵
𝜀𝜀0

(𝜀𝜀/𝜀𝜀0)𝐵𝐵−1

(1+(𝜀𝜀/𝜀𝜀0)𝐵𝐵)2                      (S4), 

where 𝜇𝜇 and 𝐵𝐵 are parameters of the pdf. 

     Both of the distributions of Eqs. (S3) and (S4) belong to the class of so-called 

skew distributions with long tails. As we discussed in Ref. 1, the non-zero 

probability of large but rare contacts between crack lips lies in the essence of the 

mechanism of the conduction through the crack and is therefore in concordance 

with the tailed distributions. With Eq. (S3), Eq. (S1) gives for the resistance 𝑅𝑅 =

1/𝑆𝑆 as a function of strain the following: 

𝑅𝑅 = 2/�1 − erf�
ln� 𝜀𝜀𝜀𝜀0

�

𝜀𝜀
��  ,                   (S5) 

 erf (𝑥𝑥)  is the error function. Eq. (S5) renders the normalized resistance that 

remarkably fits the experiment15 for the strains up to 2%. At the same time, one can 

show that the log-logistic pdf of Eq. (S4) together with Eq. (S1) leads to  

𝑅𝑅 = 1 + (𝜀𝜀/𝜀𝜀0)𝐵𝐵                            (S6) 

that fits the experiment15 with fitting parameters 𝜀𝜀0 = 0.39 and 𝐵𝐵 = 2.39 (see 

Figure 2-26) with the same accuracy as the log-normal pdf of Eq. (S5). Yet, the 

power-law function of Eq. (S6) is much simpler than the error function in Eq. (S5). 

We may suggest this universal power law for data fitting by experimentalists who 

study free parallel cracks. 

   Quite surprisingly, after we changed the uniform Pt film strip into a patterned 
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one on a much more stretchable polymer (Figure 2-2) of the present work, the strain 

dependence of the resistance dramatically switched from the power-law of Eq.(S6) 

into the exponential one in a much broader strain range up to 5% and more. One 

can notice the straight-line behavior up to 5 % strain from the semi-log plot given 

in Figure 2-8. Here we discuss the underlying mechanism of this phenomenon. 

A crucial difference of the cracks generated in the current study from those 

in the previous study15: the cracks between pattern patches closely follow the 

“crests” of the wrinkles on the metal/polymer film. That means that the crack path 

was extremely directed and only close neighboring Pt grains were disconnected 

along the crack lip (Figure 2-25). In this respect, the local deviations are about the 

size of a grain and thus, may not satisfy the scaling Eq. (S2) for free crack 

generation. On the other hand, the pattern patches were pressed to each other in the 

horizontal and perpendicular direction to the strain direction as shown in Fig S10b, 

because of the Poisson ratio of 0.52 which is an inherent characteristic of rubber-

like materials. Therefore, the system remained unchanged effectively in one 

dimension with cut-through cracks that are now located on a train of squares lined 

up in the horizontal direction (Figure 2-24).  

In analogy with the study15, it is sufficient to calculate the step pdf. 

According to Figure 2-25, along the lip of a crack (the crack trajectory) each 𝑖𝑖th 

grain can stay shifted up or down (in the strain direction) with probability ½ and 

shift 𝑦𝑦𝑖𝑖. The crack step size means the shifting distance of the trajectory upwards 
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(downwards) by several neighboring grains. As seen in Figure 2-25, the sum of, say, 

three grain shifts, made in one direction, produces the step of size 𝑥𝑥. Assume that 

the local grain shifts are distributed with a local pdf 𝑃𝑃(𝑦𝑦). Neighboring grains of 

normalized size 1 vertically shifted in small steps 𝑦𝑦1, … ,𝑦𝑦𝑛𝑛 (Figure 2-25) should 

have the global pdf 𝐏𝐏(𝑥𝑥) of the step size 𝑥𝑥 

 𝐏𝐏(𝑥𝑥) = ∭ ∑ 𝛿𝛿(𝑦𝑦1 + ⋯+ 𝑦𝑦𝑛𝑛 − 𝑥𝑥) 1
2𝑛𝑛
𝑃𝑃(𝑦𝑦1) …𝑃𝑃(𝑦𝑦𝑛𝑛)𝑑𝑑 𝑛𝑛 𝑦𝑦1 …𝑑𝑑𝑦𝑦𝑛𝑛 1

0    (S7) 

where  

 ∫ 𝑃𝑃(𝑦𝑦)𝑑𝑑1
0 𝑦𝑦 = 1                        (S8) 

