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Table S1 Comparison of the values of electrical conductivity (S·cm-1) of various polymer gel 

electrode layers containing an IL (EMI[BF4] or EMI[TFSI]). 

Table S2 Comparison of the self-diffusion coefficients of cations D+ (10-7 cm2·s-1) and anions 

D- (10-7 cm2·s-1) in pure samples of ILs. (Data are taken from Refs. S1 and S2.)
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Figure S1 Equivalent circuit models of the bucky-gel actuator. (a) Model consisting of specific 
capacitance C1 and ionic resistance R. (b) Model in which the specific capacitance is 
represented by C = C1/2. (c) Model consisting of specific capacitance C, ionic resistance R, and 
electrode resistance Rel.

Figure S1 shows the equivalent circuit models for the NafionTM–PVdF(HFP)–SWCNT–IL 

actuators. The model shown in Fig. S1(a) consists of specific capacitance C1 between the 

NafionTM–PVdF(HFP)–SWCNT–IL electrode and the electrolyte layer and resistance R, which 

is associated with the electrolyte layer. Fig. S1(b) shows a more simplified model in which the 

two C1 capacitances are replaced by single capacitance C (= C1/2). When a triangular voltage 

with an amplitude of ±A and frequency of f is applied to the equivalent circuit shown in Fig. 

S1(b), the maximum accumulated charge Q(f) can be expressed as follows [S3]:

Q(f)/Q0 = 1 – 4CRf (1 – exp (−1/4CRf)), (S1)

where Q0 is the accumulated charge in the low-frequency limit. If strain ε in the electrode layer 

is proportional to the accumulated charge, it can be calculated as follows: 

ε = ε0 Q(f)/Q0,  (S2)

where ε0 is the strain in the low-frequency limit.

When conduction in the electrode layer is considered, the electrode resistance must be 

accounted for in the equivalent circuit. If the electrode resistance is explicitly treated, the 
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equivalent circuit should be treated as a distributed transmission line [S4]. Here, we assumed 

that the electrode resistance consists of resistance element Rel, as shown in Fig. S1(c); thus, R 

in Eq. (S1) can be replaced by R + Rel. 

To evaluate the double-layered charging kinetic model, the specific capacitance of the 

NafionTM– PVdF(HFP)–SWCNT–IL electrode and the ionic resistance of the gel electrolyte 

layer were measured. The frequency dependence of the strain was calculated using Eqs. (S1) 

and (S2). Fig. 5 shows the frequency dependence of the measured strain values, together with 

the simulation results of the NafionTM–PVdF(HFP)–SWCNT–EMI[BF4] device with 

PVdF(HFP):NafionTM ratio = 1:3. Curve A was calculated using the model shown in Fig. S1(b), 

and Table S3 lists the simulation parameters. Curve B was calculated using the model shown 

in Fig. S1(c); the corresponding simulation parameters are listed in Table S4. Surprisingly, in 

contrast to the PVdF(HFP)–SWCNT–IL device [S3], Fig. 5 clearly shows that the frequency 

dependence of the strain is well reproduced by Curve A. Furthermore, Fig. 5 clearly shows that 

the frequency dependence of the strain is reproduced by the double-layered charging kinetic 

model when we consider only the electrolyte resistance. Similar results were obtained for the 

NafionTM–PVdF(HFP)–SWCNT–EMI[TFSI] device with PVdF(HFP):NafionTM ratio = 1:3 

and NafionTM–PVdF(HFP)–SWCNT–IL device with PVdF(HFP):NafionTM ratio = 1:1. To fit 

the strain values in the low-frequency limit in Fig. 5, appropriate values were chosen for ε0 in 

Eq. (S1); these values are listed in Table S3. 
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Table S3 Simulation parameters for the model that ignores the electrode resistance.

Table S4 Simulation parameters for the model that considers the electrode resistance.

Rel = area of the electrode film (cm2)/[(electrical conductivity (S·cm-1) × thickness of the electrode film 

(cm)] [S3].

5



Table S5 Comparison of the Young’s moduli (MPa) of different electrodes. 
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