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Table S1. Printing parameters for each ink 

 PEDOT:PSS Nafion Nafion 

encapsulation 

Au 

Atomiser Ultrasonic Pneumatic Pneumatic Ultrasonic 

Atomiser current ~0.6 A n/a n/a ~0.6 A 

Bubbler DI water Ethanol Ethanol DI water 

Nozzle size 300 μm 

Ambient temperature ~20 °C 

Platen temperature 80 °C 

Chiller temperature 20 °C n/a n/a 20 °C 

Sheath flow rate 140 sccm 140 sccm 140 sccm 140 sccm 

Ink flow rate† 30-50 sccm 520-550 sccm 500-520 sccm 15-23 sccm 

Exhaust flow rate† n/a 440-480 sccm 450-460 sccm n/a 

Printing speed 5 mm/s 5 mm/s 5 mm/s 5 mm/s 

Raster line separation 20 μm 20 μm 40 μm 20 μm 

No. of 

printing 

passes 

Varying PEDOT:PSS 

thickness 

1, 2, 3, 4, 5, 6 8 1 2 

Varying Nafion 

thickness 

2 5, 8, 11, 14, 

17, 20 

1 2 

Varying actuator  

length 

2 8 1 2 

Curing condition 150 °C, 2 hours 

†The ink and exhaust flow rates are sometimes slightly adjusted to compensate for the change in 

appearance of aerosol deposition over time.  

n/a: Not applicable; sccm: standard cubic centimetres per minute 
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Fig. S1. Three PEDOT:PSS/Nafion/PEDOT:PSS actuator designs without incorporation of Au contact 

electrodes. 

 

 

Fig. S2. Leftover bottom layer PEDOT:PSS after actuators (design A in Fig. S1) with different 

PEDOT:PSS thicknesses are peeled off. Left to right: 1 printing pass, 2 printing passes, 3 printing passes, 

and 4 printing passes. 

 

 

Fig. S3. SEM cross-sectional images of actuator with 4 PEDOT:PSS printing passes, taken at different 

magnifications.   
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Fig. S4. Voltage, current, fitted charge, and deflection over time for DC actuation tests with varying 

PEDOT:PSS thicknesses. The red and green curves indicate voltage applied in both directions. 
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Fig. S4 (cont’d). Voltage, current, fitted charge, and deflection over time for DC actuation tests with 

varying PEDOT:PSS thicknesses. The red and green curves indicate voltage applied in both directions. 
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Fig. S5. Voltage, current, fitted charge, and deflection over time for DC actuation tests with varying 

Nafion electrolyte thicknesses. The red and green curves indicate voltage applied in both directions. 
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Fig. S5 (cont’d). Voltage, current, fitted charge, and deflection over time for DC actuation tests with 

varying Nafion electrolyte thicknesses. The red and green curves indicate voltage applied in both 

directions. 
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Fig. S6. Examples of actuation test analysis showing the dependence of steady-state charge transfer, 

steady-state deflection, and time to reach 90% of charge transfer/deflection on applied voltage for 

actuators with varying PEDOT:PSS thicknesses.   
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Fig. S7. Examples of actuation test analysis showing the dependence of steady-state charge transfer, 

steady-state deflection, and time to reach 90% of charge transfer/deflection on applied voltage for 

actuators with varying Nafion electrolyte thicknesses.  
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Fig. S8. Transmission line model of trilayer actuator.1–5 The circuit elements 𝑅𝑃𝑖, 𝑅𝑃𝑒, and 𝐶𝑃 represent 

ionic resistance, electronic resistance and capacitance of small sections in PEDOT:PSS; 𝑅𝑁𝑖 represents 

ionic resistance across portions of the Nafion electrolyte; 𝑅𝑐𝑜𝑛𝑡𝑎𝑐𝑡 represents the contact resistance. At 

steady state, the currents in all branches of the circuit are zero; thus, the electric potential only drops 

across the capacitors. Assuming uniform thicknesses and material properties of PEDOT:PSS along the 

length of the actuator, the potential in the Nafion electrolyte layer would be the same along the actuator. 

Hence, the capacitors in each PEDOT:PSS electrode can be combined and treated as one capacitor.  
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Fig. S9. (A) Charge-to-voltage ratio, (B) deflection-to-voltage ratio, and (C) time taken to reach 90% 

charging and 90% deflection for actuator samples with different lengths. The modelling results in (A) 

and (B) are discrete points with the same x-values as the experiment data but are connected with lines 

for visualisation. Error bars for all plots indicate standard deviation of data points with Bessel’s 

correction. 

 

Fig. S10. Thicknesses of PEDOT:PSS and Nafion against number of printing passes in 6 actuator 

samples with length variation. The error bars indicate standard deviation of results from 4 profilometry 

scans with Bessel’s correction. 
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Fig. S11. Durability tests (of the actuator with 4 PEDOT:PSS printing passes) under sine waves at 

0.5 Hz, for peak-to-peak voltages from 0.4 V to 4.8 V. Actuation showed minimal deterioration for more 

than 360 cycles for each voltage until the peak-to-peak voltage reached 4.8 V.  

 

 

Fig. S12. Cyclic voltammograms (of the actuator with 4 PEDOT:PSS printing passes) measured at 

50 mV s-1 scan rate between ±0.8 V, ±1 V, and ±1.6 V. 
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