𝛿𝛿  is the delta-function, and  𝑛𝑛 = 1,2, …   The delta-function presents the 

microscopic pdf of a step to be constructed of 𝑛𝑛 positive shifts in one direction 

satisfying  the equation 𝑦𝑦1 + ⋯+ 𝑦𝑦𝑛𝑛 − 𝑥𝑥 = 0. As we assumed, the probability of 

shifting a grain up (down) is ½. Therefore, defining the step as the total shift up, the 

probability of a given configuration with small steps of 𝑛𝑛 should be proportional 

to 1
2𝑛𝑛

.  The details of further integration of Eq. (S7) in the complex plane are given 

in the Supplementary Information (Theoretical section). Conveniently, by closing 

the integration contour of the corresponding Cauchy integral in Eq. (S4) by an 

infinitely large semicircle in the lower half plane (Figure 2-26), one gets 𝐏𝐏(𝑥𝑥) as 

a sum of the residues at poles, and the largest of the exponential terms, governed by 

the pole −𝑖𝑖𝑧𝑧0 , where 𝑧𝑧0 is a positive real number, will be dominating at large 𝑥𝑥. 

Then if one restricts oneself by this pole, one gets the normalized probability 
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𝐏𝐏(𝑥𝑥) = exp(−𝑧𝑧0𝑥𝑥) 𝑧𝑧0 .                 (S9) 

It is clear from Eq. (S1) that the conductance 𝑆𝑆  will also be the exponential 

function of strain at large strains, 

𝑆𝑆 = ∫ exp(−𝑧𝑧0𝑥𝑥) 𝑧𝑧0𝑑𝑑𝑥𝑥
∞
𝜀𝜀 = exp (−z0𝜀𝜀)           (S10) 

as well as the resistance 

 𝑅𝑅 = 1/𝑆𝑆 =  exp (z0𝜀𝜀) ≡ exp (𝜀𝜀/𝜀𝜀0).         (S11) 

One can see the difference between Eq. (S6) and Eq. (S11), the power-law and the 

exponential. A quite general example of  𝑃𝑃(𝑦𝑦) = 1 that assumes arbitrary grain 

positions with respect to each other neighbor and then, a homogeneous distribution 

of the grain shifts along the crack lip in Figure 2-25, gives the dominating pole of 

𝑧𝑧0 = 1.256 (see the Supplementary Information and Figure 2-26). In Fig 2e we 

give the normalized resistance vs strain calculated with 𝑃𝑃(𝑦𝑦) = 1 (the red line) 

along with the pure exponential function of Eq. (S11) (the green line in Fig 2e) to 

see a close coincidence between the experimental data and the theory.  

 

 While fitting the experiment with, for example, the resistance vs strain ca

lculated with the uniform pdf of grains with the asymptotic function Eq. (S11), on

e had to rescale the strain by 𝛼𝛼 = 0.7 times to match the linear slope of the exper

iment. Physically that means that we restrict the shift of the grains by 30% and thu

s flatten the crack lips. The resistance therefore responses to such a flattening by i

ncreasing the slope of the resistance in the semi-
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logarithmic scale. Parameter 𝛼𝛼 measures the degree of flatness of the crack lip. F

rom Figure 2 25 one can notice that the maximum slope of the step asperity is rest

ricted by 𝛼𝛼 which is the tangent of the maximum slope angle. In case of 𝑃𝑃(𝑦𝑦) =

1  the maximum slope angle is 45 degree with the tangent 𝛼𝛼 =

1 . Of course if the crack lips were completely flat with no shift and 𝛼𝛼 =

0, then we would have a sudden disconnection of the lips and the infinite slope of 

𝑅𝑅/𝑅𝑅0 . According to our fitting, the parameter 𝜀𝜀0 =  𝛼𝛼
𝑧𝑧0

= 0.7
𝑧𝑧0
≈

0.6 for the strain measured in %. With these estimations at hand we can calculate 

the characteristic grain size 𝑥𝑥0 . As far as SEM images reveal the gap distance 𝑥𝑥 

to be proportional to the strain 𝑥𝑥 = 𝑘𝑘 𝜀𝜀,  where 𝑘𝑘 ≈

50 nm with 𝜀𝜀  in %, then the grain size 𝑥𝑥0 = 𝑘𝑘 𝜀𝜀0 ≈

30  nm, quite close to the constituent primary particle size of the granular Pt film. 

