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Figure S1. (a) Tensile stress-strain profiles of HEC film and HEC film with 5 wt.% glycerol as a 

plasticizer. (b) Transmittance spectra of HEC films as a function of glycerol and urea 

concentrations. (c-e) Mechanical characteristics of HEC films incorporated with glycerol and urea. 

(f) Dissolution kinetics of different plasticizers in deionized water.
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Figure S2. Degradation behavior of HEC substrates immersed in various solvents, including 

deionized water, acetic acid, and ethanol. Rapid dissolution of the HEC substrate occurred within 

30 minutes in deionized water, whereas no dissolution was observed after 3 days in ethanol.

Figure S3. Raman spectroscopy analysis of pure HEC, glycerol-treated HEC, and urea/glycerol-

treated HEC across the entire range of Raman shift and specifically focusing on the 2800-3100 

cm-1 region
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Figure S4. Variation in current density of HEC/PEDOT:PSS films under different loading 

conditions, including (a, b) object loading at pressures of 1.93 kPa and 1.48 kPa, and (c) finger 

contact.

Figure S5. (a) Relative resistance changes of HEC/PH1000 composite film under cyclic 

stretch−release tests (50 % and 100 % strains). (b) Relative resistance (R/R0) comparison during 

50% strain for L-PEDOT:PSS and PH1000. (c) Comparative analysis of long-range (800) stretch-

release cycles for L-PEDOT:PSS and PH1000. (d) Comparison of relative resistance during 100% 

staircase strain. (e, f) Evaluation of linearity in HEC/PEDOT:PSS composite films.



5

Figure S6. (a-b) Thermogravimetric analysis (TGA) of HEC and HEC/PEDOT:PSS composite 

films. (c) Variation in relative resistance of HEC/PEDOT:PSS composite films as a function of 

temperature up to 100°C.

Figure S7. Power consumptions of HEC/PEDOT:PSS composite.
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Figure S8. Dropping of water onto the film.

We tested our film by applying approximately 1 mL of water droplets and letting it sit for 

15 minutes. The results indicate that 1 mL of water is insufficient to break down the 

cellulose/L-PEDOT:PSS composite. A small amount of water molecules lacks the energy 

needed to interact with the high-density cellulose chains through capillary forces and 

cannot disrupt the hydrogen bonding networks within the cellulose. Because the water 

content in sweat is insufficient to break the cellulose chains and glycosidic bonds, sweat is 

expected to evaporate without damaging the cellulose networks.

Figure S9. Temperature-resistance-strain plot for HEC/L-PEDOT:PSS composites.

We carried out a simulation to investigate the impact of temperature and strain on the 

resistance of cellulose/L-PEDOT:PSS composites. In the temperature-dependent region, as 

the temperature rises from 20°C to 100°C, the normalized resistance (R/R0) falls below 1, 

indicating a decrease in resistance with increasing temperature. In the strain-dependent 

region, the normalized resistance (R/R0) exceeds 1 as the strain increases from 0% to 100%, 

indicating that the resistance rises with increasing strain.
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Figure S10. Effect of temperature and strain on the R/R0 of cellulose/L-PEDOT:PSS 
composites (R/R0 = 1 + ks⋅ϵ + kt⋅(T−25); ks: strain sensitivity coefficient, kt: temperature 
sensitivity coefficient, ϵ: strain)

We conducted additional simulations to examine the combined effects of mechanical and 

thermal stimuli on the electrical responses of the sensors. The results show that at a constant 

temperature, the R/R0 increases with increasing strain, as indicated by the upward trend of 

the lines for each temperature. Conversely, at a fixed strain, R/R0 decreases as the 

temperature rises. These simulation results are consistent with theoretical predictions and 

experimental observations, demonstrating that resistance increases with strain and 

decreases with temperature. Therefore, the simulation effectively illustrate the separate 

impacts of strain and temperature on the resistance of the cellulose/L-PEDOT:PSS 

composite sensor.
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Figure S11. Response and recovery times for temperature sensing.

