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a b s t r a c t
We investigate the inﬂuence of conductor network composites (CNCs) on the electromechanical performance of the ionic polymer conductor network composite (IPCNC) actuators fabricated by the direct
assembly method with ionic liquids as the solvent. It was observed that the newly developed IPCNCs
with the layer-by-layer (LbL) self-assembled Au nanocomposite CNC layers exhibit a high strain response
(∼14% peak-to-peak strain) in comparison with that of IPCNCs with the traditional RuO2 /Naﬁon nanocomposite CNC layers (∼6% peak-to-peak strain) under a 4 V DC signal. It is also observed that it is the slow
ion transport process in the CNC layers that limits the IPCNC actuation speed and a thick CNC layer will
result in a long ion transport time, slow actuation speed, as well as low efﬁciency. Making use of the fact
that the LbL self-assembled nanocomposite CNCs can be made into thin layers (sub-micron) with high
quality and large strain response, an IPCNC actuator with 0.4 m thick of LbL CNC layers on 25 m thick
Naﬁon ﬁlm exhibits an actuation response ∼0.2 s with large bending actuation.
© 2009 Elsevier B.V. All rights reserved.

1. Introduction
In ionic conductive polymers, the accumulation or depletion
of excess charges at the electrodes under an applied voltage will
generate strain in these regions. This can be utilized for electromechanical transduction devices such as actuators and sensors [1–14].
Early work on Pt-electroded Naﬁon revealed a relatively large bending actuation in this ionic polymer metal composite (IPMC) under
application of a few volts, which attracted a great deal of attention [4–6]. Since then, many research efforts have been devoted
to this class of electroactive polymers (EAPs) with the objective
of further improving the electromechanical performance such as
the actuation speed, strain level, efﬁciency, and actuation lifetime
[5–14].
Fig. 1(a) illustrates schematically such an ionic polymer bending actuator in which the accumulation and depletion of cations
at the cathode and anode, respectively, create bending of the
ionic polymer membrane under an electrical signal. Experimen-

∗ Corresponding author.
E-mail address: szl139@psu.edu (S. Liu).
1
These authors contributed equally to this work.
0924-4247/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.sna.2009.11.022

tal results also indicated that a high population of the excess
charges at the electrodes is highly desirable in order to generate
high electromechanical actuation [5,12–13]. To realize that, porous
electrodes which offer large electrode areas in contact with ionic
polymers are often utilized in these actuators [4–14]. One of the
widely investigated IPMCs uses a chemical reduction method to
deposit precious metals on Naﬁon membrane surfaces, a perﬂuorosulfonated ionomer membrane developed by DuPont, in which
nanosized metal particles penetrate into the Naﬁon membrane
to form porous electrodes [4–7,12]. More recently, Akle and Leo
developed a direct assembly method to fabricate porous electrode
composites in which conductor nano-particles were mixed with a
solution of an ionomer such as Naﬁon and this mixture is directly
deposited on the Naﬁon (or other ionomer) membrane, which
serves as the substrate [8,9,11,14]. The direct assembly method to
fabricate IPMCs is attractive because it allows the use of a broad
range of nanosized conductors for the electrodes including carbon nanotubes [11]. It also signiﬁcantly simpliﬁes the fabrication
process of IPMCs, improves actuator performance, and enhances
actuator manufacturing repeatability [11,14]. Illustrated in Fig. 1(b)
is a typical bending actuator thus developed, which in general has
a three layered structure, i.e., two porous composite electrode layers (conductor network composites (CNC)) separated by a neat
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Fig. 2. SEM image of 100 bilayers LbL IPCNC surface.