Then, after rewriting 𝛿𝛿 - function as a Fourier integral, Eq. (S7) reads, 

𝐏𝐏(𝑥𝑥) = 1/2𝜋𝜋 ∫ ∭ ∑ exp(𝑖𝑖𝛼𝛼(𝑦𝑦1 + ⋯+ 𝑦𝑦𝑛𝑛 − 𝑥𝑥)) 1
2𝑛𝑛
𝑃𝑃(𝑦𝑦1) …𝑃𝑃(𝑦𝑦𝑛𝑛)𝑑𝑑 𝑛𝑛 𝑦𝑦1 …𝑑𝑑𝑦𝑦𝑛𝑛 1

0
∞
−∞ 𝑑𝑑𝛼𝛼 

(S12) 

or after simplification of Eq. (S12) due to the independent integration over each of 

𝑦𝑦𝑖𝑖 

 𝐏𝐏(𝑥𝑥) = 1/2𝜋𝜋 ∫ ∑ exp(−𝑖𝑖𝛼𝛼𝑥𝑥) �1
2
𝑓𝑓(𝛼𝛼)�

𝑛𝑛
 𝑛𝑛  ∞

−∞ 𝑑𝑑𝛼𝛼         (S13) 

where  

𝑓𝑓(𝛼𝛼) = ∫ 𝑃𝑃(𝑦𝑦)1
0 exp (𝑖𝑖𝛼𝛼𝑦𝑦)𝑑𝑑𝑦𝑦 .              (S14) 
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The geometrical series of Eq. (S2) can be directly transformed into  

𝐏𝐏(𝑥𝑥) = 1/2𝜋𝜋 ∫ exp(−𝑖𝑖𝛼𝛼𝑥𝑥)
1
2𝑓𝑓(𝛼𝛼)

1−12𝑓𝑓(𝛼𝛼)

∞
−∞ 𝑑𝑑𝛼𝛼            (S15) 

The Cauchy integral in Eq. (S15) can be analyzed in general terms. One can notice 

that the decay of function 𝐏𝐏(𝑥𝑥) at large 𝑥𝑥 may be nearly exponential and nearly 

independent of a particular form of 𝑃𝑃(𝑦𝑦): 

 𝐏𝐏(𝑥𝑥)~ exp (−z0𝑥𝑥) for 𝑥𝑥 ≫ 1 and  z0 > 0               (S16) 

if there is the dominating role of one pole in the denominator of Eq. (S4) 

 1 − 1
2

f(−𝑖𝑖𝑧𝑧0) = 0                        (S17) 

with the lowest real 𝑧𝑧0 > 0 in Eq. (S6). All other poles (solutions of Eq. (S17) 

should be complex and also lie in the lower half of the complex plane (see the 

example in Figure 2-26). One can see from Eq. (S14) that such a single pure 

imaginary pole 𝛼𝛼 = −𝑖𝑖𝑧𝑧0 should always exist because otherwise it is impossible 

to make the integral in Eq. (S14) equal to 2 while having the pole in the upper half. 

Indeed, if 𝛼𝛼 = 𝑖𝑖𝑧𝑧0, then |exp(𝑖𝑖𝛼𝛼𝑦𝑦)| = |exp(−𝑧𝑧0𝑦𝑦)| ≤ 1 and it is impossible to 

make the integral 𝑓𝑓(𝛼𝛼) of Eq. (S14) larger than 1, because the integrand contains 

the normalized probability function and even if |exp(𝑖𝑖𝛼𝛼𝑦𝑦)| were exactly 1 for all 

𝑦𝑦 Eq. (S3) would give at maximum only 1. But then Eq. (S17) cannot be satisfied, 

because it demands that f(𝛼𝛼) = 2 > 1. 

   Consider a quite general example of  𝑃𝑃(𝑦𝑦) = 1 that assumes arbitrary grain 

positions with respect to each other neighbor and then, a homogeneous distribution 



47 
 

of the grain shifts along the crack lip in Figure 2-26. For this case Eq. (S14) gives: 

𝑓𝑓(𝛼𝛼) = (exp(𝑖𝑖𝛼𝛼) − 1)/𝑖𝑖𝛼𝛼                     (S18) 

and then Eq.(S17) takes the form: 

2𝑧𝑧0 + 1 − exp(𝑧𝑧0) = 0.                      (S19) 

Solutions of Eq. (S18) can be found numerically. The lowest 𝑧𝑧0 = 1.256 and the 

other poles are 2.789 ± 7.438𝑖𝑖, 3.360 ± 13.866𝑖𝑖…. (see Figure 2-26). 

  



48 
 

 
 
Figure 2-25. Lips of a crack modelled with the grains of size 1. The step size 

determines the connection-disconnection events between the opposite lips. 
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Figure 2-26. Complex plane part encircled by the integration contour. 
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No. Active materials minimum 
detection 

maximum 
detection 

sensitivity ref 

1 PSR nanowire 
(NW)-FET 0.5 kPa 15 kPa 11.5 μS kPa-1 [6] 

2 Gold NWs 13 Pa 50 kPa 1.14 kPa-1 [7] 

3 PDMS microstructure 
OFET 3 Pa 20 kPa 0.55 kPa-1 [8] 

4 Suspended gate OFET 0.5 Pa 20 kPa 158.6 kPa-1 [9] 

5 Pressure-sensitive 
rubber (PSR) OFET 10 kPa 30 kPa  [10] 

6 this work 0.2 Pa 10 kPa 136018 kPa-1  

 

