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Abstract: In this study, a flexible strain sensor is devised using corrugated poly(3-hexylthiophene) 
(P3HT) thin film. In the previous studies, the P3HT-based photoactive thin film was shown to 
generate direct current (DC) under broadband light, and the generated DC voltage varied with 
applied tensile strain. Yet, the mechanical resiliency and strain sensing range of the P3HT-based 
thin film strain sensor were limited due to relatively more brittle thin film constituent –
poly(3,4-ethylenedioxythiophene)-polystyrene(sulfonate) (PEDOT:PSS) conductive thin film as a 
bottom electrode. To address this issue, it is aimed to design mechanically resilient strain sensor 
using corrugated thin film constituents. Buckling is induced to form corrugation in the thin films 
by applying pre-strain to the substrate, where the thin films are deposited, and releasing the 
pre-strain afterwards. It is known that corrugated thin film constituents exhibit different optical 
and electronic properties from non-corrugated ones. Therefore, to optimize design of the flexible 
strain sensor, it was studied to understand how the applied pre-strain and thickness of the 
PEDOT:PSS thin film affect the optical and electrical properties. Also, pre-strain effect on light 
absorptivity of the corrugated P3HT-based thin films was studied. In addition, strain effect was 
investigated on the optical and electrical properties of the corrugated thin film constituents. 
Finally, flexible strain sensors are fabricated by following the design guideline, which is suggested 
from the studies on the corrugated thin film constituents, and DC voltage strain sensing capability 
was validated. As a result, flexible strain sensor exhibited tensile strain sensing range up to 5% at 
frequency up to 15 Hz with maximum gage factor ~7. 

Keywords: P3HT; PEDOT:PSS; flexible sensor; strain sensor; photoactive self-sensing thin films 28 
29 

1. Introduction30 
Flexible strain sensors are widely used in various applications (e.g., biomedical devices, flexible 31 
displays, soft robotics, automobiles, and aerospace structures, among many others). Unlike 32 
conventional strain sensors, the flexible strain sensors exhibit extended range of strain 33 
measurement as well as mechanical resiliency. To accomplish the design goal to devise flexible 34 
strain sensors, researchers have proposed various approaches by designing materials and sensing 35 
composites [1-5], modifying physical configurations [6,7], and patterning brittle components [8,9]. 36 
While the state-of-the-arts have showcased very impressive sensing capability and mechanical 37 
resiliency, majority of the flexible sensors are relied on piezoresistivity of sensing materials. These 38 
piezoresistive flexible strain sensors have intrinsic limitations, such as energy dependency and 39 
singular sensing mode, among some others. 40 
To overcome the intrinsic limitations of the piezoresistive strain sensors, researchers have studied 41 
to suggest novel flexible strain sensor technologies [2,10-19]. Piezoelectric materials-based strain 42 
sensors showed impressive strain sensing performance [13,14]. It was reported that piezoelectric 43 
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(1-x)Pb(Mg1/3Nb2/3)O3-xPbTiO3 nanowire-based elastomeric composites generated electric voltage, 44 
which exhibited linear relationship with applied tensile strain, when exposed to tensile strain [14]. 45 
Mechanoluminescent (ML)-based elastomeric composites exhibited strains sensing capability based 46 
change in ML light intensity as well as color of light emission under tensile or compressive strains 47 
[15-18]. It was reported that ML copper-doped zinc sulfide (ZnS:Cu) micro-particles embedded in 48 
elastomeric matrix generated ML light under tension, of which luminescence showed linear relation 49 
with applied tensile strain up to ~35%, under tensile loading and unloading cycles [17]. These new 50 
classes of flexible strain sensing composites present promising prospects with multifunctional 51 
capabilities of energy conversion from mechanical energy to electrical energy or radiant energy. 52 
Multifunctional mechano-luminescence-optoelectronic (MLO) composites were proposed to sense 53 
tensile strain using direct current (DC) voltage generated from the MLO composites under cyclic 54 
tensile loading and unloading [11,20]. The MLO composites consist of two functional components, 55 
such as mechano-optoelectronic (MO) poly(3-hexthylthiophene) (P3HT)-based thin film sensor and 56 
ML ZnS:Cu-embedded elastomeric composites. On one hand, it was shown that the MO 57 
P3HT-based thin film sensor generated DC current under light, which varied with applied tensile 58 
strain [21-23]. This MO P3HT-based thin film sensor’s DC-based strain sensing capability did not 59 
require external electrical energy with gage factor of 2 or higher when carbon nanotube is doped 60 
into the P3HT-based sensing thin films. On the other hand, ML ZnS:Cu-based elastomeric 61 
composites, which is another functional component of MLO composites, emit light in response to 62 
mechanical stimuli [15]. Accordingly, the MLO composites are designed to measure strain using DC 63 
voltage output as a sensor signal via mechanical-radiant-electrical energy conversion. Nevertheless, 64 
the MLO composites-based strain sensor did not show large range of tensile strain sensing mainly 65 
due to cracks occurring in brittle constituents. In particular, the top and bottom electrodes 66 
developed cracks under strain above 1%. It is critical to make flexible MO P3HT-based strain sensor 67 
for improving strain sensing range and mechanical resilience of the MLO composites. 68 
In this study, it is proposed to induce buckling in the thin film constituents of the flexible strain 69 
sensor consisting of corrugated functional thin films. Also, the brittle aluminum top electrode (i.e., 70 
cathode) will be replaced with gallium-indium eutectic (EGaIn). The thin film constituents to be 71 
designed in form of corrugated thin films are a 72 
poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) thin film bottom electrode 73 
(i.e., anode) and a P3HT-based self-sensing thin film. The bottom PEDOT:PSS thin film electrode is 74 
required to be electrically conductive and translucent thin film so that it can play a role as a bottom 75 
electrode to allow light through the thin film. The self-sensing thin film is fabricated with MO P3HT 76 
and [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) semiconducting polymers to exhibit 77 
multifunctional capability of radiant-electrical energy conversion and DC-based strain sensing 78 
based on strain-sensitive light absorptivity. 79 
It is aimed to suggest design guideline for the corrugated PEDOT:PSS and P3HT:PCBM thin film 80 
constituents for devising the flexible strain sensor. First, the corrugated PEDOT:PSS thin film will 81 
be characterized with various pre-strains and various numbers of layers to fabricate conductive and 82 
translucent bottom electrode. Second, the effect of pre-strain will be studied on the light 83 
absorptivity of the corrugated P3HT-based thin films under tensile strains. Last, the flexible strain 84 
sensor’s strain sensing capability will be validated by measuring DC voltage under broadband 85 
light, which is generated from the sensor subjected to tensile loading and unloading cycles. 86 

