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S1. Term definitions        

L*, ∆L* - Optical luminance and change in optical luminance, often used for representing 

contrast of reflective electrochromic devices, calculated from spectra and defined according to 

Supplementary S5. 

L*est, ∆L*est - Estimated optical luminance and change in optical luminance, calculated from 

sRGB pixel video values similar to 1 as in Supplementary S5. Since these are not captured 

under standard or consistent lighting conditions between experiments, they are better for 

relative comparisons between similarly imaged samples. They could vary from the spectral L* 

and ∆L* by typically 5-10 units under well illuminated conditions. 

R, ∆R - Reflectance and reflectance change, used for representing optical modulation of 

reflective electrochromic devices. 

T, ∆T – Transmission and transmission change, used for representing optical modulation of 

transmissive electrochromic devices. 
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S2. PEDOT:PSS conductivity enhancements 

Many approaches have been taken to enhance the conductivity of PEDOT:PSS. Some 

methods have also been shown to improve stretchability. Below we make a comprehensive 

comparison of major aspects of approaches for enhancing the conductivity of PEDOT:PSS, 

and include stretchability, where provided. The approach we adapted in this work is bolded, 

as are our results, included on the last row. 

 

Table S1. Comparison of PEDOT:PSS Conductivity Enhancers 

Additive Method Achieved 

conductivity  

(S·cm-1) 

Stretchability Reference 

Ethylene 

glycol 

Cosolvent 800-1460 N/A 2–4 

DMSO Cosolvent 800-930 N/A 5 

DMSO/Zonyl Cosolvent 900 10% (pre-strained 

substrate) 

6 

DMSO/PTSA Cosolvent/acid 3500 N/A 7 

PEO/Zonyl Cosolvent 

polymer 

network 

600-1230 80% 8 

Sulfuric acid Acid 3000 N/A 9 

LiTFSI Ionic salt 608-3300 133% 10 

BMIM OSU* Ionic liquid 288 (bulk)-2544 

(thin film) 

176% (slow strain 

rate 10%/minute) 

10 

EMIM TCB Ionic liquid 2084 N/A  11 

EMIM TCB Ionic liquid 1280 50% 12 

EMIM DCA Ionic liquid 1126 N/A 13 

Methanol  Alcohol 4600 N/A 14 

BMIM OSU$ Ionic liquid 447 (bulk) 30% This work 

* Approach adapted for this work 

$ This work 
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S3. Film characterization 

For four-point measurements of PEDOT:PSS film resistance we used a custom setup with 4 

spring-loaded gold-coated pins spaced by 2.54 mm that were clamped lightly onto the center 

of the 2.54 cm square samples. Current between 1-5 mA was run between the outer pins using 

an Autolab PGSTAT101, and voltage measured between the middle two pins. AFM or a 

Dektak profilometer was used to measure the thickness. We calculated conductivity using 
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where V and I are voltage and current, σ is conductivity, thickness t<<s, the probe spacing, 

and f2 is a correction factor corresponding to w/s=2.5/0.3 and l/w=2 or 1 depending on film 

geometry where w is width and l is length, obtained from a lookup table.15  

 

S4. Electrochromic sample fabrication 

 

Additional fabrication details: The process is shown in Figure S2. Glass slides were 

sonicated in acetone, ethanol, deionized water and then propanol. SEBS in toluene (20% wt) 

was cast onto glass, dried for 48 h, then annealed at 70ºC for 4 h. BMIM OSU in deionized 

water (5% wt) was added to PH1000 PEDOT:PSS dispersion to produce a final film of 46% 

wt BMIM OSU and stirred at 1600 RPM for 10 min. The SEBS substrates were treated with 

30 W O2 or air plasma for 3.5-4 minutes using a Harrick Basic Plasma Cleaner before spin-

coating the PEDOT mixture at 1000 RPM for 60 s, followed by annealing at 130ºC for 10 

min. A conductivity enhancing step was employed by soaking the film for 1 min in BMIM 

OSU(aq) solution (1% wt), spinning at 3000 RPM for 60 s and drying at 70ºC for 20 min as in 

previous work.10 The carbon black/SIS electrodes were cut into pieces approximately 4 mm×8 

mm and laid on the edges of the PEDOT film followed by thermal bonding by annealing at 

150º C for 5 min and reinforced with epoxy resin to shield from the electrolyte and provide 

mechanical support. For the electrolyte, PVA (146-186k) was dissolved in deionized water at 