Fig. 1. (a) Schematic of an IPCNC bending actuator under an electric signal; (b)
schematic of a composite/ionomer/composite (C/I/C) system (the external metal
electrodes are not shown).

ionic polymer layer. To reﬂect the fact that the porous composite
electrodes can be any type of interconnected electronic conductor
networks, we refer to these composite electromechanical systems
as an ionic polymer conductor network composite (IPCNC) in this
paper.
IPCNC actuators are attractive because they can be operated
under a few volts. On the other hand, IPCNC actuators generally suffer from low actuation speed which is often in the seconds or tens of
seconds range and for many actuator applications, it is highly desirable to signiﬁcantly improve the strain level, actuation speed, and
efﬁciency [1,2,15]. In this paper, we investigate the inﬂuence of the
CNCs on the electromechanical responses such as the strain level,
actuation speed, and efﬁciency of IPCNCs fabricated by the direct
assembly method. As will be shown in the paper, the actuator speed
in these IPCNCs is closely related to the ion transport process in the
CNC layer and a thin CNC layer will reduce the ion transport time,
create fast actuation, and improve the electric efﬁciency. In this
paper, a new class of CNC layer is investigated, which is based on
layer-by-layer (LbL) self-assembled gold nano-particle composites
[16–18]. This LbL CNC electrode can be made into submicron thin
layers with high quality and reproducibility. As will be presented,
an IPCNC actuator with LbL CNC layer thickness de of 0.4 m and
total actuator thickness of 25.8 m displays an actuation response
time ∼ 0.18 s. Moreover, the high electromechanical strain generated in the LbL CNC layers (the peak to peak strain ∼14%) also causes
a large bending actuation of the IPCNCs.
2. Experimental
Two classes of IPCNCs fabricated by the direct assembly method
were examined in this paper. Besides the IPCNCs with the LbL CNCs,

IPCNCs with RuO2 nanoparticle/Naﬁon composite CNCs, which
have been studied extensively, were also investigated [8,9,14].
These two classes of IPCNCs allow the CNC layer thickness to be
varied from sub-micron to more than tens of microns.
For the IPCNCs investigated in this paper, the commercial Naﬁon
ﬁlm NR-211 of thickness 25 m was chosen as the ionomer layer
in Fig. 1(b). LbL composites are made by immersing the Naﬁon
ﬁlm into two aqueous solutions alternately, which contain gold
nanoparticles and poly(allylamine hydrochloride) (PAH) as the
polyanion and polycation, respectively [18]. The composites grow
via the electrostatic attraction between positively-charged PAH and
the Naﬁon sulfonic groups or negatively-charged gold nanoparticles (particle size ∼2 nm, Purest Colloids, Inc.) [16–18]. The LbL
CNCs, comprising 100 and 200 LbL bilayers, have the CNC electrode
thickness de of 0.4 m and 0.8 m, respectively. For each IPCNC
actuator, there are two CNC electrodes on two surfaces and hence
the total IPCNC thickness is 25.8 and 26.6 m, respectively. The IPCNCs with these two CNC layer thicknesses are referred to as LbL 1
and LbL 2 in the paper. An SEM image of a 100 bilayers LbL IPCNC
surface is shown in Fig. 2. RuO2 /Naﬁon composites are prepared
using the direct assembly method [14]. RuO2 nano-particles purchased from Alfa Aesar with 13–19 nm diameter are mixed with
20% Naﬁon dispersion from Aldrich. The mixture is sonicated before
being sprayed on the Naﬁon ﬁlm surface. In this study, a CNC layer
with 40 vol% of RuO2 nanoparticles was used [8,9,14]. After spraying, ﬁlms are transferred to a vacuum oven to remove the solvent
and then ready for further actuator fabrication.
After composites are grown on neat Naﬁon membranes,
actuators are fabricated by soaking samples with 40 wt% ionic
liquid 1-ethyl-3-methylimidazolium triﬂuoromethanesulfonate
(EMI-Tf), which functions as the solvent as well as provides mobile
ions for the actuation, and bonding 50 nm thick gold leaves as external electrodes on both sides of the samples [8,9]. As have been
demonstrated, IPCNCs with ILs as the solvent to replace water can
lead to many orders of magnitude increase in the actuation lifetime [8,9]. The lateral dimensions of all the actuators are 1 mm in
width and 8 mm in length. Table 1 summarizes the thickness of the
Table 1
Summary of various thicknesses of the actuator ﬁlmsa .
IPCNCs

Composite electrode
thickness, de (m)

Total thickness of
the actuator (m)