2. Experiment Details87 

2.1. Materials 88 
P3HT (regioregularity =  93 – 95%; Mw = 50 – 70 kDa) and amorphous PCBM were purchased 89 
from Solaris Chem. PEDOT:PSS (product number: PH1000) was acquired from Heraeus Inc. 90 
Polydimethylsiloxane (PDMS; product number: Sylgard 184 kit) was obtained from Dow Corning. 91 
Fluoro surfactant (product number: FS-30) was purchased from Capstone. EGaIn and Dimethyl 92 
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sulfoxide (DMSO) were purchased from Sigma-Aldrich. Other chemicals used in this study were 93 
obtained from Fisher Scientific. 94 

2.2. Preparation of test specimens 95 

2.2.1. Corrugated PEDOT:PSS conductive thin films 96 
A total of 23 corrugated PEDOT:PSS thin films were prepared by varying pre-strain and the 97 
number of PEDOT:PSS thin film layers. Each test specimen is named as shown in Table 1. On one 98 
hand, six different pre-strains (i.e., 1%, 3%, 5%, 10%, 15%, and 20%) were used to fabricate the 99 
corrugated thin film to exhibit different thin film buckling characteristics. On the other hand, five 100 
different thicknesses of PEDOT:PSS thin film were prepared by varying deposited number of 101 
PEDOT:PSS layers from 1 to 9 layers with 2-layer interval. For each test case, one corrugated 102 
PEDOT:PSS conductive thin film specimen was prepared. 103 
The fabrication procedure began from preparation of PEDOT:PSS conductive dispersion. 100 ml of 104 
conductive PEDOT:PSS dispersion was prepared by blending the PH1000, DMSO, and fluoro 105 
surfactant. 5 ml of DMSO was added to 95 ml of PH1000, and the PH1000 and DMSO blend was 106 
manually agitated to homogenize the blend. Then, 11 drops of fluoro surfactant were added to the 107 
PH1000 and DMSO blend and manually stirred. To eliminate any possible agglomeration of 108 
PEDOT:PSS, the conductive PEDOT:PSS dispersion was filtered using 0.45 µm polyvinylidene 109 
fluoride (PVDF) filter. 110 
PDMS substrates were prepared on 100 mm diameter silicon wafers. First, silicon wafers were 111 
cleaned using isopropyl alcohol (IPA) and dried with compressed air. Second, PDMS mixture was 112 
prepared by blending 10 g of silicon base (PDMS I) and 1g of curing agent (PDMS II) and manually 113 
stirring it with a glass rod for 2 min. The PDMS mixture was degassed under vacuum in the 114 
desiccator for 1 hour. Third, the degassed PDMS was poured over the clean silicon wafer with extra 115 
caution not to entrap any air bubbles into the PDMS casted on silicon wafer. The PDMS casted 116 
silicon wafer was transferred to the vacuum oven to anneal at 80 °C for 2 h to crosslink the PDMS. 117 
The disk-shape PDMS substrate (diameter = 100 mm and thickness = 1 mm) was carefully removed 118 
from the silicon wafer. Then, rectangular PDMS substrates (length = 75 mm and width = 12.5 mm) 119 
were cut from the disk-shape PDMS substrate. 120 
The rectangular PDMS substrate was pre-strained by manually stretching the PDMS substrate to 121 
the desired magnitude of tensile strain and fixed onto a glass slides (length = 75 mm and width = 25 122 
mm) with two paper clips. Air bubbles at the interface between the PDMS substrate and the glass123 
slides were carefully removed by rubbing the PDMS surface with nitrile-gloved finger. The 124 
pre-strained PDMS substrate was cleaned again with IPA and then dried with compressed air. 125 
Lastly, the pre-strained PDMS substrate was treated with UV ozone cleaner for 2 h to improve 126 
wettability of the PDMS substrate. 127 

Table 1. Corrugated PEDOT:PSS conductive thin films specimens are named according to 
pre-strain and the number of layers. 