Table 2-1. A chart of transparent strain sensors’ specifications of 

strain range and gauge factor. 
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No. Active materials maximum 
detection Gauge Factor ref 

1 Cracked metal film 2% 2000 [1] 

2 ZnO NWs array 0.8% 1813 [3] 

3 Single ZnO fine wire 1.2% 1250 [4] 

4 Single ZnSnO3 NW 0.32% 3740 [5] 

5 This work 10% 50000 (at 5% strain)  

 

Table 2-2. A chart of transparent pressure sensors’ specifications of 

pressure range and sensitivity. 
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2-7. Summary 

 

In conclusion, we report an ultrasensitive sensor based on a patterned crack metal 

film. The crack sensor exhibits ultrahigh gauge factors and can be applied as a 

multifunctional sensor for detecting strain, pressure and physiological signals. We 

revealed the underlying physical mechanism of exponential sensitivity and 

developed a theory which is consistent with the experiments. The reproducibility, 

flexibility and large-area coverage through multiplexing permit the integration of 

the device onto curvilinear human skin with advanced tools. 
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Chapter 3. Transparent crack sensor 

 

 

3-1. Objective 

 

Complying with human needs of electronic devices is an essential 

component of future device applications [23-30]. In order to adapt electronic 

devices to human body, various studies have been conducted [26,27,31,32-35]. The 

existing sensors, however, are opaque due to the property of the materials they use 

[23,36-38]. These include a recently reported mechanical crack sensor which has 

high sensitivity, determined as a linearly defined gauge factor (GF) expressed 

through the normalized resistance 𝑅𝑅/𝑅𝑅0 variation with the strain 𝜀𝜀: (𝑅𝑅/𝑅𝑅0)/𝜀𝜀 >

2000), and high flexibility, but which is also opaque as it uses platinum [23]. The 

sensors with opaque surface have limitations since various fields require transparent 

devices with strong adaptability for use in many applications such as display panels. 

Several studies about transparent electronics have been reported [39-48]. However, 

only a few studies have shown transparent strain sensors [44-47]. Among them are 

several transparent strain sensors based on carbon nanotubes [44], silver nanowires 

[45,46,48], and grapheme [47,49], which also have both advantages and limitations 

in terms of transparency or sensitivity. Specifically, even though the sensor reported 

in Lipomi et al [44]. has transparency up to 79 %, its pressure sensitivity defined 
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as(R/R0)/𝑝𝑝, where p denotes the applied pressure, is 2.3 × 10−4 kPa-1 and the 

strain gauge factor is 0.4. Next, a transparent silver nanowire strain sensor has been 

reported with transparency up to 75 % but with low gauge factor (≤ 12.4) [45]. 

Other researchers have demonstrated a graphene-based transparent strain sensor [47] 

with good transparency (75 - 80 %), but also with very low sensitivity (GF < 15). 

As can be seen, producing a sensor with high transparency and high sensitivity is a 

quite challenging job. To tackle this challenge, we present a mechanical crack 

sensor to measure strain and pressure with the transparent conductor Indium Tin 

Oxide (ITO). Our transparent crack sensor has high transparency with a clear view 

up to 89% (at wavelength of 560 nm), and high sensitivity to strain (GF reaches 

about 4,000 at strain of 2 %) and to pressure (with sensitivity of about 1.91 kPa-1 at 

pressure of 30–70 kPa). High transparency of the sensor comes from the intrinsic 

transparency of the materials used (ITO, Polyethylene terephthalate (PET)). 

However, cracks on a transparent film generally distort the image underneath. In 

order to avoid such distortion from cracks, unlike the previous work which used a 

polyurethane acrylate (PUA) over PET [1], we used only the PET substrate since 

PET film deposited by ITO is widely used in transparent electrodes [40,50,51]. The 

problem when using PUA is that it is cracked along with the epilayer which 

generates deep and broad cracks of widths comparable to the visible light 

wavelengths. With the PET substrate used in this study, we obtained the 

insensitivity of the underlying visible image to the existence of the cracks on ITO 
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films because the wavelength of visible light (400 - 700 nm) is much larger than the 

gap opening (~100 nm) of a crack and much less than the distance (~ 14 µm) 

between the cracks. The high sensitivity comes from the straightness of the crack 

lips and the dramatic increase in the resistance of the ITO layer during the crack 

opening. 
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3-2. Fabrication method of transparent crack sensor 
 

The illustration of fabrication method of crack sensor is shown in Figure 3-1. 