Neat Naﬁon 1
LbL 1
LbL 2
RuO2 1
RuO2 2
Neat Naﬁon 2

0
0.4
0.8
3
10
0

25
25.8
26.6
31
45
50

a

All actuators have lateral dimensions of 1 mm × 8 mm (width × length).
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composite electrode layer de and the total thickness of the actuators investigated in this paper. For the comparison purpose, pure
Naﬁon ﬁlms with thickness of 25 and 50 m which were bonded
with 50 nm thick gold leaves on two sides of the ﬁlm as the electrodes (Neat Naﬁon 1 and Neat Naﬁon 2 in Table 1), respectively,
were also studied.
The time resolved bending actuation of the actuators was
recorded by a charge coupled device (CCD) camera attached to
a probe station (Cascade Microtech M150). A step voltage was
applied to generate bending strain and the maximum applied voltage is 4 V. The actuation of these actuators as a function of frequency
was also characterized under a 0.1 V AC signal. In the measurement,
one end of the bending actuator is ﬁxed and the tip displacement of
the free end was measured by a laser vibrometer (OFV3001S controller and OFV 511 optical sensor head). The elastic modulus of
each layer along the ﬁlm surface direction in the IPCNC was characterized using a set-up speciﬁcally designed to measure the elastic
modulus of soft materials [19–20]. In this set-up, the specimen is
ﬁxed at two ends and a displacement transducer was used to generate strain in the specimen and the corresponding stress (force/cross
section area) was measured by a load cell. In this study, the elastic modulus of the Naﬁon ﬁlm with 40 wt% EMI-Tf was measured
ﬁrst (=50 MPa). Then the elastic modulus of the specimen with CNC
layers deposited on the Naﬁon membrane was characterized. From
this effective elastic modulus, the elastic modulus of the CNC layer
can be deduced. For a bilayer laminate with the length much larger
than the other dimensions as illustrated in Fig. 3, the measured
elastic modulus Ye is related to the elastic modulus of each layer Ya
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Fig. 3. Schematic of a bilayer laminate for the characterization of the elastic modulus
of individual layers.

and Yb as
Y e = aY a + bY b

(1)

where a and b are the volume fractions of each layer in the laminate, respectively. The ﬁnal effective elastic modulus of the ﬁve
layered IPCNC absorbed with EMI-Tf was also measured from which
the elastic modulus of the Au layer was deduced (=20 GPa). The
electrical impedance of these IPCNCs was characterized by a lockin ampliﬁer (Stanford Research System SR830 DSP) 0.1 V AC ﬁeld
amplitude. In this measurement, both the phase and amplitude
of the applied voltage V = V0 exp(jv ) and current I = I0 exp(jc ) are
recorded and the ratio yields the electric impedance Z as a function
of frequency,
Z=

V
I

(2)

Fig. 4. Photo images of the bending actuation under 4 V: (a) the neat Naﬁon layer of 25 m thick; (b) the LbL 1 (with 100 layers LbL composite, 0.4 m thick of each CNC
layer) actuator; (c) the LbL 2 (200 layers LbL composite, 0.8 m thick of each CNC layer) actuator; (d) the RuO2 1 (3 m thick RuO2 /Naﬁon nanocomposite) bending actuator.
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Fig. 5. (a) Equivalent electrical circuit for the pure ionomer with blocking electrodes; (b) RC transmission line for an ideal CNC with uniform pore along the thickness direction
and high electronic conductance electrodes; (c) modiﬁed RC transmission line for an IPCNC actuator which consists of two CNCs separated by a Naﬁon layer. For the IPCNCs
investigated here, the electronic resistance of the conductor networks cannot be ingored and is taken into consideration as Re . For the completeness, the interphase EDL
capacitors between the ionomers and electronic conductors are also included along with the resistors in parallel with them to take into account of leakage current at these
interphases. n is the number of the RC units in the equivalent circuit of RC transmission line.