Pre-strain [%] 
Number  
of layers 

1 3 5 10 15 20 

1 P1L1 P3L1 P5L1 P10L1 P15L1 P20L1 
3 P1L3 P3L3 P5L3 P10L3 P15L3 P20L3 
5 P1L5 P3L5 P5L5 P10L5 P15L5 
7 P1L7 P3L7 P5L7 
9 P1L9 P3L9 P5L9 
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The pre-strained PEDOT:PSS thin film on the glass slide was mounted in the spin coater 128 
immediately after the UV ozone cleaning process is completed. The conductive PEDOT:PSS 129 
dispersion was dispensed over the entire area of the pre-strained PDMS substrate after filtering 130 
using 0.45 µm pore-size PVDF filter membrane. Spin-process began by spreading the PEDOT:PSS 131 
dispersion at 300 revolutions per minute (rpm) for 50 s, during which spin speed was linearly 132 
increased from 0 to 300 rpm for 10 s and maintained at 300 rpm for 40 s. Consequently, the 133 
conductive EDOT:PSS thin film was coated by spinning at 750 rpm for 30 s. To dry out moisture 134 
from the PEDOT:PSS thin film, spinning continued by increasing the speed to 1,000 rpm for 15 s 135 
and maintaining 1,000 rpm for 2 min. The deposited PEDOT:PSS thin film was annealed in a 136 
vacuum oven at 100 °C for 10 minutes. This process completed one layer deposition of the 137 
conductive PEDOT:PSS thin film. Specimens having more than one layer were fabricated by 138 
repeating the process for the subsequent PEDOT:PSS layer after cooling the thin film for 2.5 min. 139 

2.2.2. Corrugated P3HT:PCBM photoactive thin films 140 
To fabricated corrugated P3HT:PCBM photoactive thin film, P3HT:PCBM solution was prepared. 141 
1:1 w./v.% P3HT:PCBM photoactive solution was prepared by dissolving P3HT and PCBM in 142 
dichlorobenzene (DCB). First, 3 w./v.% P3HT and 3 w./v.% PCBM solutions were prepared by 143 
dissolving 0.15 g of P3HT and 0.15 g of PCBM in each 5 ml of DCB, respectively. The solutions were 144 
heated at 45 °C and stirred at 450 rpm for 72 h. To minimize degradation of the solutions, vials 145 
containing the solutions were wrapped with paraffin film and aluminum. Then, the solutions were 146 
cooled to room temperature and filtered using 0.45 µm polytetrafluoroethylene (PTFE) filter 147 
membrane to remove possible agglomerates. To produce 1:1 w./v.% P3HT:PCBM photoactive 148 
solution, the 3 w./ v.% P3HT, PCBM solutions, and DCB were blended by 1:1:1 by volume and 149 
manually agitated. 150 
The corrugated P3HT:PCBM photoactive thin films were deposited onto pre-strained PDMS 151 
substrates (length = 75 mm and width = 12.5 mm). A total of six P3HT:PCBM thin film specimens 152 
were prepared with only single layer at six different pre-strain levels of 1, 3, 5, 10, 15, and 20% 153 
(Table 2). The prepared 1:1 w./v.% P3HT:PCBM solution was dispensed, after filtering using 0.45 154 
µm PTFE membrane, uniformly over entire area of the PDMS substrate. Then, deposition process 155 
by spin-coating technique began. Spin-coating of P3HT:PCBM photoactive thin films was 156 
performed using a similar spread and spinning program used for deposition of PEDOT:PSS thin 157 
films. Only one difference is shorter spinning duration for 1 min, instead of 2 min, in the last step at 158 
1,000 rpm. The deposited P3HT:PCBM thin films were annealed in a vacuum oven. It should be 159 
noted that the P3HT:PCBM thin film was covered with a petri dish to retard evaporation of DCB 160 
during annealing process, which enhances optoelectronic properties of the P3HT:PCBM. Then, the 161 
specimen was annealed at 110 °C for 1 h. 162 

2.2.3. Flexible thin film strain sensor 163 
A total of six flexible strain sensors were fabricated by varying the number of PEDOT:PSS layers 164 
and pre-strain applied onto the pre-strained PDMS substrates (length = 75 mm and width = 12.5 165 
mm) (Table 3). The sensor fabrication procedure (Figure 1a) began from deposition of PEDOT:PSS166 
conductive thin films onto the pre-strained PDMS substrate by following same methodology 167 
described in 2.2.1. Once the desired number of PEDOT:PSS layers (i.e., 7 or 9 layers) were deposited, 168 
a single layer of P3HT:PCBM photoactive thin film was coated onto the PEDOT:PSS layers by 169 

Table 2. Corrugated P3HT:PCBM photoactive thin film specimens are named according to 
pre-strain level. 