95ºC for 2 h (10% wt), and H3PO4 (85% wt) was added to PVA (1.5:1 wt ratio), then stirred 

for 12 h at room temperature. For the opaque electrolyte, TiO2 was added during the 12 h 

stirring (15% wt vs PVA). The PVA mixture was cast and dried for 48 h in ambient air, and 

24 h under vacuum. Plasma treatment for 4 min was used to activate each half cell, after 



  

4 

 

which they were bonded and clamped for 2 h, and then epoxy was further used to reinforce 

the contact regions. The samples were additionally cut into dumbbell shapes to move stress to 

the central region. Following this, SPI silver paint was used to join copper tape to the carbon 

black traces for interfacing with external electrodes. Matrix fabrication steps are shown in 

Figure S8. 

 

S5. L*a*b* calculations 

For video, due to illumination non-standard and varying conditions between measurements, 

absolute L*a*b* contrast measurements could not be accurately quantified, but estimated 

values L*est could be obtained. These were best for comparing samples taken under similar 

viewing conditions. The linear video sRGB pixel values were converted to XYZ tristimulus 

and L*a*b* color spaces according to the definitions described in Equations (2) and (3).16  A 

white backlight or Teflon background was used as a reference white with normalization 

performed by obtaining the white coordinates XnYnZn. As with convention, ΔL* the luminance 

change was mainly used for representing contrast due to minimal change in a* and b* hue 

values, rather than E*, the contrast including hue. 

 

For conversion of spectrophotometer data to optical modulation represented by luminance 

change ΔL*, Equations (2)-(5) below were used where P is the source power, R is the 

reflectance, and k is a normalization factor.17,18 The reference white was taken as the full 

source transmission spectrum or the reflectance spectrum off of the reference RS50 white 

standard. The equations are: 

 

[
𝑋
𝑌
𝑍
] = [

0.4127  0.3586  0.1808
 0.2132  0.7172  0.0724  

0.0195  0.1197  0.9517
] [

𝑅𝑠𝑅𝐺𝐵
𝐺𝑠𝑅𝐺𝐵
𝐵𝑠𝑅𝐺𝐵

] 

 

 

(2) 

 

𝐿* = 116𝑓(𝑌 𝑌𝑛⁄ ) − 16 

𝑎* = 500[𝑓(𝑋 𝑋𝑛⁄ ) − 𝑓(𝑌 𝑌𝑛⁄ )] 
𝑏* = 200[𝑓(𝑌 𝑌𝑛⁄ ) − 𝑓(𝑍 𝑍𝑛⁄ )] 
 

 

 

(3) 

 𝑓(𝑋 𝑋𝑛⁄ ) = (𝑋 𝑋𝑛⁄ )1 3⁄  if 𝑋 𝑋𝑛⁄ > (24 116⁄ )1 3⁄  (4) 
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𝑓(𝑋 𝑋𝑛⁄ ) = (841 108⁄ )(𝑋 𝑋𝑛⁄ ) + 16 116⁄  if 𝑋 𝑋𝑛⁄ ⩽ (24 116⁄ )1 3⁄  

𝛥𝐸* = [(𝛥𝐿*)
2
+ (𝛥𝑎*)

2
+ (𝛥𝑏*)

2
]
1 2⁄

 

 

𝑋 = 𝑘∫𝑅 (𝜆)𝑃(𝜆)𝑥(𝜆)𝑑𝜆 

𝑌 = 𝑘∫𝑅 (𝜆)𝑃(𝜆)𝑦(𝜆)𝑑𝜆 

𝑍 = 𝑘∫𝑅 (𝜆)𝑃(𝜆)𝑧(𝜆)𝑑𝜆 

𝑘 = 100 ∫𝑃⁄ (𝜆)𝑦(𝜆)𝑑𝜆 

 

 

(5) 

S6. Fiber optic spectrophotometer setup and calibration 

A FormLabs Form3 3D printer was used to print custom SolidWorks-designed fixtures for 

transmission and reflectance measurements. Nuts were inserted and secured with 

cyanoacrylate glue to provide stable threading for securing collimating lenses and bolts to 

fasten the setup together. The setups are shown in Figures S13-S14. 10 W and 150 W 

tungsten halogen light sources for transmissive and reflective experiments respectively were 

found to exhibit <1% variation over 10 min and were filtered with dual layer 201 Lee CT 

Blue filters to increase 400-500 nm wavelength sensitivity, with example spectrum and 

variation shown in Figure S14c. For measurements, the cell was secured flat against fixture 

ports prior to each spectral capture. During step strain experiments, capture time was 1-3 ms 

averaging over 10 measurements for transmissive samples and 100 ms averaging over 1 

measurement for reflective samples. The signals were observed to drop off below 450 nm, 

attributed to low spectral intensity and poorer fiber optic, optical component and sample 

material transmission of light in this region leading to lower sensitivity.  

