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Abstract 

Wearable temperature sensors with high sensitivity, linearity, and flexibility are required to 

meet the increasing demands for unobtrusive monitoring of temperature changes indicative of 

the onset of infections and diseases. Herein, we present a new method for engineering highly 

sensitive and flexible temperature sensors made of poly(3,4-

ethylenedioxythiophene):polystyrene (PEDOT:PSS) film on a  Poly(dimethylsiloxane) (PDMS) 

substrate. Sensors’ temperature sensitivity is strongly influenced by the length and density of 

microcracks, which can be engineered by controlling three key parameters: (a) pre-stretching 

strain, (b) sulfuric acid treatment time, and (c) surface roughness of the substrate. Specifically, 

pre-stretching can induce cracks in PEDOT:PSS layer while high pre-stretching strain results 

in cracks with both increased density and length. A smooth PDMS substrate tends to yield long 

and straight cracks in the PEDOT:PSS film, compared to shorter microcracks with higher 

density on rough surfaces. Crack density can be further increased via sulfuric acid treatment 

with the optimum duration of approximately 3 hours. Prolonged treatment would result in weak 

adhesion between the PEDOT:PSS and PDMS substrate, which in turn reduces the microcrack 

density but increases the crack length. The optimum PEDOT:PSS-PDMS sensor provides a 

combined high temperature sensitivity of 0.042 ⁰C-1 with excellent linearity of 0.998 (from 

30 °C to 55 °C). With a good optical transparency, high temperature sensitivity, excellent 

linearity as well as high flexibility, this microcrack-based sensor is a very promising wearable 

temperature sensing solution. 
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1. Introduction 

Wearable temperature sensors, capable of high sensitivity and flexibility to be worn on human 

body or integrated within clothes, have attracted intense interests for continuous monitoring of 

temperature changes due to the onset of infections and diseases. Precise and continuous 

detection of body temperature is also crucial to monitoring a wide range of other health 

conditions, including cardiovascular diseases, pulmonary diagnostics, and other syndromes [1-
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4]. When integrated with a power source, communication protocols and health softwares, 

wearable sensors are envisaged to herald the shift to a new telehealth paradigm.  Numerous 

flexible or stretchable devices have been reported to detect temperature-oriented electric signal 

variations, including resistive [5-10], capacitive [11, 12], P-N junctions [13], and transistors 

[14-16]. Among these, resistive temperature sensors provide several advantages, such as (a) 

simple sensing mechanism, allowing direct measurements with high sensitivity, (b) high 

stretchability and flexibility, bestowed by the elastomer substrates, and (c) low-cost fabrication 

and industrial scaling up.  

A variety of inorganic and organic temperature-sensitive conductive materials have been 

studied as the essential building blocks for resistive temperature sensors, including metals [17, 

18], carbon materials [19-21], polypyrrole [22], poly(3,4-ethylenedioxythiophene): polystyrene 

(PEDOT:PSS) [23] and ionic liquids [24]. Among these substances, PEDOT:PSS offers 

excellent electrical conductivity, optical transparency, ease of processing, and relatively low 

cost. Some PEDOT:PSS-based temperature sensors have been developed by coating 

PEDOT:PSS onto various substrates including glass [25], polypropylene [26] and cotton fabric 

[25] or by blending PEDOT:PSS with other temperature-sensitive materials, such as carbon 

nanotubes [27] and graphene [28]. The sensitivity of this type of resistive temperature sensors 

is characterised by a temperature coefficient of resistance (TCR, with unit °C-1), which refers 

to the rate of resistance change per unit temperature variation [8]. However, recent research 

have found that PEDOT:PSS based sensors showed relatively low temperature sensitivity 

ranging between 0.003 °C-1 and 0.03 °C-1 (values are summarized in Table S3) [25-31]. 

Additionally, most PEDOT:PSS temperature sensors show nonlinear responses to temperature 

variations, making their applications complex and challenging.  

To enhance the temperature sensitivity of conductive materials, a thermal expansion strategy 

has been applied to attaching them to thermally expandable substrates with a high positive 

coefficient of thermal expansion, such as PDMS (linear thermal expansion coefficient of 3.6 × 

10-4 °C-1), to enhance the thermally induced deformation [32]. This approach has been applied 

to sensors made of graphene nanowalls [33], graphite [34], and silver nanocrystal [5, 35], where 

a temperature fluctuation is converted into mechanical deformation (strain), amplifying the 

conductive networks’ response to external temperature variations. When the PDMS substrate 

expands with increasing temperature, the conductive sensing layer mechanically deforms, 

which leads to generation and opening of microcracks. The increase in the electrical constriction 

resistance by the opening of microcracks [36] significantly improves sensors’ temperature 
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sensitivity. As a substrate to meet the demands of wearable sensors,  PDMS also has other 

merits, including high stretchability and biocompatibility [37-49]. 