3. Results and discussion
3.1. Strain responses under high DC voltage (∼4 V)
Presented in Fig. 4(a) is the bending actuation of the actuators without the composite electrode layer, i.e. neat Naﬁon ﬁlm
of 25 m thick with 40 wt% of ionic liquid EMI-Tf. The actuation is
under a step voltage of 4 V. The bending actuation is quite small
due to the low electric double layer (EDL) capacitance from the ﬂat
electrodes of the neat ionomer ﬁlms. Ionomeric polymer ﬁlms such
as Naﬁon with blocking electrodes form an electric double layer
capacitor near the electrodes, due to the ion accumulation or depletion near the electrodes, and have been modeled as an interface
EDL capacitor C at the electrodes in series with a resistor R which
accounts for the conduction in the bulk of the ﬁlm, as illustrated in
Fig. 5(a) [21–23]. The resistance is given by R = L/(A) where L is the
Naﬁon ﬁlm thickness, A is the area, and  is the conductivity which
is a product of mobile ion density n and mobility  (=qn, where
q is the charge carried by the mobile ion). To take into account the
leakage current at the electrode, a resistor Rin (R) is often added in
parallel with the EDL capacitor C [24]. The excess charges accumulated in the EDL capacitor C generate local strain near the electrodes
and, for the case investigated here, create bending actuation when
the strains at the cathode and anode are not the same [9].
As the CNC layer is added to the pure Naﬁon layer, the bending
actuation increases markedly. As shown in Fig. 4(b), LbL 1 exhibits
a much larger bending actuation even with only 0.4 m thick LbL
CNC layer on both sides of the 25 m Naﬁon substrate. In general,
for such a bending actuator under near static condition, a thicker
CNC layer will generate larger bending and higher force output for
a given CNC material.
In these actuators, the bending actuation is generated by the
strains in the CNC layers. For bimorph bending actuators with a
three layer structure, i.e., two active layers separated by an inactive layer, the relationship between the initial strain in the active
layer and the bending radius of curvature R has been derived in
the literature [25,26]. In order to extract the initial strain in the

CNC layer for the ﬁve-layer structure in Fig. 1(b), the relationship
between the bending radius of curvature R and the initial strain S0
along the ﬁlm surface in the CNC layers (see Fig. 6) is derived here
[25,26]. In the bending actuators, the actual strain S1c in the CNC
layers is reduced due to the stresses from the ionomer layer and Au
layer, i.e.,
c
c
S1c = S10
+ s11
T1c

(3)

c is the elastic compliance and T c is the stress along the
where s11
1
ﬁlm surface.

Fig. 6. A schematic for the ﬁve layer (Au/CNC/Ionomer/CNC/Au) bending actuator
in Fig. 1b for the derivation of relation between the bending radius of curvature R
and initial strain S0 in the CNC layers.
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For the bimorph actuator in Fig. 6, it can be derived that the
strain S1 is related to the radius of the curvature R.
S1 =

y
L − L
(y + R) − R
= = y
=
L
R
R

(4)

c
Substituting (4) into (3) and noticing that the elastic compliance s11
is the reciprocal of Young’s Modulus Yc , the stress T1c can be derived
as
c
)
T1c = (s11

−1 c
S1

c
− (s11
)

−1 c
S10

c
= Y c (y) ± Y c S10

(5)

Similarly, for the ionomer and Au layers that do not generate initial strain S0 , the stressesT1i and T1m can also be derived from their
i T i and S m = sm T m .
strains S1i = s11
1
1
11 1
T1m = Y m (y)

(6a)

T1m = Y i (y)

(6b)

The superscripts c, i and m denotes the quantities in the composite,
ionomer and Au metal layers, respectively. Since the actuator length
is much larger than the thickness and width, we assume that all the
other stress components are very small compared with T1 so can
be approximated as zero.
From the equilibrium conditions, when there is no external force
or moment, the total moment M and total force F of the bending
actuator satisfy ʃdF = 0 and ʃdM = 0. Assuming the strains in the
two CNC layers of the bending actuator are the same in magnitude with opposite sign, the expanding force in upper half thickness
is cancelled by the contracting force in the lower half thickness,
c value. Integrating over
and consequently ʃdF = 0 is true for any S10
c can be
the thickness of ʃdM = 0, initial strain in the CNC layer S10
derived.
Ym
c
S10

=−



3

2t m
3

+Y c



+ 2t m (t c +
3

et c
3

i2

ti
c

2

2

+ t m (2t c + t i ))

i2

2

+ t c t2 + t c t2 + t c t i



i3

+ Y i t12

2

RY c (t i t c + t c )

Fig. 7. Electrical impedance of neat Naﬁon ﬁlms (Neat Naﬁon 1 of 25 m thickness
and Neat Naﬁon 2 of 50 m thickness) as a function of frequency.