Pre-strain [%] 
Number  
of layers 

1 3 5 10 15 20 

1 P1 P3 P5 P10 P15 P20 
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following same procedure shown in 2.2.2. Then, one end of the coated P3HT:PCBM thin films was 170 
cleaned with DCB to expose a rectangular area (length = 20 mm and width = 12.5 mm), which is for 171 
establishing an electrical connection onto the conductive PEDOT:PSS thin films. Then, two electrical 172 
connections were made onto the exposed PEDOT:PSS thin films and onto the P3HT:PCBM thin 173 
films using EGaIn and 30 American wire gage (AWG) wires. By releasing the PDMS substrate after 174 
removing the paper clips, the deposited PEDOT:PSS and P3HT:PCBM thin films are naturally 175 
corrugated to produce flexible strain sensor with liquid EGaIn top electrode (i.e., cathode). 176 
The completed flexible strain sensors with the electrical wires were encased in PDMS to minimize 177 
environmental effect and hold the electrical wire connections in place. The flexible strain sensors 178 
were placed a 100 mm diameter petri dish. Wires of the sensors were attached to the edge of the 179 
petri dish using a glue gun not to disturb the EGaIn electrical connections during PDMS casting. 180 
Then, 22 g of degassed PDMS mixture was prepared and carefully poured into the petri dish to 181 
prevent air bubbles from being entrapped during casting. The PDMS encasing was cross-linked by 182 
annealing in a vacuum oven at 80 °C for 2 h. Finally, the flexible strain sensor specimens were 183 
prepared after carving out the specimens from the PDMS encased sensors (Figure 1b). 184 

2.3. Test setup 185 

2.3.1. Characterization of optical transmittance of PEDOT:PSS at tensile strains 186 
The corrugated PEDOT:PSS thin films were interrogated with an ultraviolet-visible (UV-Vis) 187 
spectrophotometer to acquire an optical transmittance spectrum in the wavelength range from 300 188 
to 900 nm. Eleven different UV-Vis transmittance spectrums were acquired at eleven different 189 
tensile strain levels during loading from 0% to a maximum strain, which is pre-strain applied for 190 
fabrication of the PEDOT:PSS specimen, and unloading back to 0% strain using a custom-built load 191 
frame (Figure 2). The specimens were strained by loading in five steps and unloaded in equal five 192 
steps by releasing the strain. One step is one fifth of the pre-strain or maximum applied tensile 193 

Table 3. Flexible strain sensors are named according to pre-strain and the number of 
PEDOT:PSS conductive thin films. 

Pre-strain [%] 
Number of PEDO:PSS layers 1 3 5 

7 FS-P1L7 FS-P3L7 FS-P5L7 
9 FS-P1L9 FS-P3L9 FS-P5L9 

(a) (b) 

Figure 1. (a) Flexible strain sensor is fabricated by inducing buckling in P3HT:PCBM and 
PEDOT:PSS thin film constituents by pre-straining the PDMS substrate. (b) A fabricated strain 
sensor is shown from top view. 
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strain. So, a total of eleven UV-Vis transmittance spectrums were produced from one set of testing 194 
with one specimen. 195 

2.3.2. Characterization of sheet resistance of PEDOT:PSS at tensile strains 196 
To measure sheet resistance of the corrugated PEDOT:PSS thin films, two electrodes were 197 
established on the thin films using copper tape and silver paste as shown in inset of Figure 3. Two 198 
straps of copper tapes wrapped near two ends of the PEDOT:PSS thin films specimen while 199 
maintaining a distance larger than 25 mm between the copper tapes. Then, silver paste was applied 200 
at the margin of copper tape to ensure electrical connections between copper tape and PEDOT:PSS 201 
thin films. Inner edges of the silver pasted areas were distanced 25 mm, which was used when 202 
calculating sheet resistance as an initial length at 0% strain. The length used to calculate sheet 203 
resistance was changed when the specimen was stretched. Width of the thin film to calculate sheet 204 
resistance was 12.5 mm, which did not change with varying strain. 205 
A digital multimeter (DMM; product number: Keithley 2450) was used to measure four-point 206 
probed resistance at various strains. Strain was applied using the custom-built load frame shown in 207 
Figure 3. Like optical transmittance characterization test, eleven strains were applied to the 208 
PEDOT:PSS thin film specimens during one cycle of loading and unloading. So, a total of 11 209 
resistance were obtained and used for calculating using: 210 

𝑆ℎ𝑒𝑒𝑡 𝑟𝑒𝑠𝑠𝑖𝑡𝑎𝑛𝑐𝑒 = 𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 × 𝑊𝑖𝑑𝑡ℎ 𝐿𝑒𝑛𝑔𝑡ℎ (1) 211 
Among 23 specimens, only 15 specimens, which have more than one layer, were tested by varying 212 
strain. Please note that two specimens (i.e., 15p5l and 20p3l) failed during testing. Sheet resistances 213 
were also measured for the rest of specimens with single PEDOT:PSS layer but only at 0% without 214 
straining those specimens using the load frame. 215 

Figure 2. UV-Vis spectrophotometer equipped with a custom-built load frame, which fits in 
measurement chamber of the UV-Vis spectrophotometer, is used for measuring optical 
spectrum of test specimens at various strain levels. 