Herein, we present a new method of enhancing the temperature sensitivity of flexible sensors 

by combining the thermal expansion strategy with a microcrack engineering approach. The 

sensors are fabricated via drop-casting a PEDOT:PSS aqueous solution onto a PDMS substrate. 

The conductive coating is then encapsulated by another PDMS layer to give it mechanical 

protection. To induce microcracks in the sensing layer, the resultant sandwiched sensor is pre-

stretched to a certain strain. The effects of three key parameters on the morphology of the 

microcracks in terms of average length and density are characterized: (a) surface roughness of 

the substrate, (b) the time of sulfuric acid treatment, and (c) pre-stretching strain. The optimum 

temperature sensitivity and linearity are found to be 0.042 °C-1 and 0.998, respectively. With a 

semitransparency feature and good flexibility, these newly developed sensors are demonstrated 

as skin-wearable temperature devices for body temperature monitoring and thermal object 

detection.   

2. Experimental details 

2.1 Materials 

The poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) was purchased 

from Sigma-Aldrich. This PEDOT:PSS aqueous solution has a concentration of 1 wt%. Sylgard 

184 silicone elastomer base and curing agent were supplied by Dow Corning Co. Ltd. 

(Australia). The high-purity silver paste (Silver Paste Plus) was purchased from SPI Supplies 

(USA). 

2.2 Preparation of PEDOT:PSS-PDMS sensors 

A PDMS prepolymer was prepared by mixing the PDMS base with the curing agent at a weight 

ratio of 10:1. This mixture was then stirred for 10 min and degassed for 30 min, after which it 

was poured on top of different templates of different surface roughness: sandpapers with 

different grit sizes (rough surfaces) and a plastic Petri dish (smooth surface). With low surface 

energy and low viscosity, the PDMS prepolymer can gradually wet out the rough surface of the 

sandpapers as well as the smooth surface of the Petri dish. Then the prepolymer was heated at 

60 °C for 2 h to ensure complete curing. In the present study, the PDMS substrate thickness 

was set at 0.25 mm by adjusting the weight of the prepolymer per surface area. Upon curing, 

the PDMS films were peeled off from the templates and cut into a square shape of 40 mm by 

40 mm. The PDMS films were treated in an oxygen plasma chamber (Zepto, Diener Electronics 
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with 60 W power under 0.5 mbar air pressure) for 10 min to improve the hydrophilicity and 

wettability of the PDMS surface. 

To fabricate temperature sensors, the above-made PDMS substrates were then coated with a 

thin layer of PEDOT:PSS. PEDOT:PSS layer was deposited onto rough and smooth PDMS 

substrates, respectively, by a drop-coating process. A PEDOT:PSS aqueous solution of 0.5% 

concentration was made by diluting the 1% solution provided by the supplier with water under 

magnetic stirring. This dilution was chosen to lower the viscosity to achieve a thin film of 

uniform thickness. Then the diluted PEDOT:PSS solution was dropped onto the PDMS films, 

followed by drying at room temperature for a period of 12 hours.  

For the acid treatment, the PDMS films with PEDOT:PSS coating were immersed in 1 mol/L 

sulfuric acid solution and heated at 60 °C for different periods. After that, the samples were cut 

into rectangles of 5 mm by 40 mm. Then cooper wires as electrodes were attached to the two 

ends of the rectangle sensors with the aid of a silver paste. After attaching copper wires as the 

electrodes, another PDMS layer was cast on the top to protect both the PEDOT:PSS sensing 

layer and the two electrodes. The thickness of the prepared PEDOT:PSS-PDMS sensors is 

around 0.5 mm.  The last step is pre-stretching, during which various strains were applied to 

PEDOT:PSS-PDMS sensors to create microcracks. To investigate the effects of pre-stretching, 

samples were pre-stretched to various strains of 20%, 40%, 60%, and 80% by using a custom-

made stretching rig.  

 

2.3 Characterizations 

To observe the cross-section morphology of the PEDOT:PSS-PDMS sensors, samples were 

cryogenically fractured in liquid nitrogen, coated with a thin layer of platinum, and then 

examined using a scanning electron microscope (FEI Nova NanoSEM). The thickness of the 

PEDOT: PSS layer was set approximately at 1 μm. The crack morphologies of PEDOT:PSS-

PDMS sensors after pre-stretching were characterized using an optical microscope.  

Temperature sensing performance tests were conducted by placing the sensors in a temperature-

controlled oven with the temperature increasing stepwise from 30 to 55 °C at a 5 °C increment. 

This temperature range has been selected because of the focus on body temperature detection. 

During the tests, the electrical resistance was recorded by a digital multimeter (E4980A, 

Keysight Technologies), while the temperature of sensors was independently measured by a 
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digital multimeter with a K-type temperature couple (IP67, Digitech). The skin temperature in 

the demonstion section was measured by a FT-IR camera (X6540sc, FLIR). 