 

In Figure S14 we show the measurement comparisons between the Cary and Comet UV-Vis 

spectrophotometer systems for some samples measured with both, and in Table S2 we list the 

variations. For transmission, scattering by samples, optical misalignment (estimated up to 200 

µm), beam nonuniformity, and small (3º) field of view of the collimating lenses mean any 

small deviations in alignment or focusing can have a large effect- such that it is expected our 

transmission values will vary between the instruments. We observed differences in average T 

measurements of up to 5%, but the variation in ΔT was <2%. For reflectance, we expect even 

more inter-instrument variation due to the difference in reflectance measurement modes used. 

The Cary measurements use standard integrating sphere diffuse reflectance (8º/d) 
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configuration (specular component included) using a DRA-2500 attachment, which measures 

the average diffuse reflectance from all angles of the sample, while the reflectance R600-

UVVIS-SR probe measures reflectance only at the illumination angle (45º/45º), which could 

cause large differences in case of angular-dependent reflectance. Previous comparisons of 

these measurement setups reported up to 7% reflectance differences for diffuse reflective 

samples.19–21 However, our samples only showed a difference in R and ΔR of maximum ~3%, 

indicating for our samples the unidirectional illumination and viewing did not greatly affect 

the measured reflectance. 

 

Wavy structure in the spectra with effects of up to ±2.5% on T and R, but not in ΔT, and ΔR, 

were observed with correlation to spectral intensity, and were observed to change with optical 

and sample adjustments, indicating systematic offsets. Sources could include spectral 

intensity-dependent scattering from the sample, beam nonuniformity, and optical or sample 

misalignment. A previous report comparing integrating sphere to reflectance probes also 

reported a wavy structure, attributed to potentially surface scattering or interference 

behavior.22  

 

Table S2 summarizes estimates of uncertainty and instrumental variation for our custom 

measurement system, overall indicating our setup may have higher accuracy in representing 

spectral changes rather than absolute values of T and R, consistent with previous reports for 

reflectance probe measurements. Overall, the transmission (T) and reflectance (R) 

measurements were found to be within 3% of T or R of values for unstrained sample 

modulation compared against a standard Cary 7000 UV-Vis spectrophotometer between 500-

675 nm, and the ∆T, ∆R values within 2%. 

 

S7. Cell cyclability 

Figure 2c-d and Figures S5-S7 provide typical optical modulation cycling curves.  In these 

examples, up to 7 cycles are needed to reach full contrast, as the average cell potential reaches 

a new steady state, similar to previous reports.1,23,24 For the tested transmissive and reflective 

samples switching between 0 and -1.6 V (ΔV=1.6 V), 90% retention of ΔT or ΔR was 

observed after 60 cycles, while a reflective sample switched between -1.6 to +1.6 V (ΔV=3.2 

V) showed 90% retention after 21 cycles, indicating faster degradation, possibly due to larger 

switching voltage.  
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Pseudoreference electrodes inserted into the cell can be used to probe half-cell potentials vs. 

ps-Ag/AgCl, revealing voltage division and reaction potentials. Similar to Figure 1c, contrast, 

current, and half-cell voltages are shown in Figure S3a-b for both the reflective 2 electrode 

and transmissive 3 electrode configurations, depicted in Figure S3c and d respectively, 

allowing us to examine where the reactions occur vs. ps-Ag/AgCl. In all cells, the oxidizing 

electrode reaches a voltage plateau, which corresponds to the maximum contrast and current. 

Additional voltage application doesn’t cause more contrast or current, possibly reaching a 

charge compensation limit, potentially with the beginning of the overoxidation of PEDOT.24 

When the working electrode is driven to oxidize beyond the plateau in a 3-electrode 

arrangement as in Figure S3b, the counter electrode reducing experiences a sudden jump in 

potential (-5 V vs. ps-Ag/AgCl) and current in order to provide the compensating charge, 

appearing to cause permanent loss of electroactivity in one or both electrodes on subsequent 

cycles.  

 

Although TiO2 has been shown to stabilize electrochromic and electrochemical systems by 

acting to prevent ion incorporation,25 widen the potential window, increase capacitance via 

double layer or Ti4+/Ti3+ pair charge storage,26 improve ionic conductivity, and reduce 

electrode-electrolyte interfacial resistance,27,28 no consistent difference emerged in our TiO2 

samples from the voltage division measurements. Overall, the 3-electrode method is 

demonstrated as capable of probing potentials of each half cell in a stretchable solid 

electrochemical system, useful for investigating reactions at each electrode. 