Figure 3. Electrodes were established on the corrugated PEDOT:PSS thin film specimen to 
measure four-point probed resistance using digital multimeter at various tensile strains. 
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2.3.3. Characterization of light absorption of P3HT:PCBM at tensile strains 216 
A test setup for characterization of UV-Vis light absorptivity of the P3HT:PCBM photoactive thin 217 
films specimen is identical to the test setup shown in Figure 2 for optical transmittance 218 
characterization of the PEDOT:PSS thin film specimens. Instead of transmittance, the measurement 219 
mode for the P3HT:PCBM thin film specimen is light absorption spectrum from 300 nm to 900 nm 220 
wavelength. 221 

2.3.4. Validation of strain sensing of high flexible thin films strain sensor 222 
The fabricated flexible strain sensors first were subjected to quality test by measuring 223 
current-voltage (IV) responses using a source-measurement unit (SMU; product number: Keithley 224 
2450) under one-sun light from a solar simulator (product name: Oriel 7320 LED solar simulator) 225 
and without light. Then, qualified strain sensors were tested for strain sensing validation using the 226 
test setup shown in Figure 4. To apply cyclic tensile loading and unloading to the flexible strain 227 
sensor, a servo-hydraulic load frame was used. DC voltage was measured from the sensor using the 228 
digital multimeter under one-sun light from the solar simulator. The testing room was maintained 229 
as dark as possible to minimize effect by ambient light. 230 

3. Results and Discussion231 

3.1. Optical transmittance of PEDOT:PSS at tensile strains 232 
Figure 5 shows four representative light transmittance spectrums that were acquired at six different 233 
tensile strains during loading cycle to clearly present how the transmittance changes with strain. It 234 
should be noted that the light transmittance during unloading exhibited similar trend with applied 235 
tensile strain. By comparing transmittance from 1% pre-strain specimens shown in Figure 5a and b 236 
to the results from 15% pre-strain specimens shown in Figure 5c and d, one can understand that 237 
overall transmittance of the specimen fabricated at 1% is higher than the transmittance of the 238 
specimen prepared at 15% pre-strain. In addition, it can be seen that, as there are more number of 239 
layers, overall transmittance decreases by comparing the Figure 5a and c to Figure 5b and d. Also, 240 
the overall transmittance increases as the tensile strain applied to the specimen increases, which is 241 
shown clearly in Figure 5c and d due to strain applied up to 15%. 242 
To better understand how pre-strain, at which the specimens were fabricated, affects transmittance, 243 
peak transmittance was obtained from each transmittance spectrum at 0% strain from each test 244 
specimen (Figure 6a). The peak transmittance at 0% strain shows decreasing trend as the pre-strain 245 
increases up to 15% while it increases again when pre-strain is 20% compared to 15% case. The 246 
specimens with 7 and 9 layers of PEDOT:PSS thin films exhibit different characteristics from the 247 
other specimens with less number of layers (i.e., 1, 3, and 5 layers). Those large number (i.e., 7 and 9 248 

Figure 4. The flexible strain sensor was tested to validate its DC voltage-based strain sensing 
capability under tensile loading and unloading cycles while measuring DC voltage under 
one-sun light. 
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layers) of layer specimens’ peak transmittance decreases from 1% to 3% pre-strain but increases 249 
again from 3% to 5% strain. The decreasing transmittance trend with increasing pre-strain from a 250 
specimen having a constant number of PEDOT:PSS layer seems mainly due to wrinkles formed in 251 
the corrugated thin films. Six specimens having three layers, which were fabricated at six different 252 
pre-strains, were observed using an optical microscope (Figure 6b). Wrinkles are shown in all 6 253 
specimens. But, for the three specimens fabricated at low pre-strain (i.e., 1%, 3%, and 5%), depth of 254 
wrinkles as well as density of wrinkles are smaller than ones in other specimens prepared at higher 255 
pre-strain (i.e., 10%, 15%, and 20%). So, peak transmittances at 0% strain for higher pre-strain 256 
specimens are larger than lower pre-strain specimens’ transmittance due to more populated and 257 
deeper wrinkles. This is because the higher pre-strain exceeded critical buckling strain of the 258 
PEDOT:PSS thin film while smaller pre-strain was not large enough to induce buckling. Up to 15% 259 
pre-strain, since more wrinkles and deeper wrinkles are formed as pre-strain increases, peak 260 
transmittance decreases as the pre-strain increases. However, peak transmittance increases again 261 
from 15% to 20% for both 1 layer and 3 layers specimens, which is even higher than the peak 262 
transmittance at 10% pre-strain. This seems due to shallower or less wrinkles in 20% specimens 263 
compared to 10% and 15% specimens. On the other hand, peak transmittance of specimens having 264 
larger number of layers decreases when pre-strain increases from 1% to 3% pre-strain but increases 265 
again when pre-strain increases from 3% to 5%. While 3P7L and 5P7L specimens show similar 266 
number of wrinkles in the limited viewfinder in Figure 6c, wrinkles in 5P7L seem to be a little 267 
shallower than the ones in 3P7L, which could result in higher peak transmittance at higher 268 
pre-strain. 269 
The peak transmittance data are plotted differently to study the effect of the number of layers on 270 
the peak transmittance (Figure 7a). The corrugated PEDOT:PSS thin films, which were fabricated at 271 

(a) (b) 

(c) (d) 