 

3. Results and discussion 

 
 

Figure 1. (a) Conceptional design of our temperature sensor with enhanced sensitivity; (b) 
fabrication processes of the PEDOT:PSS-PDMS temperature sensors (rectangular boxes with 
dashed line showing the cross-sectional views of diagrams); (c) typical digital photos of 
PEDOT:PSS/PDMS temperature sensors.  

 

Figure 1a illustrates the conceptional design of this research on PEDOT:PSS/PDMS sensors. 

This research aims to develop highly flexible and sensitive temperature sensors based on 

PEDOT:PSS/PDMS thin films by controlling the cracking. Three key conditions in the 

fabrication process are used to control the crack morphology: (a) roughness of the substrate, (b) 

the time of sulfuric acid treatment, and (c) pre-stretching strain.  Figure 1b represents the 

detailed fabrication process for the sensors. In general, PEDOT:PSS layer was deposited onto 
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both rough and thin PDMS substrates by a drop-coating process. Then the obtained 

PEDOT:PSS/PDMS films were immersed into the sulfuric acid solution for various times. After 

attaching copper wires as the electrodes, another PDMS layer was casted on the top to protect 

both the PEDOT:PSS conductive layer and electrodes. The last step is pre-stretching, during 

which various strains were applied to PEDOT:PSS/PDMS to create cracks. The fabricated 

sensors are semitransparent and flexible, as shown in Figure 1c. 

 

3.1 Effects of substrate roughness 

To investigate the effect of substrate surface roughness on the crack morphology, PDMS 

substrates with different surfaces were prepared by copying the surface morphology of smooth 

plastic petri-dishes and commercial sandpapers with different grit sizes, P320 and P800. The 

comparison of the surfaces of the sandpapers and the corresponding PDMS surfaces is shown 

in Figure S1, and the roughness parameters of the two sandpapers are summarized in Table S5. 

The particle sizes for P320 and P800 is 67.18 ± 22.62 μm and 28.16 ± 8.58 μm, respectively. 

The cross-sectional SEM images shown in Figure 2a-f reveal that the PEDOT:PSS layer on the 

smooth PDMS substrate has a uniform thickness of around 1 µm. However, the PEDOT:PSS 

layer on a rough PDMS substrate is seen to be thicker in the valley of the dimples and thinner 

at the apexes. In all three cases, no noticeable delamination can be seen between the 

PEDOT:PSS layer and the PDMS substrate, indicating a good adhesion between the sensor 

layer and the substrate.   

The sensors were stretched to various strains (0%, 20%, 40%, and 80%) in the pre-stretching 

process to create microcracks in the sensing layer. Typical microcracks formed in the sensor 

layer on substrates with a smooth and rough surface when stretched to 80% strain are presented 

in Figure 2 g-i. For the sensor coated on the smooth substrate, the microcracks appear to be 

long and straight (Figure 2g). By contrast, shorter and denser microcracks are observed in the 

sensing layer coated on rough substrates (Figure 2h and Figure 2i). A multi-step image 

processing was performed to characterize the microcrack morphology (Figure S3), from which 

the average length and linear density of the microcracks are determined, and the results are 

presented in Figure 3a. The average crack lengths are 248.3 μm (P320) and 247.5 μm (P800) 

on the two rough substrates, respectively. These values are less than one-tenth of the average 

crack length for the sensor on a smooth substrate. The crack densities of sensors on rough 

substrates are 16.55 mm-1 (P320) and 20.53 mm-1 (P800), respectively, which are both higher 

than that of the sensor on a smooth substrate (8.94 mm-1). Another noticeable difference 
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between the substrates of smooth and rough surfaces is that the microcracks pertinent to a 

smooth substrate are at regular spacing, while significant unevenness can be observed in sensors 

on rough substrates. The results presented in Figure 3a reveal that as the surface roughness 

increases, the average crack length decreases. The rough surfaces result in a higher crack 

density compared to that generated from the smooth surface.   

 

 
 

Figure 2. Cross-sectional SEM images of PEDOT:PSS layer coated on different substrates 

including smooth PDMS substrate (a, d), rough PDMS substrates mirroring the surface 

structures of P320 sandpapers (b, e) and P800 sandpapers (c, f), respectively. The red dashed 

lines (b, e, f) highlighted the PEDOT: PSS layer.  (g-i) Typical optical microscope images of 

different cracks within PEDOT:PSS-PDMS sensors fabricated with different substrates, all 

taken at 80% strain.  
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The variations in the microcrack patterns are likely attributable to the nonuniformity in the 

thickness of PEDOT:PSS layer. As indicated by previous reports on different materials [50-52], 

the film thickness plays a significant role in defining the microcracking process of thin films 

coated on flexible and stretchable substrates. When stretched, the conductive layer sandwiched 

between two PDMS substrates would fragment in the form of microcracks, with the density of 

the microcracks being inversely proportional to the layer thickness. For the sensing layer on a 

smooth substrate, microcracks induced by would propagate uninterrupted to form straight 

channel-like cracks [53]. For a sensing layer coated on a rough PDMS substrate, however, the 

unevenness of the film thickness due to the peaks and valleys on the surface of the substrate 

results in denser microcracks in the peak areas of small thickness than these in the valleys where 

the layer is thicker. This difference in thickness also causes the microcracks to deflect and 

change directions. In particular, the propagation of microcracks formed in thinner regions can 

slow down in thicker areas [50]. Therefore, the nonuniformity in film thickness forces the 

microcracks to adjust their propagation direction, preventing the formation of evenly spaced 

and straight channel-like cracks, as in the case of a smooth-substrate sensor.  