Indium Tin Oxide (ITO) is deposited on the 30 μm Polyethylene terephthalate (PET) 

film by a sputter (sputter; Ultech Inc.). Deposition time of ITO on the PET film is 

45 minutes, while the power of 200 W is applied and its thickness is about 600 

nm.18 Since the glass transition temperature is low, the post-annealing process that 

requires a condition of high temperature has been skipped.30 Before measuring 

resistance change, a crack is generated on the crack sensor from stretching by a 

materials testing machine (3342 UTM, Instron Co.). Resistance is measured by a 

Lab View-based PXI-4071 system (National Instruments Inc.). 

The illustration in Figure 3-2 shows the basic principles of the ITO crack sensor 

which is transparent, flexible, and can be applied on human skin to sense the 

slightest motion. The sensor is fabricated with ITO (600 nm thickness) sputtered on 

the PET film (30 μm thickness), after being stretched up to 2% strain to generate 

cracks on the ITO layer. The mechanism of ITO crack sensor is based on the change 

of the resistance of the ITO layer with the applied strain. [18] Due to the highly 

non-linear dependence of the resistance versus strain, the sensor responses 

dramatically to the crack opening. The strained state is characterized by a high local 

GF. The more strain is applied on the sensor, the more cracks are opened (Figure 3-

2; bottom right). Therefore, the resistance increases as the opened crack gap blocks 
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the conductivity of the ITO film. Reversely, when the cracks are closed (Figure 3-

2; bottom left), then the resistance is decreased. The Scanning Electron Microscopy 

(SEM) image in Figure 3-3 shows the asperity of the crack allows the 

interconnection through the crack gap at strain of 2%. Due to the interconnections, 

some conductivity persists across the crack gaps. In general, cracks on a transparent 

surface could distort the image underneath. The image at the top right corner of 

Figure 3-4 shows the ITO film deposited on the Polydimethylsiloxane (PDMS) film. 

The image at the top left corner is the ITO film deposited on a PET film. Compared 

to a clearer image on the left, the ITO film on the PDMS film shows a foggy and 

reddish image of the logo of Seoul National University (SNU) which is placed 

under the sensor. This distortion occurs because the cracks are generated, with 

enlarged gap widths, not only on the ITO film but also on the PDMS film. The 

reason of the insensitivity of transparent ITO sensor on a PET film to the strain of 

up to 2% is evident from examining its SEM images. The SEM images in Figure 3-

3 and Figure 3-5 on the right show that the crack gap size is below 100 nm, and the 

distance between each parallel crack is around 14 μm on average, respectively. The 

effect of the cracks on the transmittance of the ITO crack sensor is negligible 

because the crack gap size (below 100 nm) under strain of 2% is much smaller than 

the wavelength of visible light. On the contrary, the sizes of the gap and the depth 

of the ITO crack on PDMS are about 1.8 μm and 1 μm, respectively. (Figure 3-6). 

Since the thickness of the ITO film is about 600 nm, the crack depth of 1 μm 
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indicates that the cracks are formed not only on the ITO film but also on the PDMS 

film. However, the ITO crack depth on the PET film is about 600 nm, which is equal 

to the thickness of the ITO film. The depth and the width of cracks on the PDMS 

film are much greater and larger than that on the PET film, respectively. The AFM 

image of the crack on the PDMS film is shown in Fig. 3-6. The depth of cracks is 

strongly related to their width. Figure 3-7 presents the transmittance of the ITO 

crack sensor at different wavelengths. Black triangles and red dots represent the 

transmittance before and after the crack generation, respectively. Through the 

transparency of the ITO sensor, the logo of SNU which is placed under the sensor 

can be clearly seen. The average transparency of the ITO crack senor is about 79% 

at visible spectrum (with wavelengths from 390 nm to 700 nm). The left image in 

Figure 3-8 shows how such highly transparent ITO sensor has enough flexibility to 

be applied on a human palm. 
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Figure 3-1. Schematic illustrations and images of ultra-mechanosensitive 

nanoscale crack-based sensor inspired by the spider sensory system. (A) 

Illustrations of the Cupiennius salei spider. The spider has highly sensitive organs 

located on its leg joints (black arrows) for the detection of external forces and 

vibrations. (B) Enlarged images of the sensory slit organs in the vicinity of the leg 

joint between the metatarsus and tarsus. The inset shows an SEM image of the slit 

organ.  
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Figure 3-2. The image of a transparent crack sensor on a human hand with 

illustrations of the sensor cracks less opened (bottom left), and more opened 

(bottom right).  
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Figure 3-3. SEM images of crack opening. (a) SEM image of the crack on the 