Figure 5. Light transmittance spectrums are shown from (a) 1P1L and (b) 1P9L during loading 
from 0% to 1% tensile strain; and (c) 15P1L and (d) 15P5L during loading from 0% to 15% tensile 
strain.  
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low pre-strain (i.e., 1%, 3%, and 5%), exhibit similar trend of peak transmittance change with the 272 
number of layers. Up to 5 layers, change in peak transmittance was small. As the number of layer 273 
increases from 5 to 7, peak transmittance shows sharp decreases. At 9 layers, the peak transmittance 274 
increases again. It was shown that, for non-corrugated PEDOT:PSS thin films, peak transmittance 275 
decreased with increasing number of layer (i.e., increasing thickness of thin film), which could be 276 
explained by Beer-Lambert law [24]. However, the corrugated PEDOT:PSS thin films show 277 
non-linear behavior, which can be thought due to optical effect by the wrinkles in the corrugated 278 
thin films. To qualitatively investigate the wrinkles’ effect on the optical transmittance, optical 279 
microscopic images of 5% pre-strain specimens were taken and shown in Figure 7b. One can see 280 
that wrinkles’ depth decreases as the number of layers increases up to 5 layers. The consistent light 281 
transmittance up to 5 layer specimens seems to results from cancelling effect by the lower wrinkle 282 
profiles at larger number of layers. Thicker thin films (i.e., thin films with larger number of layer) 283 
are expected to have higher critical strain against thin film buckling, which results in formation of 284 
shallower wrinkles. The sharp decrease in transmittance from 5 to 7 layers seems due to increasing 285 
thickness as well as increased depth of wrinkles. Increased peak transmittance of the 9 layer 286 
specimen could result from the smaller number of wrinkles formed in the thin films. On the other 287 
hand, high pre-strain specimens show different characteristics in peak transmittance. The 288 
representative 10% pre-strain specimens’ optical microscopic images are shown in Figure 7c. 289 
Comparing 1 layer and 3 layer specimens, there are more wrinkles with deeper profiles in 3 layer 290 
specimen, which results in decrease of peak transmittance. When the number of layer increased 291 
from 3 to 5, the peak transmittance increased gain due to lower dense of wrinkles. 292 

(a) 

(b) (c) 

Figure 6. (a) Peak transmittances at 0% strain are shown with pre-strain that was applied when 
fabricating corrugated PEDOT:PSS thin film specimens. Optical microscopic images are shown 
for the corrugated thin films having (b) 3 layers and (c) 7 layers. 
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In addition, to understand the effect of tensile strain applied to the corrugated PEDOT:PSS thin 293 
films on the light transmittance, peak transmittance acquired at each of the applied tensile strains 294 
was normalized using: 295 

𝑇!" = 𝑇! − 𝑇!,!% 𝑇!,!% (2) 296 
where, TNP is normalized peak transmittance, TP is peak transmittance at a strain, TP,0% is peak 297 
transmittance at 0% strain. The normalized peak transmittance is shown with the applied tensile 298 
strain in Figure 8. Assuming that the corrugated PEDOT:PSS thin films become more flat as higher 299 
strain is applied, one can think that light transmittance increases due to less optical interference. 300 
This trend is commonly observed in Figure 8a and b for small and large pre-strain cases, 301 
respectively. Some specimens exhibit much larger increase or even decreasing trend with increasing 302 
strain. These could be due to cracks, which were formed locally in the UV-Vis interrogation beam 303 
path, or too deep wrinkles that did not flatten enough to affect the transmittance during the 304 
loading. 305 

3.2. Sheet resistance of PEDOT:PSS at tensile strains 306 
Sheet resistance of the corrugated PEDOT:PSS thin films shows strong relation with the number of 307 
PEDOT:PSS layers (Figure 9). Similar to the sheet resistance of the inkjet-printed PEDOT:PSS thin 308 
films reported in [22], sheet resistance of the corrugated PEDOT:PSS thin films exhibited 309 
exponential decrease with increasing number of layers. In particular, with 5 layers or more number 310 
of the corrugated PEDOT:PSS thin films showed below ~20 Ω/sq. In particular, there was negligible 311 
effect by the pre-strain while specimens with less than 5 layers are affected more by the pre-strain. 312 
It is because the wrinkle profiles of the corrugated PEDOT:PSS thin films with less than 5 layers 313 

(a) 

(b) (c) 

Figure 7. (a) Peak transmittances at 0% strain are shown with the number of PEDOT:PSS layers. 
Optical microscopic images are shown for the corrugated thin films that were fabricated at (b) 
5% pre-strain and (c) 10% pre-strain. 
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change more drastically with the pre-strain due to smaller critical buckling strain than PEDOT:PSS 314 
thin films with more than 5 layers. Sheet resistance change of the corrugated PEDOT:PSS thin film 315 
with 1 layer largest decrease with increasing pre-strain. This is due to the longer actual length of the 316 
PEDOT:PSS thin film than the distance between electrodes in the specimen at higher pre-strain. The 317 
corrugated thin film’s actual length, which is contoured along the wrinkled thin films, is longer 318 
than the length directly measured between two points (i.e., two electrodes). It needs to be noted the 319 
sheet resistance was calculated with the shortest length between electrodes, instead of the 320 
contoured length. The higher pre-strain thin films tend to have more wrinkles and thus larger 321 
difference between the shortest length, which was used for calculation of sheet resistance, and the 322 
contoured length, which is attributed to the decrease in sheet resistance of the 1 layer specimen 323 
with increasing pre-strain. 324 
In Figure 10, representative results on change in sheet resistance of the representative specimens are 325 
shown with tensile strain applied to the specimens. Figure 10a shows one representative results to 326 
show how sheet resistance changes with applied tensile strain for small pre-strain specimens. The 327 
3% pre-strain specimen’s sheet resistance is barely affected by the applied tensile strain. Large 328 
pre-strain specimens also show quite consistent sheet resistance up to half of the applied maximum 329 
tensile strain (Figure 10b). But, as the applied tensile strain increases more, sheet resistance 330 
increases, which seems due to formation of crack openings. 331 