 
 

Figure 3. (a) Calculated crack parameters including average crack length and crack density from 
optical images of PEDOT:PSS-PDMS sensors fabricated with various substrates, all taken at 
80% strain. (b-d) Relative resistance changes of sensors made from various substrates and pre-
stretching procedures. 
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The performance of the temperature sensors is investigated by measuring its resistance variation 

over a temperature range from 30 to 55 °C with an increment of 5 °C. To ensure that the 

temperature of the sensor reached equilibrium, the heating chamber was programmed to reach 

the desired temperature and hold for 15 minutes before measurements were made. For the 

sensors made from different substrates, the relative resistance changes versus the temperature 

are shown in Figure 3b-d. It is clear that as the temperature increases, the electrical resistances 

of the sensors increased proportionally. Without pre-stretching, the three groups of sensors 

fabricated on smooth and rough PDMS substrates show a similar TCR of around 0.0010 °C-1. 

Sensors made from rough substrates, after the application of 80% pre-stretching strain, showed 

enhanced temperature sensitivities (0.0043 °C-1 in P800 group and 0.0039 °C-1 in P320 group) 

due to the presence of pre-formed cracks. This positive sensitivity increase on PEDOT:PSS 

may be attributed by the following mechanisms: (a) the intrinsic temperature dependence of 

resistance as a p-type semiconductor, where an increase in temperature facilitates electrons 

overcoming bandgap barrier and leads to a decreased resistance [29]; (b) mechanical 

deformation in the sensing layer (un-cracked region) caused by thermal expansion of the 

substrate,  resulting in increased resistance; (c) crack opening in the sensing layer under the 

thermal expansion of PDMS, leading to increased resistance. The results in Figure 3b-d show 

that a minimum 40% pre-stretching strain is needed to achieve higher temperature sensitivity, 

most likely due to the need to form microcracks. Sensors pre-stretched to 20% strain did not 

show any improvement in the TCR because this level of stretching did not create any visible 

microcracks (Figure S2). Therefore, it can be concluded that the temperature sensitivity 

enhancement is due to the presence of pre-formed cracks within the PEDOT:PSS sensing layer. 

When the PDMS substrate expands with temperature, cracks in the PEDOT:PSS layer open up, 

reducing the electrical conduction and hence increasing the resistance change and temperature 

sensitivity. 

For the sensors made from smooth substrates, pre-stretching them to a strain of 40% increased 

their temperature sensitivity from 0.001°C-1 to 0.008 °C-1, but the linearity deteriorated 

significantly. Although these sensors exhibit higher temperature sensitivity when stretched to 

40% strain than sensors made on rough substrates, their poor linearity makes it more complex 

to detect body temperature. Additionally, further increasing the pre-stretching strain above 40%, 

say to 60%, causes its resistance value to quickly exceed the range limit of the digital multimeter 

(1.0 GΩ). As a result, the sensors made on the smooth substrate cannot be pre-stretched beyond 

40%. By contrast, sensors made with a rough substrate can be pre-stretched to 80% strain, 

offering opportunities to further increase their temperature sensitivity.  
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3.2 Effects of acid treatment 

To further improve the temperature sensitivity of PEDOT:PSS-PDMS sensors made using 

rough substrates, the sensing layer was treated with a sulfuric acid aqueous solution. Here 

sensors were made using a rough PDMS substrate copying the surface of P800 sandpaper. The 

molecular structure change of the main species during the sulfuric acid treatment is presented 

in Figure 4g. In PEDOT:PSS solutions, PEDOT units are partially protonated and become 

PEDOT+; parts of PSS units are negatively charged as  PSS−, while the rest become HPSS. The 

PEDOT and PSS units are coupled via Coulombic interaction between PEDOT+ and PSS−. The 

sulfuric acid could react with PSS- and produce HSO4
−  [54], which are not coupled with 

PEDOT+, according to:  

H2SO4 + PSS−  →   HPSS +  HSO4   
−       (1) 

The resulting HSO4
−  and HPSS are washed off during the rinsing procedure with DI water, 

leading to partial removal of the PSS units and, hence, a higher proportion of PEDOT in the 

conductive coating layer. This results in the sensing layer being more conductive and more rigid 

than the standard PEDOT:PSS as PEDOT is the conductive phase with relatively rigid 

conjugated molecule structure while the PSS is nonconductive and flexible . However, this acid 

treatment can weaken the adhesion between the sensing layer and the PDMS substrate (made 

using P800 sandpaper as a template) due to reduced interaction between PSS units and the 

substrate [55].  