ITO layer with no external tension. (b) SEM image of the crack on the ITO layer 

with strain of 2%. 
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Figure 3-4. Images on the top show the ITO crack sensors on the PET film (on 

the left) and on the PDMS film (on the right) with their cross-sectional 

schematic illustrations below each image. 
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Figure 3-5. The ITO crack sensor on a palm (left), and its FESEM image (right 

in which the cracks on the sensor are parallel to each other.  
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Figure 3-6. AFM image of the crack on the ITO deposited PDMS film. The 

height of the crack is about 1,045 nm. 
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Figure 3-7. A graph of transmittance versus light wavelength through the 

crack sensor. Red and black dots represent the transmittance of ITO crack sensor 

with and without cracks, respectively. The inset image presents the transparent ITO 

crack sensor held up to show the background behind. 
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Figure 3-8. The ITO crack sensor on a palm (left), and its FESEM image (right 

in which the cracks on the sensor are parallel to each other. 
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3-3. Results and theoretical analysis 

 

Cracks on the ITO-covered PET film are characterized by bridging 

electrical contacts between crack lips that gradually disconnect while stretching and 

fewer contact points remain when the sensor is stretched up to 2%. The backward 

process should return the sensor to its initial state. To check the reversibility, 

reproducibility, response time and durability we performed several cycling 

experiments. Figure 3-9 shows a representative set of 10 cycles of strain from 0% 

to 2% which are nearly identical. The linearly defined GF (𝑅𝑅/𝑅𝑅0)/𝜀𝜀 of the ITO 

crack sensor would reach over 4,000. Figure 3-10 is a graph of the normalized 

resistance versus strain curve averaged over ten different samples of ITO crack 

sensors along with error bars. Black dots for ITO crack sensors are for loading the 

sensor to the final strain of 2%, and red dots are for unloading. The hysteresis of 

loading/unloading is small. Figure 3-11 is a graph for the loading and unloading test 

of the ITO crack sensor with varied strain of 0.5%, 1.0% and 1.5%. Figure 3-12 is 

a magnified part of Figure 3-9 and shows the response time (see the inset image in 

Figure 3-12) of about 1 ms of the ITO crack sensor during the cycling with the 

stretch speed of 10 mm/min, which is acceptable for its application. Another 

important performance is durability which we tested in the series of more than 6,000 

cycles. After some adaptation period, the sensor shows good stability at 5,000 and 

onward cycles (see Figure 3-13 for the marathon test results). The curve of the 
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strain-dependent gauge factor defined as the derivative of resistance normalized to 

the initial resistance at 0% with respect to the strain of 2% is shown in Figure 3-14. 

Since the curve of the normalized resistance versus the strain of the ITO crack 

sensor is super-linear, the strain-dependent gauge factor goes high as the strain 

increases. 

In Figure 3-15, we plot the experimental, normalized resistance versus 

strain along with the theoretical fit that comes from the universal mechanism for a 

strain sensor based on parallel cracks which has been reported in a recent work 1 

where a simplified formula was presented as a power law 

𝑅𝑅/𝑅𝑅0 = 1 + (𝜀𝜀/𝜀𝜀0)𝐵𝐵                            

(1) 

with fitting parameters, 𝜀𝜀0 = 0.7  and 𝐵𝐵 = 4.7 . Additionally, the cycling 

experiment was performed at a much slower scanning rate of 0.1 mm/min, which 

results in similar resistance versus strain curves shown in Figure 3-16 characterized 

by 𝜀𝜀0 = 0.7  and 𝐵𝐵 = 4.1 . A slight difference in parameters comes from the 

hysteresis phenomenon that usually makes the system rate-sensitive. The good 

fitting indicates that the ITO crack sensor follows the same mechanism which was 

already found for a parallel crack sensor based on a Pt film. However, the fitting 

parameters are quite varied due to the different characteristics of materials used in 

Pt/PUA/PET systems. Specifically, as far as 𝜀𝜀0 is defined as the strain at which the 

crack gap size coincides with the grain size (here, it is ITO grain), then the 
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difference between the current 𝜀𝜀0 = 0.7% and previous 𝜀𝜀0 = 0.39% may come 

from different grain sizes of ITO and Pt and the different proportionality coefficient 

between the crack gap size versus strain (see D. Kang et al [1].). The other 

parameter 𝐵𝐵 = 4.7 indicates the less asperity of the crack lips compared with the 

previous 𝐵𝐵 = 2.3 found in D. Kang et al [1]. 