Fig. 7 present the electrical impedance of the neat Naﬁon layer,
which can be understood based on the equivalent electrical circuit
in Fig. 5(a) and for which the electrical impedance can be expressed
as
Z = Rs +

3.2. Frequency dependence and time response behaviors
The frequency dependence of the electromechanical strain and
electrical impedance of these actuators as a function of frequency
under 0.1 V AC signal was characterized to probe how the CNC layer
thickness affects the frequency response of the actuator and the
related electrical efﬁciency. It should be noted that the electrical
and electromechanical responses of these ionic actuators are nonlinear functions of the applied voltage. Compared with high voltage
responses, the linear electrical responses of these ionic conductive
systems under low voltage have been relatively well understood
[21–24]. In this study, we chose 0.1 V so that both the actuation
strain and electric impedance can be characterized over a broad
frequency range with required accuracy. We would like to point
out that the applied voltage will affect the numerical values of
the results, for example, the capacitance will increase with applied
voltage in the voltage range studied here. However, these nonlinear
effects will not change the conclusions drawn from the experimental results.

(8)

where Rs = R + 2Rin /(1 + (ω1 )2 ), Cs = (1 + (ω1 )2 )C/2(ω1 )2 ,
 1 = Rin C, C is the electric double layer capacitance [21–24], Rin is
related to the leakage current at the interface, and ω is the angular
frequency. Under low applied voltage, it has been shown that C
(=ε/L, where L is the sample thickness and we assume the capacitor
has a unit area) can be approximated as [21–23],

(7)

From the radius of the curvature measured from several LbL
c (amplitude)
1 and LbL 2 bending actuators (Fig. 4), the strain S10
is derived to be 7 ± 0.5% under 4 V step voltage (or peak to peak
c in the RuO CNC layer
strain ∼14%). In comparison, the strain S10
2
deduced from the data is 3 ± 0.5% under the same voltage (or peak
to peak strain ∼6%). The results obtained show that the LbL selfassembled Au nanocomposite CNC layers can generate much higher
strain compared with RuO2 /Naﬁon nanocomposite based IPCNCs
and other IPCNCs reported [13–15].

1
jωCs

ε = εR

1 + iω
iω + tanh(Y )/Y

(9)

where εR is the dielectric permittivity of the material (i.e.,
Naﬁon with ILs here, εR = Kε0 , where K is dielectric constant),  = εR R/L = εR /, ε0 = 8.85 × 10−12 F/m (vacuum permittivity),
Y = M(1 + iω)1/2 , M = L/(2LD ), and LD is the Debye length which is in
nm scale and much smaller than the ﬁlm thickness. At low frequencies C ∼ εR /LD [21–23]. Hence, electrode polarization leads to
signiﬁcantly enhanced dielectric response. Eq. (8) can qualitatively
describe the change of Rs and Cs with frequency in Fig. 7(a) and
(b). Hence, when ω 1  1, Cs can be much larger than C while Rs is
approaching R + 2Rin and when ω 1  1 the electric impedance of
Fig. 5(a) is Z = R + 1/(jωC). For ionomers such as the Naﬁon ﬁlms,
it is well known that the EDL capacitor does not change while
R will increase with ﬁlm thickness [21–24]. Indeed, Fig. 7(a) and
(b) shows that the capacitance of the neat Naﬁon ﬁlms of 25 m
(C ∼ 6.2 × 10−9 F mm−2 ) is nearly the same as that of 50 m thick
(C ∼ 5.6 × 10−9 F mm−2 ), while R increases from 417 mm2 for the
25 m thick ﬁlm to 780 mm2 for the 50 m thick ﬁlm. The effective dielectric constant Keff = 15,890 is deduced for 25 m neat
Naﬁon, in which Keff = ε/ε0 = C/(Lε0 ). Such a large Keff is due to the
electrode polarization at the electrode interface [21–24]. The small
variations in the R and C values are caused by the experimental
uncertainties (±10%). All these values are taken at 10 kHz where
both Cs and Rs become nearly independent of frequency and equal
to C and R, respectively, because ω 1  1 at that frequency range.
From the resistance value R, the conductivity of the Naﬁon ﬁlm with
IL of EMI-Tf at 10 kHz can be deduced as  = 6 × 10−4 S cm−1 . In addition, by ﬁtting Fig. 7(a) and 7(b) using Eq. (8) the values of Rin and
 1 are obtained as 1 × 104 mm2 and 7.2 × 10−3 s, respectively.
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Fig. 8. Electrical impedance of LbL 1 and LbL 2 IPCNCs as a function of frequency.