The change of the rigidity of PEDOT:PSS layer and its weakened adhesion with the PDMS 

substrate can affect the way microcracks are generated and propagate. Figure 4a-e present the 

optical images of sensors after a series of acid treatments (both sensors were pre-stretched to 

80% strain), and the crack parameters determined from the optical images are summarized in 

Figure 4b. Without acid treatment (0 min treatment time), the microcracks have an average 

length of 247.5 μm. After being subjected to the sulfuric acid treatment, the average crack 

length firstly decreases to 197.6 μm (90 min treatment time) and 185.2 μm (180 min treatment 

time), then rises to 372.2 μm (360 min treatment time). On the other hand, the crack density 

follows an opposite trend: increasing slightly from 20.53 mm-1 (0 min treatment time) to 22.84 

mm-1 (180 min treatment time) and then decreasing noticeably to only 11.74 mm-1 for the 360 

min treatment.  The reduction in crack length and the increase in crack density with acid 

treatment time from 0 min to 180 min may be due to the increased rigidity after partial removal 
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of PSS units by the acid post-treatment [56]. The slight decrease of resistance value after acid 

treatment also indicates the removal of PSS (Table S2) [54].   

 

 
 

Figure 4. (a-e) Typical optical images of PEDOT:PSS-PDMS sensors with various acid 
treatment times. All pictures took at 80% pre-stretching strain. (f) Calculated crack parameters 
from optical images of PEDOT:PSS-PDMS sensors with various acid treatment times. (g) 
Chemical structures of main species in the PEDOT:PSS/H2SO4 system. (h) Relative resistance 
changes of sensors made using PDMS substrate copying P800 sandpaper and (i) the TCR values 
for sensors (made of PDMS substrate molded using P800 sandpaper) subjected to different acid 
treatment time, in the temperature range from 30 to 55 °C. All sensors were pre-stretched to 
80% strain. 

 

The rise in crack length and drop in crack density with prolonged acid treatment time from 180 

min to 360 min may be the result of reduced adhesion between the sensing layer and the 

substrate after acid treatment. This observation is consistent with previous reports that films 
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with poor adherence to the substrate exhibit lower crack density and very long cracks [53, 57]. 

To verify the weakened adhesion between the sensing layer and the substrate following acid 

treatment, peel off tests were designed and conducted. Digital images and transmission spectra 

were recorded before and after the tests (Figure S4). The results show that treating the 

PEDOT:PSS film with sulfuric acid for up to 180 min did not cause any visible detachment. 

However, overtreatment with prolonged time of between 270 min and 360 min resulted in 

severe peeling-off of the sensing layer. This indicates that acid treatment more than 270 min 

leads to poor adhesion between the conductive layer and the substrate. The UV-vis spectra 

(Figure S4) also confirmed the weakened adhesion with the larger difference in the spectra 

before and after peeling, as reported in [58].  

The relative resistance change versus the temperature are shown in Figure 4h, and the calculated 

TCRs of sensors are presented in Figure 4i. All sensors with various acid treatment times show 

similar positive temperature sensitivity with good linearity (Table S1). The explanation of good 

linearity in cracked sensors is given in Supporting Information (S10 Linearity Explanation) 

Without the acid treatment, the TCR of the sensors made of PDMS substrate moulded using 

P800 sandpaper is 0.0041 ⁰C-1. With increasing acid treatment time, the temperature sensitivity 

first increases significantly to 0.042 °C-1 (for 180 min treatment time), almost 10 times as that 

of untreated sensor, indicating an exceptional enhancement in temperature sensitivity by the 

simple chemical post-treatment. The TCR of these individually made sensors with this 

optimized process parameters were tested and a small statistic variation of 0.0059 °C-1 was 

observed (Figure S5). Apart from the outstanding temperature sensitivity, when compared with 

other reported temperature sensors based on PEDOT:PSS composites (Table S3), the sensor 

also shows excellent linearity of 0.998 in the temperature range from 30 °C to 55 °C. The results 

also reveal that increasing the acid treatment time to above 270 min results in a noticeable drop 

of TCR, due to the reduced crack density shown in Figure 4f. 

 

3.3 Effects of pre-stretching  

As discussed previously, the density and the average length of the microcracks in the sensors 

depend on the pre-stretching strain and acid treatment time. Since the microcracks were 

generated by the pre-stretching process, the crack morphology is strongly influenced by the pre-

stretching strain. Below we will further investigate the crack morphologies and temperature 

sensing performance of sensors prepared with different pre-stretching strains.  
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Figure 5. (a) Optical microscope images of PEDOT:PSS-PDMS sensors with  pre-stretch at 0% 
(a), 20% (b), 40% (c), 60% (d), 80% (e); (f) Calculated crack parameters from optical 
microscope images. Sensors were made on PDMS substrate copying P800 sandpaper with 180 
min acid treatment. (g) Relative resistance changes of PEDOT:PSS- PDMS sensors (rough 
substrate, 180 min acid treatment) and (h) calculated TCR  for the pre-stretch at 0%, 20%, 40%, 
60%, 80%, in the temperature range from 30 to 55 °C. Sensors were made on PDMS substrate 
copying P800 sandpaper with 180 min acid treatment. (i) Heatmap as functions of average crack 
length and crack density for TCR valuses from all developed sensors. 