For sensor applications that deal with slight deformations such as sound 

vibrations, the local GF is relevant and can be defined from Equation (1)  

𝑔𝑔(𝜀𝜀) = 𝑑𝑑 ln (𝑅𝑅)/𝑑𝑑𝜀𝜀 = 𝐵𝐵
𝜀𝜀0

(𝜀𝜀/𝜀𝜀0)𝐵𝐵−1

(1+(𝜀𝜀/𝜀𝜀0)𝐵𝐵) .                    (2) 

Eq. (2) describes the amplification of the sensor response (e.g. for vibrations) at a 

given strain 𝜀𝜀.  It has a maximum  

𝑔𝑔𝑚𝑚𝑚𝑚𝑚𝑚 = (𝐵𝐵−1)
𝐵𝐵−1
𝐵𝐵

𝜀𝜀0
× 100                            (3) 

at the strain (measured in %) 

𝜀𝜀𝑚𝑚𝑚𝑚𝑚𝑚 = (𝐵𝐵 − 1)1/𝐵𝐵𝜀𝜀0                             (4) 

which makes 𝑔𝑔𝑚𝑚𝑚𝑚𝑚𝑚 = 400  and 𝜀𝜀𝑚𝑚𝑚𝑚𝑚𝑚 = 0.92%  (see Figure 3-13(b)) against 

𝑔𝑔𝑚𝑚𝑚𝑚𝑚𝑚 = 300 and 𝜀𝜀𝑚𝑚𝑚𝑚𝑚𝑚 = 0.43% in D. Kang et al [1]. 
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Figure 3-9. The graph of normalized resistance variance versus strain of 2% 

in a 10time cyclic test.  
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Figure 3-10. The standard deviation and the average over 10 different samples 

in the hysteresis test of the ITO crack sensor. Red and black dots show 

unloading and loading cases, respectively. 
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Figure 3-11. The graph for loading/unloading tests with the ITO mechanical 

crack-based sensor with various strains. 

  



73 
 

 

 

Figure 3-12. The response time of the ITO crack sensor. The red and black 

lines indicate the input signal (strain of 2%), and the response time of input 

strain, respectively. The inset graph represents the magnified image of the 

response time near the peak.  
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Figure 3-13. A marathon test of the ITO crack sensor by repeating 

loading/unloading process about 5,000 cycles at strain from 0% to 2%. (a) A 

final normalized resistance of a marathon test at a certain period (about 500 cycles). 

(b) Loading/unloading test after 5,000 cyclic tests. 
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Figure 3-14. (a) Strain-dependent gauge factor by taking the derivative of R/R0 

with respect to strains from 0% to 2%. (b) Local gauge factor dln(R)/dε versus 

strains from 0% to 2%. 
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Figure 3-15. Theoretical data of the ITO crack sensor compared to the 

experimental data. 
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Figure 3-16. Loading curves from the ITO crack sensor depending on scanning 

speeds. The scanning speeds of 0.1 mm/min and 10 mm/min. 
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3-4. Multi-pixel array of the transparent crack sensor 

 

The transparent ITO crack sensor can act as a pressure sensor. Figure 3-17 

represents the schematic image of pressure sensing with the ITO crack film. In the 

experiment, the edges of the crack sensor are held onto two bars, and when pressure 

increases, the crack sensor is bent, cracks on the convex ITO surface are opened, 

and the resistance changes. The sensor can distinguish between strain and pressure 

change depending on the sensor frame structure as depicted in Figure 3-18. We 

fabricated the ITO crack sensor with a sensing matrix of 4 by 4 pixels (see Figure 

3-19). Each of the ITO pressure sensing pixels has an area of 1 cm by 1 cm. Each 

pixel is held by PDMS pillars. Silver was used as a transparent electrode with a 

thickness of 13 nm. Figure 3-20 is a graph of the normalized resistance versus 

pressure varying from 0 to 70 kPa. The slope of the curve of pressure versus 

normalized resistance at pressures from 0 to 30 kPa is about 0.21 kPa-1 and is about 

1.91 kPa-1 in the range from 30 kPa to 70 kPa. The two slopes in the graph just show 

a convenient engineering approximation according to the range. Figure 3-21 is an 

image of the ITO pressure sensor pixel matrix lying on a display panel of a mobile 

phone. The logo of SNU is clearly seen through the ITO pressure sensor. Plastic 

cylinders of 1.8 g and 1.2 g in weight were put and pressed the ITO pressure sensor 

pixels. Resistance change of the pixels induced by the plastic weights is recorded 

(Figure 3-22) and it shows that the sensor can measure both the position and the 
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pressure at the same time (Figure 3-23).   
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Figure 3-17. The schematic image of the 4 by 4 ITO pressure sensor pixel 

matrix. The image on the bottom shows the visualized stress data of a single 

pixel of the pressure sensor.  
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Figure 3-18. Pressure and strain sensors depending on the sensor frame 

structure. (a) Photo image of acrylic frame for strain sensing mode. 
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Figure 3-18. (b) Photo image of acrylic frame for pressure sensing mode. 
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Figure 3-18. (c) Resistance change on the strain sensing mode with vertical 

pressure (0.15 kPa). 