Fig. 7(c) is the phase angle  of the electrical impedance
Z = Z0 exp(j) for the two Naﬁon layers as a function of frequency,
where  can be found from tan  = 1/ωRs Cs . A  = 90◦ corresponds
to a pure capacitor and  = 0◦ to a pure resistor (which would indicate the electrical impedance of the resistor is much larger than
that of the capacitor which is 1/(ωC)). Since the resistive component represents the electrical loss, a  approaches 90◦ is preferred
in order to achieve a high electrical efﬁciency of the actuator. The
data indicates that although these Naﬁon ﬁlms exhibit small bending actuation due to low capacitance at the electrode, the small
value of Cs and Rs results in a  near 90◦ over a broad frequency
range. To quantify this at high frequency end, we introduce the
frequency f1 at which tan  = 1 (or  = 45◦ ) and the real (resistive) and imaginary (capacitive) parts of the electrical impedance
become equal. For the neat Naﬁon ﬁlms, the increased resistance
from the ﬁlms of 25–50 m results in a reduction of f1 from 79.3 to
43.7 kHz. The results indicate that for neat Naﬁon ﬁlms, the electrical charge/discharge time can be quite short.
In general, the CNC porous electrode layer here is electrically
very much similar to the porous electrodes used in the supercapacitors [24,27]. The ion transport in these porous electrodes, as
shown by de Levie, is an electrical ﬁeld driven diffusion process and
for a uniform pore it can be modeled as a uniform RC transmission
line as illustrated in Fig. 5(b) [24,27–32]. In the ﬁgure, CI is the unit
length EDL capacitor formed at the electronic conductor and ionic
conductor and RI is the unit length resistance of the ionic conductor. For the IPCNCs with complex porous electrodes such as the ones
used here, the model needs to be modiﬁed as illustrated in Fig. 5(c),
which is for the IPCNCs examined here and can still quantitatively
explain the charge transport process in the CNC layers. In the ﬁgure,
resistors RC are added to take into account of the imperfect electrical contact among the conductive nanoparticles. However, in order
for the CNCs to function as an effective porous electrode (low electronic resistance in the conductor network), RC  RI where RI is the
electrical resistance for the ion transport in the ionomers. For the
simplicity, “dx” is removed in Fig. 5(c).
Fig. 8 presents the electrical impedance for the IPCNC actuators of LbL 1 and LbL 2 and Fig. 9 for RuO2 1 and RuO2 2. One
noticeable change is that  becomes smaller (less capacitive-like),
especially for RuO2 2 which has 10 m RuO2 /Naﬁon composite CNC
layer, even at the lowest frequency measured (0.5 Hz),  is at 55◦ .
f1 is also reduced signiﬁcantly. For LbL 1 which is only 25.8 m
thick (0.4 m CNC layer thickness on two sides of Naﬁon ﬁlm), f1
becomes 13.5 kHz. Further increasing the total CNC layer thickness
to 0.8 m reduces f1 of LbL 2 actuator ﬁlms to 3.64 kHz. For RuO2
1 and RuO2 2, which have total thickness of CNC electrode layers