 

Figure 5a-e present the optical images of the microcracks in sensors that were subjected to 180 

min acid treatment and different pre-stretching strains. The average length and density of the 

microcracks are summarized in Figure 5f.  The darker regions indicate the dimpled areas on the 

rough PDMS substrate, created by the sandpaper particles, where thicker sensing layer formed. 

When subjected to a pre-stretching strain of 20%, some microcracks with an average length of 
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75.1 μm and a crack density of 12.06 mm-1 appeared. As the pre-stretch strain increased to 80%, 

more microcracks formed with the crack density reaching 22.84 mm-1, and the microcracks 

grew in length, with the average length increasing to 185.2 μm. The monotonical increases in 

crack density and crack length with stretch indicate a strain-dependent microcracking process 

in PEDOT:PSS films [59]. The relative resistance change versus the temperature was shown in 

Figure 5g, and the calculated TCRs are presented in Figure 5h. All sensors at various pre-

stretching strains show similar positive temperature sensitivity with good linearity (Table S1). 

The TCR increased rapidly from 0.0094 °C-1 at 0% pre-stretching strain to 0.042 °C-1 at 80% 

pre-stretching strain.  

The present results reveal that the temperature sensitivity can be adjusted by tailoring the crack 

morphology via controlling three process parameters: (a) pre-stretching strain, (b) surface 

roughness of the substrate, and (c) the time of sulfuric acid treatment. Figure 5i presents the 

effects of average crack length and crack density on temperature sensitivity; longer crack length 

and higher crack density result in greater temperature sensitivity. Specifically, high pre-

stretching strain results in cracks with both increased density and length. A smooth PDMS 

substrate tends to yield long and straight cracks in the PEDOT:PSS film, compared to shorter 

microcracks with higher density on rough surfaces. Crack density can be further increased via 

sulfuric acid treatment with an optimum duration of approximately 180 mintutes. Prolonged 

treatment would result in weak adhesion between the PEDOT:PSS and PDMS substrate, which 

in turn reduces the microcrack density, but increases the average crack length. In summary, 

attaining high density microcracks is the key to achieving high temperature sensitivity in 

PEDOT:PSS/PEDOT sensors. 

From the present results and the proceeding discussion, the thermo-resistive behavior of 

PEDOT:PSS-PDMS sensors is governed by three major mechanisms: (a) the intrinsic 

temperature dependence of the conductivity of PEDOT:PSS, (b) piezoresistive behavior of 

PEDOT:PSS with mechanical deformation in PEDOT:PSS conductive layer caused by thermal 

expansion of the substrate, (c) contact resistance of the microcracks in PEDOT:PSS under 

thermal expansion of PDMS. The intrinsic temperature response of PEDOT:PSS films have 

been investigated previously [25, 29, 30], providing solid evidence on the first mechanism. 

Based on this mechanism, the intrinsic TCR for PEDOT:PSS is reported to be −0.0045 °C-1 

due to its p-type semiconductor nature, where heating facilitates electrons overcoming the band 

gap barrier and leads to a reduction in electrical resistance and, hence, a negative temperature 

sensitivity. However, all the PEDOT:PSS sensors fabricated in this work show a positive 
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temperature sensitivity, which is mainly caused by the high coefficient of thermal expansion of 

the PDMS substrate. Moreover, sensors without microcracks (where only mechanism (a) and 

(b) are operatives) all show a similar TCR of around 0.0010 ⁰C-1, while sensors containing 

microcracks (all three mechanisms are present) exhibit a much higher TCR up to 0.042 ⁰C-1. 

Therefore, the opening of microcracks with thermal expansion of the substrate is the key factor 

that dictates the thermo-resistive response of PEDOT:PSS/PDMS sensors. In other words, the 

morphology of the microcracks plays a vital role in the temperature sensitivity of the sensors 

where higher density and length directly correspond to higher temperature sensitivity.  