 

This structure of the cell is chosen to provide high stretchability, but some limitations are 

expected. The thickness of the PEDOT ion storage layer relative to the active layer has not 

been optimized, which may lead to incomplete bleaching or reduction, as previously reported 

in other electrochromic devices,24,29 with such optimization having the potential to improve 

performance.  

 

Stability is also imperative in moving towards consumer devices, both for electrochemical and 

mechanical cycling. For PEDOT:PSS electrochemical devices, degradation in performance 

has been attributed to chemical parasitic side reactions,30,31 overoxidation above 1 V vs. 

Ag/AgCl,32,33 and intercalating ions.34,35 Charge imbalance, asymmetric cell switching and 

too-high potentials may also accelerate degradation, such that our material chemistry and 

operating parameters may contribute to shortened electrochemical cycle life.36 Few 
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stretchable electrochromic reports have tested stretchability cycling, with degradation of 

performance after stretching to 50% over 30 cycles reported by 37 due to delamination.  

 

S8. Pseudoreference electrodes 

Similar to 38, pseudoreference Ag/AgCl electrodes (ps-Ag/AgCl) were prepared by immersing 

sanded Ag wires (0.5 mm, 99.9%, Sigma) in bleach (Clorox) for 20 min. They were stored in 

saturated KCl (Sigma) for at least 1 h and dried for 1 h before inserting into the sample at the 

plasma bonding step. To confirm stability and calibrate the potential, prior to sample 

insertion, we used 1 mM hydroquinone (Sigma) as a known redox couple and compared the 

cyclic voltammograms (10 mV·s-1) produced between using ps-Ag/AgCl and standard 

Ag/AgCl reference electrodes as shown in Figure S12. We used H3PO4(aq) (1 M) and the solid 

PVA/H3PO4 electrolyte with a Pt wire as a working and carbon paper as a counter electrode. 

The redox peaks in the 1 M solution are separated by approximately 30 mV while in the solid 

by approximately 10 mV, confirming that as concentration of H3PO4 increases towards the 

content in the solid, the potential of ps-Ag/AgCl approaches that of the standard. This 

confirms the stability of the electrode in this electrolyte for the period of measurement (10 

min) within this window, with minimal change in the second cycle. 

 

S9. Electrolyte characterization 

For the calculation of ionic conductivity, the equation below was used, where A is surface 

area, R is the real part of the impedance at high frequency, t is thickness.  

 

𝜎 =
𝑡

𝐴𝑅
 

(6) 
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Figure S1. Electrolyte characterization. a) Force-displacement measurements of the 

electrolyte under sinusoidal displacement (0.1 Hz), b) impedance across electrolyte to 

calculate ionic conductivity (t=~200 μm), c) images of electrolytes – transmissive (left) and 

TiO2-containing reflective (right), d) 3-electrode 10 mV·s-1 cyclic voltammogram of 

electrolyte between carbon black/SIS electrodes vs pseudoreference Ag/AgCl showing 

potential window. 

 

 

 

 

Figure S2. Fabrication steps for electrochromic single pixel. As described in the 

Experimental Section.  
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Figure S3. Three electrode characterization of electrode voltages using cyclic voltammetry. a) 

Cyclic voltammogram controlling working electrode (WE) (PEDOT:PSS) vs. counter 

electrode (CE) (PEDOT:PSS) and measuring between WE and ps-Ag/AgCl for reflective cell 

in 2 electrode configuration, b) WE (PEDOT:PSS) vs ps-Ag/AgCl for transmissive cell in 3 

electrode configuration, c) 2 channel potentiostat configuration corresponding to Figure 1c, 

Figure S3a, d) 2 channel potentiostat configuration corresponding to Figure S3b, e) step 

potentiostat configuration corresponding to Figure 1g-l. 