Our cellulose/L-PEDOT:PSS composite sensors exhibit response times ranging from 9.65 

to 12.61 s and recovery times between 8.76 and 11.77 s for temperature sensing. These 

results highlight their potential reliability for applications requiring rapid and stable 

temperature measurement. Notably, the response time for strain sensing is faster than that 

for temperature sensing in cellulose/PEDOT:PSS films. This is because strain sensing 

involves immediate mechanical deformation, leading to an almost instantaneous change in 

resistance. In contrast, temperature sensing depends on slower processes such as heat 

absorption and achieving thermal equilibrium. The inherent response rates of the materials 

to mechanical versus thermal stimuli also differ, with mechanical adjustments occurring 

more rapidly. Additionally, heat diffusion introduces a delay in the temperature response. 

These factors collectively account for the quicker response time observed in strain sensing 

compared to temperature sensing.
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Table S1. Composite films based on cellulose and PEDOT:PSS for flexible and stretchable 
devices.

Material Properties Application Ref.

CNF/PEDOT:PSS

PH1000

Conductivity 100~400 S/cm, non-stretchable Conducting 
power papers

1

HEC/PEDOT:PS
S

Spin-coating method, sheet resistance ~581 Ω/sq, 
stretchability 60%

Human-skin 
sensor

2

CNF/PEDOT:PSS Flexible, max. stretchability 9%, tensile stress 106 
MPa, conductivity max. 126 S/cm, specific 

capacitance 854 mF/cm2

Supercapacit
or

3

CNF/PEDOT:PSS
/

MXene

Flexible, Max. stretchability 5%, tensile stress 60 
MPa, EMI shielding 76.9 dB, conductivity 1903 

S/cm

EMI 
shielding

4

CNF/PEDOT:PSS Non-stretchable, sheet resistance 5 Ω/sq, 
capacitances 25 F/g

Capacitor 5

PVA/Gly-
CNC/PVP/

PEDOT:PSS

Max. stretchability ~500%, self-healable, 
conductivity ~0.1 S/cm

Human 
motion 

detection

6
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Table S2. PEDOT:PSS-based temperature Sensors.

Active Materials Properties TCR Working 
Temperature

Ref.

PEN/PEDOT:PSS Flexible, humidity stability, 
Rsh ~ 75 kΩ, printing method, 
good stability

-0.77%/oC 
(25~50oC) ~ -

1.14/oC

30 oC ~ 45oC 7

PEN/PEDOT:PSS Flexible, humidity stability, 
printing method

-0.25%/oC 20 oC ~ 70oC 8

PDMS/PEDOT:PS
S

Microcrack design, pre-
stretched 20% and 40%

-0.31%/C 
(40oC)

25 oC ~ 55oC 9

Textile/PEDOT:PS
S

Flexible, Rsh ~135 kΩ (length 
8 cm) and Rsh ~50 kΩ (length 
3 cm) 

-0.48%/oC -50oC ~ 80oC 10

PEDOT:PSS/GO Flexible, printing method -1.09%/C 25oC ~ 100oC 11

Silk/PEDOT:PSS Flexible, biodegradable, 
photolithography method, 
humidity stability, excellent 
stability

-0.99%/oC 20oC ~ 50oC 12

Cellulose/L-
PEDOT:PSS

Max. strain ε ~ 190% (σ ~ 
0.71 MPa), tough, breathable, 
Rsh ~ 78 kΩ/sq, low hysteresis 
and recyclable

-1.15%/oC 
(40oC) ~ -
1.28%/oC

30oC ~ 100oC This 
Work

Table S3. Comparison of electromechanical properties between original and recycled films

Cellulose/
PEDOT:PSS

Max. Strain 
(%)

Max. Stress 
(MPa)

Toughness
(MJ/m3)

Rinit

(Ω)
ΔR/R0 (%)
(ε=100%)

Original 195 0.711 0.805 78,953 122
Recycled 190 0.9 0.821 100,590 136
Recovery 
Percentage

97.4% 126.65% 101.99% 127.4% 111.48%

Table S4. Comparison of sensor performance between original and recycled films

Cellulose/
PEDOT:PSS

ΔR/R0 ~ 
Strained Skin

ΔR/R0 ~ Wrist 
Bending (90o)

ΔR/R0 ~ Finger 
Bending (45o)
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Original 15% 25% 17%
Recycled 19% 21% 20%

Recovery 
Percentage

126% 84% 117%
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