Based the three mechanisms discussed above, the total resistance change can be written as 

∆R
R0
≈ α1∆T + kεε𝑇𝑇 + kc∆T = (α1 + βPDMSkε)∆T + kc∆T                             (2) 

where the α1 denotes the intrinsic temperature dependence of resistance of PEDOT:PSS, ε𝑇𝑇 the 

mechanical strain due to thermal expansion (PEDOT:PSS and PDMS expand at the same strain 

of ε𝑇𝑇= βPDMS∆T), and kc denote the temperature sensitivity caused by the surface contact of 

microcracks. Here α1 is essentially the TCR of the uncracked PEDOT:PSS sensor, with a value 

of approximately 0.001°C-1. The value of kε, which denotes the strain gauge factor of sensor 

(Figure S6), is 15.92 (measured at a peak strain of 10%). Therefore the contribution of the 

thermal expansion of PDMS to the overall TCR of the sensor is βPDMSkε =0.00054 °C-1. Based 

on these values, the first term (α1 + βPDMSkε) is estimated to be 0.0061 °C -1, which is an order 

of magnitude less than the experimentally measured  TCR of 0.042 °C-1, leaving kc=0.0359 °C-

1. This dominant effect by the microcracks-induced temperature sensitivity may be because of 

the unique microstructure of the cracks, where the crack tips experience extremely large stress 

when the substrate undergoes thermal expansion and the constrictive resisitance between 

contacting crack surfaces gives rise to significant changes in electrical resistance. This 

unexpected high temperature sensitivity than the estimated value based on thermal expansion 

is consistent with the observation reported for silver nanocrystal-based temperature sensors [5, 

35]. The cracked Ag crystal sensor also exhibits excellent linearity in the temperature range 

from 303K to 323K; even the author demonstrates that the electron transport follows an 

exponential function. 

 

3.4 Demonstration 

Two different demonstration sensors were made from PDMS substrate copying P800 sandpaper 

and pre-stretched at 20% and 40%, respectively. These two sensors were first calibrated in a 
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cold water bath and/or on a hot plate as follows: (i) Sensor 1 was placed in the water bath (initial 

temperature = 5 °C) that was gradually heated on a hot plate to a temperature of 55 °C; (ii) 

Sensor 2 was placed directly on a hotplate that was heated from an initial temperature of 25 °C 

to 40 °C. The resistance values of sensors were recorded with a digital multimeter, and the 

temperature values of sensors were measured by a thermal couple immersed in the water bath 

or an IR camera.  The relative resistance variations (∆𝑅𝑅 𝑅𝑅0⁄ ) for these two sensors are presented 

as a function of temperature in Figure 6. The slope of the fitting line, parameter 𝛼𝛼  in the 

following expression ∆𝑅𝑅 𝑅𝑅0⁄ = 𝛼𝛼(𝑇𝑇 − 𝑇𝑇0), is the temperature coefficient of resistance (𝛼𝛼 = 

TCR). It can be seen that these two sensors show excellent linearity over the calibration 

temperature ranges. 

 

Figure 6 Calibration of two demonstration sensors. (a) Sensor 1 in a water bath being heated 
from an initial temperatre of 5 ºC to 55 ºC. (b) Sensor 2 directly on a hot plate being heated 
from an initial temperature of 25 ºC to 40 ºC.  

 

The theoretical detection limits of two demonstration sensors were characterized by recording 

the noise of the measurement system. There are two sources for the measurement noise: (a) the 

Johnson noise of piezoresistive sensors, generated by the thermal agitation of the charge carriers, 

and (b) the intrinsic system noise of the measurement instrument. The Johnson noise of sensors 

is very small (0.04 to 8 μV) and much smaller than the large system noise of the measurement 

instrument (Figure S7 and Table S6). Based on these results, the theoretical detection limits of 

sensors were determined and presented in Figure S8. The calculated detection limits for the 

sensors with the high and the low TCR values are 0.12 °C and 0.08 °C, respectively. To 

investigate the stability and reliability of sensors, further tests were carried out by repeatedly 

heating and cooling the sensors between 25 °C and 55 °C for ten cycles (Figure 7a). The 

deviations of the resistance change are less than 0.5%, which indicates good stability and 

repeatability of our sensors. The unique strain-memory effect of PEDOT:PSS is the possible 

reason for resistance fluctuations in the cyclic test [60, 61].  
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The sensor with the lower TCR value (Sensor 1) was first used to monitor the fluctuation of the 

ambient temperature during a 24 hour period. The temperature can be calculated from the 

measured resistance of this sensor by: 

𝑇𝑇 = 𝑇𝑇0 + 𝑅𝑅−𝑅𝑅0
𝑇𝑇𝑇𝑇𝑅𝑅

                                                                    (3)  

where 𝑅𝑅0  is the sensor’s electrical resistance at an initial temperature of 𝑇𝑇0 , which was 

measured by a digital thermometer (or an IR camera). The initial electrical resistance of the 

sensor, 𝑅𝑅0, was measured using a multimeter. 𝑇𝑇𝑇𝑇𝑅𝑅 value of the sensor was determined from 

the calibration tests presented in Figure 6.  