(a) (b) 

Figure 8. Normalized maximum transmittance change is shown with applied strain for the 
corrugated PEDOT:PSS thin film specimens, which were fabricated at (a) low pre-strain up to 
5% and (b) high pre-strain up to 20%. 

Figure 9. Sheet resistances of the corrugated PEDOT:PSS thin films exponentially decreases as 
the number of deposited PEDOT:PSS layer increases. Pre-strain shows effect in sheet resistance 
for the 1 layer case. But, it becomes weaker as the number of layers increases. 
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3.3. Light absorption of P3HT:PCBM at tensile strains 332 
Light absorptivity of the corrugated P3HT:PCBM thin films shows different characteristics 333 
depending on the pre-strain applied for fabrication of the corrugated thin films. In Figure 11a and b, 334 
two representative UV-Vis light absorption spectrums are shown from 3% and 15% pre-strain 335 
specimens at various tensile strains during loading cycle. The 3% pre-strain specimen show 336 
increasing light absorption with increasing tensile strain while the 15% pre-strain specimen show 337 
decreasing light absorption with increasing tensile strain. The different characteristics of the 338 
corrugated P3HT:PCBM thin films are presented in Figure 11c. The linear responses of the peak 339 

(a) (b) 

Figure 10. Effect of applied tensile strain on the sheet resistance is shown for (a) the 3% 
pre-strain specimen and (b) high pre-strain specimens fabricated at 10% and 15% pre-strain. 

(a) (b) 

(c) 

Figure 11. Light absorption spectrums of (a) 3P and (b) 15P P3HT:PCBM thin film specimens are 
shown at various strains from 0% to pre-strain levels, which are 3% and 15%, respectively. (c) 
Corrugated P3HT:PCBM thin films that are fabricated at low pre-strain are show increasing 
trend, while other specimens fabricated at higher pre-strain (i.e., above 10%) show decreasing 
trend, as the applied strain increases 
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light absorption of small pre-strain specimens are quantified by calculating strain sensitivities 340 
(Table 4) using: 341 

𝑆𝑆! =
!!!!!,!% !!,!%

!
 (3) 342 

where, SSA is strain sensitivity of peak absorption, AP is peak absorption at a strain, AP,0% is peak 343 
absorption at 0% strain, ε is applied tensile strain. The strain sensitivities are similar to the values 344 
reported from the non-corrugated P3HT:PCBM thin films [23]. One can understand that low 345 
pre-strain P3HT:PCBM thin film specimens did not form as many as wrinkles like high pre-strain 346 
P3HT:PCBM thin film specimens. But, high pre-strain P3HT:PCBM thin film specimens exhibit 347 
dramatic decrease in light absorptivity with increasing applied tensile strain up to half of maximum 348 
applied strain, which seems mainly because wrinkles become more flat at higher strain. The 349 
increasing trend of light absorption at above half of tensile strain with the applied tensile strain is 350 
thought to result from the stretch of the thin films, where P3HT molecules are aligned more, due to 351 
applied tensile strain. The continuous and most significant decrease in light absorption of the 20% 352 
specimen seems to be attributed mainly to formation of cracks in the thin films. 353 

3.4. DC-based tensile strain sensing of flexible strain sensor 354 
The corrugated PEDOT:PSS thin films fabricated using 7 or more number of layers exhibited lowest 355 
sheet resistance and were affected less by the pre-strain. On the other hand, the corrugated 356 
P3HT:PCBM thin films fabricated at 1%, 3%, or 5% pre-strain exhibited light absorption increasing 357 
proportionally with increasing applied tensile strain. Therefore, only six different flexible strain 358 
sensors were fabricated at 1%, 3%, or 5% pre-strain with 7 or 9 layers of corrugated PEDOT:PSS thin 359 
films. To validate the performance of radiant-electric energy conversion performance of the 360 
fabricated flexible strain sensor, current-voltage (IV) responses were obtained. One representative 361 
set of dark and light IV response is shown in Figure 12 for the flexible strain sensor fabricated using 362 
1 layer of corrugated P3HT:PCBM thin film and 7 layers of the corrugated PEDOT:PSS thin films, 363 
which are fabricated at 1% pre-strain. Figure 12 inset shows short circuit current (i.e., y-intercept) 364 
and open circuit voltage (i.e., x-intercept), which are ~2.5 µA and 0.05 V, respectively. 365 