 

 

 

Figure S4. Original photos of electrochromic cells under 0 and 30% strain. Original photos 

prior to normalizing such that background reference white is equal in value to sRGB=[1 1 1] 

corresponding to D65 white point XYZ=[0.9505 1.000 0.8492], a) transmissive cell in Figure 

1d, b) reflective cell in Figure 1e, c) reflective cell in Figure 2a-b 
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Figure S5. Transmission with electrochemical cycling of a transmissive sample under 30% 

strain. a) Transmission T (@600 nm) of transmissive sample under 30% strain over 70 

electrochemical cycles (ΔV=1.6 V), b) change in optical response with cycling, c) cell 

impedance under strain. 
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Figure S6. Reflectance with electrochemical cycling of a transmissive sample under 30% 

strain (V=1.6 V). a) Reflectance R (@600 nm) of reflective sample under 30% strain over 70 

electrochemical cycles (ΔV=1.6 V), b) change in optical response with cycling, c) cell 

impedance under strain. 
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Figure S7. Reflectance with electrochemical cycling of a transmissive sample under 30% 

strain (V=3.2 V). a) Reflectance R (@600 nm) of reflective sample under 30% strain over 

~70 electrochemical cycles (ΔV=3.2 V), b) change in optical response with cycling, c) cell 

impedance under strain. 
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Figure S8. Fabrication steps for electrochromic matrix. Described in the main text 

Experimental Section. CB(carbon black)/CF(carbon nanofiber)/SIS (styrene isoprene styrene 

block copolymer) paste with toluene solvent is used for high conductivity electrode traces. 

 

 

 

Figure S9. Electrochemical impedance spectroscopy measurements on matrix display. 

Electrochemical impedance spectroscopy on each row/column combination for the matrix 

display showing similar resistance and capacitance not greatly affected by long carbon traces 

or pixel fabrication variation. 
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Figure S10. Single pixel addressability of matrix under 0 and 30% strain. a) V/3 protocol 

diagram demonstrating partial voltage scheme, b) switching on of sequential pixels using V/3 

addressing protocol under 0% and c) 30% strain. 
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Figure S11. Luminosity measurements of pixels in matrix under 0, 30% strain. Luminosity 

L*est and ΔL*est of matrix under 0% and 30% strain from video for pixels 1-9, showing optical 

luminance change and low crosstalk for each activated pixel, a) L*est (0% strain), 5 s steps, b) 

L*est (30% strain), 5 s steps, c) ΔL*est (0% strain), 5 s steps, d) ΔL*est (30% strain), 5 s steps 
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Figure S12. Cyclic voltammetry characterization of pseudoreference electrodes. Cyclic 

voltammetry using ps-Ag/AgCl or standard Ag/AgCl reference electrodes to compare 

reduction and oxidation peaks of hydroquinone in 0.1 M, 1 M H3PO4(aq) and solid 

PVA/H3PO4. 

 

 

 

Figure S13. Transmission and reflectance setup diagrams. For measuring transmission and 

reflectance of samples under strain with BOSE Electroforce system and BLACK-Comet-SR 

spectrometer, top: transmission setup, bottom: reflectance setup. 
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Figure S14. Transmission and reflectance fixtures and system calibration data. 3D printed a) 

transmission fixture, b) reflectance fixture with RS50 white standard and reflectance probe, c) 

filtered tungsten halogen spectrum (10 W), and comparison for calibration between Cary and 

Comet spectrophotometer measurements of d) T, e) ΔT for transmissive and f) R, g) ΔR for 

reflective samples. 
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Table S2. Sources of optical uncertainties and variation (500-675 nm). Comparison of 

transmission and reflectance measurements between measurements and compared to Cary 

UV-Vis 7000 for validation of StellarNet spectrometer measurements. 

Average variation  Transmission Reflectance 

Random (dΔT, dΔR) 

Light source <0.5% <1% 

Sample between cycles 2% 2% 

Systematic (dT, dR) 

Instrument variation 3% 2% 

Nonlinearity with source 2% 2% 

 

 

Movie S1 (.mp4 format). Single transmissive and reflective pixels switching. 

am3c02902_si_002.mp4 demonstrates the switching of a single transmissive and reflective 

pixel under 0 and 30% strain. 

 

Movie S2 (.mp4 format). Stretching and deformation of single pixel. 

am3c02902_si_003.mp4 shows the ability of a single pixel to continue operation under 

bending, folding and stretching by hand. 

 

Movie S3 (.mp4 format). Single pixel cyclability. 

am3c02902_si_004.mp4 displays the operation of a single pixel at the first and 500th cycles. 

 

Movie S4 (.mp4 format). Passive matrix addressing and strain. 

am3c02902_si_005.mp4 demonstrates the successful addressing of single pixels in the passive 

matrix under 0 and 30% strain. 

 

Movie S5 (.mp4 format). Passive matrix as a number pad.  

am3c02902_si_006.mp4 shows the operation of the matrix as a number pad, as a concept for 

wearable device development. 
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