 
 

Figure 7. (a) Relative resistance changes of the two demonstration sensors when temperature 
cycling between 25 °C to 55°C were applied. (b) monitoring the ambient temperature, (c) 
detecting the liquid temperature in a container. (e) monitoring skin temperature before and after 
a 5-minute running; (e-f) IR thermograms indicating the skin temperature of palm before (e, T0) 
and after (f, reference temperature) 5-minute running. (g) monitoring skin temperature before 
and after putting ice directly onto the skin; (h-i) IR thermograms indicating the skin temperature 
of palm before (h, T0) and after (i, reference temperature) putting on a block of ice. 
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A comparison is presented in Figure 7b for the temperature measured by the sensor (the red line 

and dots) with the temperature measured by a separate digital thermometer (the grey line and 

dots). The sensor gave almost the same temperature value as the digital thermometer with a 

difference of less than 0.1 °C. Figure 7c shows a second experiment where the same sensor was 

attached to a glass bottle, which was then filled with warm or cold water. The temperature of 

bottle was also measured by a digital thermometer, which has an accuracy of 0.07°C. The red 

line in Figure 7c indicates the temperature from the sensor when warm water was added, while 

the blue line indicates the change in temperature when cold water was injected into the empty 

bottle. According to the temperature sensor, the temperature rose quickly from 22.4 °C to 

37.5 °C within a couple of seconds of filling the bottle with warm water. When icy cold water 

was injected in the empty bottle, sensor temperature decreased from 22.4 °C to 7.8 °C, as shown 

in Figure 7c. In both experiments, the temperatures calculated from the sensor signal are in very 

good agreement with the thermometer readings, with a maximum error being less than 0.1 °C, 

consistent with the estimated detection limit of the sensor. 

To demonstrate the application of the PEDOT:PSS-PDMS sensors as wearable devices, another 

sensor with higher TCR (sensor 2) was attached to human skin to monitor changes in the body 

temperature. Two demonstrations were conducted indoors and outdoors. In the first test, the 

PEDOT:PSS-PDMS sensor was attached to the back of a hand before doing an indoor workout . 

The initial skin temperature at rest was measured to be approximately 27.50 °C, according to 

an FT-IR camera (Figure 7b). After a 5-minute running, the temperature sensor indicated that 

the skin temperature rose to 28.40 °C (Figure 7d), which compares very well with the 

temperature 28.50 °C measured by the IR camera (Figure 7e and f).  

In the second experiment, some ice was put on the back of the hand while being outdoor; this 

demonstration was to mimic the unusual skin temperature change under extreme environmental 

conditions. The initial skin temperature was measured to be 34.70 °C by the FT-IR camera 

(Figure 7g). After putting on a block of ice, the skin temperature started to drop to a stable 

temperature of approximately 30.60 °C (Figure 7i). During this period, the sensor was able to 

monitor the skin temperature in real-time and gave a final temperature of 30.60 °C, very close 

to the reading of 30.50 °C recorded by the FT-IR camera (Figure 7h). During this demonstration, 

the sensor was able to accurately determine the temperature to within 0.10 °C compared to the 

IR camera readings. Usually, the daily body temperature fluctuation is only around 0.50 °C, 

which requires a high sensing resolution to detect. With a high resolution of 0.1 °C, comparable 

to the best industrial thermometers (Table S4), the PEDOT:PSS-PDMS sensors can be used to 



19 
 

accurately monitor skin temperature in the application of workout monitoring and personal 

healthcare. It is worth noting that the sensor also responds to strain changes from human 

activities, which may introduce additional offsets on the temperature outputs (Figure S9). This 

strain effect can be suppressed by using structural engineering techniques, such as the strain 

isolation method [62] widely used in stretchable conductors.   

 

4. Conclusion 

In the present work, we have demonstrated a new method for achieving high temperature 

sensitivity in wearable sensors. The sensor can be fabricated by first sandwiching a 

PEDOT:PSS sensing layer between two PDMS substrates and stretching it to a large strain up 

to 80% to create a stable network of microcracks. The morphology of this microcrack network 

in the PEDOT:PSS sensing layer can be controlled by judicially varying three key process 

parameters: (a) the surface roughness of the substrate, (b) the time of sulfuric acid treatment, 

and (c) the pre-stretching strain. Sensors coated on a smooth substrate tend to form long and 

straight channel-like cracks that limit the stretchability of the sensors. Rough substrates, on the 

contrary, promote the formation of shorter microcracks with higher density in the sensing layer 

when stretched. Sulfuric acid treatment affects the crack density by removing the PSS units in 

PEDOT:PSS coating and changing the adhesion of the sensing layer with the substrate. Under 

mechanical stretching, crack density and crack length increase with the magnitude of the pre-

stretching strain. The temperature sensitivity is strongly influenced by both the length and the 

density of the microcracks: higher crack density and larger crack length lead to greater 

temperature sensitivity. The sensor with optimal crack morphology (crack length: 185.2 μm, 

crack density: 22.84 mm-1) shows a high temperature sensitivity as 0.042 ⁰C-1 with excellent 

linearity of 0.998. The potential of this new PEDOT:PSS-PDMS wearable temperature sensor 

has been demonstrated by examples of measuring the liquid temperature in a container, 

monitoring ambient temperature, and monitoring skin temperature change. This new type of 

PEDOT:PSS-PDMS sensors offers an attractive and promising solution as optically transparent 

wearable temperature sensors. 
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