  



84 
 

 

Figure 3-18. (d) Resistance change on the pressure sensing mode with vertical 

pressure (0.15 kPa). 
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Figure 3-19. Fabrication of the multi-pixel array pressure sensor. (a) ITO layer 

is deposited by a sputter on a PET substrate through a shadow mask. (b) Thin Ag 

metal layer (about 13 nm) is deposited on the ITO layer coated with the PET film 

by a thermal evaporator through an electrode path shadow mask. (c) A PDMS with 

4 by 4 square hole is attached on the ITO layer coated with the PET film. (d) The 

edges of each pixel facing each other were cut. 
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Figure 3-20. The graph of normalized resistance versus pressure ranging from 

0 to 70 kPa. The slope of the normalized resistance versus pressure from 0 to 

30 kPa is 0.21 kPa-1, and pressure from 30 to 70 kPa is 1.91 kPa-1. 
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Figure 3-21. The photo image of the transparent pressure sensor multi-array 

on a display panel. Weights of 1.2 and 1.8 g are put on the different pixels of 

the multi-array. 
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Figure 3-22. Normalized resistance changes versus discrete pressure on the 

multi-pixel array pressure sensor. (a) A response of normalized resistance of 

0.176 kPa. (b) A response of normalized resistance of 0.12 kPa. 
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Figure 3-23. The normalized resistance change versus pressure induced by 

bricks with the weight of 1.2 g and 1.8 g. 
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3-5. Motion detecting application of the crack sensor 

 

The ITO crack sensor can detect motion in humans. Since it has sufficient flexibility, 

the sensor can easily be mounted on a human hand by attaching the ends of the 

sensor (see Figure 3-24) and measure the strain generated by the finger motion. To 

prove this, one of the experimenters clenched his fist and had two crack sensors 

mounted on his knuckles of the index and middle fingers as shown in Fig. 4a. As 

the radius of curvature of a knuckle is about 3 cm, the surface of the sensor is only 

slightly stretched as schematically shown in the inset image of Figure 3-24, which 

results in no resistance change (Figure 3-25). The human skin under the sensor can 

be seen, which demonstrates the transparency of the ITO crack sensor. The sensor 

on the knuckle is slightly folded when the hand opens as shown in Figure 3-26 to 

make about 5 mm radius of curvature. The small curvature makes the surface of the 

sensor stretch and the sensor resistance is increased. The movement of each finger 

can be measured individually by the resistance change of each of the mounted 

sensors as shown in Figure 3-27. 
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Figure 3-24. The normalized resistance variations of the ITO crack sensor 

induced by fist movement. The ITO crack sensors are attached on the knuckles of 

the index and the middle fingers of a clenched fist. 
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Figure 3-25 The graphs represent the normalized resistance variations along 

with/according to the movements of the index (on the left) and middle (on the 

right) fingers when the hand is clenched into a fist. 
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Figure 3-26. When the hand opens, the curvature radius of the ITO crack 

sensor is diminished.



94 
 
 

 

Figure 3-27. The graphs represent the ITO crack sensor normalized resistance 

variations due to the movements of the index (on the left) and the middle (on 

the right) fingers when the hand opens. 
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3-6. Summary 

 

In conclusion, we report a transparent pressure and strain crack sensor with high 

sensitivity based on the parallel crack system on the ITO layer on the polymer 

substrate. It shows high gauge factors without losing transparency during 

stretching and can be applied as a multifunctional sensor for detecting strain, 

pressure and human finger movements. This results present that our sensor has 

considerable advantages on the performance, compared to the previously 

introduced flexible and transparent sensors. The reproducibility, reversibility, 

flexibility, durability and large-area coverage through multiplexing enable the 

application of the device onto curvilinear human skin along with advanced tools. 
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국문초록 

본 논문은 거미 다리의 기관을 모사한 초고감도 크렉 센서에 

관한 고찰을 제시한다. 크렉 센서 시스템은 발생된 크렉의 모양과 

사용된 재료에 따라 그 감도와 특성이 달라지게 된다. 이에 표면에 

마이크로 패턴을 형성하여 응력을 집중하면 크렉의 모양을 제어하였다. 

이를 통해 더 높은 감도를 갖는 센서를 제작하였으며, 크렉 모양이 

센서 감도에 미치는 영향에 대해 살펴보았다. 이렇게 제작된 센서는 

GF 2×106 와 압력감도 1×105 kPa-1 를 나타내었다. 또한, 투명한 

재료인 ITO 와 PET 를 이용해서 크렉 센서를 제작해서 투명한 

성질을 나타내었다. 이렇게 제작된 투명 크렉 센서는 GF 4000, 

압력감도 1.91 kPa-1, 투명도 89% 를 달성하였다. 두 센서 모두 

내구성, 반복성, 재현성을 나타내었으며 이론적 분석이 이루어졌다. 

주요어: 스트레인 센서, 압력 센서, 마이크로 패터닝, 기계적 파단 

학번: 2011-20762 
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