Table 4. Strain sensitivity of the maximum light absorption of the corrugated P3HT:PCBM thin 
film specimens during loading cycle 

Specimen # (number of layer) P1 (1) P3 (3) P5 (5) 

Strain sensitivity 2.61 3.41 2.74 

Figure 12. Current-voltage response of FS-1P7L specimen is shown under one-sun light and 
without light. In the inset, short circuit current and open circuit voltage are shown closely from 
the vertical axis intercept and the horizontal axis intercept. 
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Figure 13 shows DC voltage response generated from the FS-1P7L flexible strain sensors in time 366 
domain when the strain sensor was subjected to sinusoidal tensile strain loading and unloading 367 
cycles. As the loading frequency increases from 1 Hz to 15 Hz while maintaining minimum and 368 
maximum tensile strains consistent, cycles of the generated DC voltage also shifts its frequency 369 
from 1 Hz to 15 Hz. DC voltage generated from the 1% pre-strain sensors (i.e., FS-1P7L and 370 
FS-1P9L) responds very well to the applied sinusoidal tensile strain loading and unloading cycles. 371 
Other four sensor specimens, which are fabricated at higher than 1% pre-strain, produced sensor 372 
signal with low signal-to-noise ratio. It is thought to be mainly due to disturbance in liquid EGaIn 373 
electrodes. 374 
In Figure 14a, the normalized DC voltage of FS-1P7L is presented with the applied load pattern at 5 375 
Hz. Although there is slight decay in DC voltage signal, it can be clearly seen that overall DC 376 
voltage sensor responds to the applied load pattern very well. Figure 14b shows how strain 377 
sensitivity of the 1% pre-strain flexible sensor specimens, which exhibited strain sensing capability 378 
with high signal-to-noise ratio, changes with the loading frequency of the applied tensile loading 379 
and unloading cycles. Strain sensitivities of the 1% pre-strain specimens are higher than the ones of 380 
light absorption-based strain sensitivities. The higher DC voltage-based strain sensitivity seems due 381 
to the strain sensitivity light transmittance of the corrugated PEDOT:PSS thin films. It should be 382 
noted that the light transmittance of the corrugated PEDOT:PSS thin films increased as the applied 383 
tensile strain increased, which allows more photons to pass through the PEDOT:PSS thin films to be 384 
absorbed by the P3HT:PCBM thin films. 385 

(a) (b) 

Figure 13. DC voltage responds to tensile loading and unloading cycles applied to FS-1P7L from 
0% to 1% at (a) 1 Hz and (b) 15 Hz. Inset plots show the DC voltage response during 1 s time 
duration.  

(a) (b) 

Figure 14. (a) DC voltage generated from FS 1P7L sensor specimen varies with applied 
sinusoidal tensile loading and unloading cycles. (b) Strain sensitivities of the flexible sensor 
specimens are shown with change of loading frequency. 
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4. Conclusions386 
In this study, a flexible strain sensor is designed using corrugated multilayered thin films using 387 
P3HT and PEDOT:PSS. The flexible strain sensor generated DC voltage under one-sun light from 388 
the solar simulator, and the DC voltage magnitude was shown to vary with the applied tensile 389 
strain up to 5% tensile strain. To make the DC voltage-based strain sensor mechanically resilient 390 
and exhibit wide strain sensing range, thin film buckling was intentionally induced by pre-straining 391 
the PDMS substrates, where the multilayered thin films are deposited on, during fabrication 392 
process and released afterwards. As a result, best performance of the flexible strain sensor was 393 
achieved at 1% pre-strain with highest gage factor (i.e., 7) among the fabricated flexible strain 394 
sensors and highest signal-to-noise ratio. Other flexible sensors fabricated at 3% and 5% also 395 
exhibited DC voltage-based strain sensing capability but with low signal-to-noise ratio. 396 
In addition, the functional thin film constituents of the flexible strain sensor were characterized by 397 
measuring optical properties and electrical properties. First, the corrugated PEDOT:PSS thin films’ 398 
light transmittance and sheet resistance were studied with various fabrication design parameters 399 
(i.e., pre-strain and the number of PEDOT:PSS layer). It was shown that the corrugated PEDOT:PSS 400 
thin film’s optical transmittance is affected by both fabrication design parameters. Higher 401 
transmittance was acquired at lower pre-strain due to less populated wrinkles with shallower 402 
depths. As the number of layer (i.e., thickness) increases, decreasing trend was observed in light 403 
transmittance. Yet, lowest sheet resistance was achieved at 7 or 9 layers of PEDOT:PSS thin film. In 404 
addition, the sheet resistance of the corrugated thin films was less affected by applied tensile strain 405 
at low pre-strain regardless of the number of layers. Second, the corrugated P3HT:PCBM 406 
self-sensing thin films exhibited increasing peak light absorption trend at low pre-strain with 407 
increasing applied tensile strain while higher pre-strain specimens showed opposite trend. This 408 
provided a design guideline for the corrugated PEDOT:PSS thin films for fabrication of flexible 409 
strain sensor to be fabricated using 7 or 9 layers of corrugated PEDOT:PSS thin films and 1 layer of 410 
corrugated P3HT:PCBM thin films at 5% or smaller pre-strain. 411 
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