Fig. 9. Electrical impedance of IPCNCs with RuO2 /Naﬁon nanocomposite CNCs
(RuO2 1 and RuO2 2) as a function of frequency.

of 3 and 10 m, f1 is reduced to 24.5 and 1 Hz, respectively. These
results indicate that the charging time of IPCNC increases markedly
as the CNC layer thickness increases and slow charging time in IPCNCs with thick CNC layers will limit the actuation speed (for most
IPCNCs investigated, the CNC layer thickness is much larger than
10 m).
For the IPCNC actuators with CNC electrodes, after the application of a voltage, excess ions will enter (or leave) the CNC porous
electrode layer through the CNC/ionomer interface. Consequently,
as indicated by the RC transmission line model in Fig. 5(c), the
capacitors CI near the CNC/ionomer interface will be charged ﬁrst
and the excess ions will then progressively diffuse into the composite layer to charge the capacitors further away from the interface.
Therefore, an IPCNC actuator with thicker CNC layer will have a
longer ion transport time. Furthermore, due to the increased resistance in the charging (or discharging) process, as the frequency
increases (or with short time electrical pulse), less capacitors in
Fig. 5(c) will be charged for IPCNC with thick CNC layers. This
explains the observed reduction (Fig. 9) of Cs for the RuO2 /Naﬁon
based IPCNCs at frequencies above 1 kHz as the CNC layer thickness
is increased from 3 to 10 m.
The actuator electromechanical efﬁciency measures the percentage of energy conversion of the total input electrical energy to
mechanical energy. Fig. 10 summarizes the pure electrical losses
(D = tan(90 − )) of these IPCNC actuators and their comparison
with the two neat Naﬁon ﬁlms. The total input electrical energy
into the actuator ﬁlms includes the energy stored in the capacitors and resistive loss. It is the former that will be converted to
mechanical energy for actuation and this conversion process has
an efﬁciency ME which is below 100%. This is very similar to that
in piezoelectric materials in which only a fraction of the electrical energy stored in the actuator capacitor component is converted
into mechanical energy [33]. If there is no other loss, the total electromechanical conversion efﬁciency T which is the ratio of the
mechanical energy generated to the total input electric energy is
T

=

e

×

ME

(10)

where e is the ratio of the electric energy stored in the capacitor
component to the total input electric energy (=1/(1 + D)). For RuO2
2 which has a CNC layer thickness of 10 m, e alone at 100 Hz is
below 0.2 (20%).
In Fig. 11, we present the frequency dependence of the bending actuator tip displacement (∼ strain) of these actuators under
0.1 V AC signal as a function of frequency (Neat Naﬁon 1, LbL 1, and
RuO2 1). At low frequencies, RuO2 1 displays larger tip displace-
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Fig. 12. The normalized ratio of strain to charge stored in the CNC layers as a function
of frequency for LbL 1 and RuO2 1 (the data are divided by the maximum value in
LbL 1 at 0.5 Hz).

Fig. 10. (a) The electrical loss and (b) electrical efﬁciency of the IPCNCs.

ment due to the thick CNC layer (3 m). However, at frequencies
above 250 Hz, its tip displacement becomes smaller than that of
LbL 1, caused by the fact that the penetration depth of the excess
ions into the CNC layers in RuO2 1 becomes smaller (which also
causes a reduction of the capacitance). In addition, an IPCNC actuator with thick CNC layers will require more excess ions in the CNC
layer to generate the same bending compared with that with thin
CNC layers.
c is calculated using Eq. (7)
From the data in Fig. 11, the strain S10
c versus the
for LbL 1 and RuO2 1. Fig. 12 is the ratio of the strain S10
charge stored in the CNC layer at the same frequency, which is
Q0 =



V0 Cs

1 + (ωCs Rs )2

(11)

Fig. 13. The normalized time domain actuator strain (the data of each sample are
divided by the maximum strain, respectively) under a step voltage of 4 V for LbL 1
and RuO2 1.

The results indicate that in the whole frequency range investigated (0.5–10 kHz) LbL 1 has much higher ratio of strain/charge
compared with RuO2 1, implying much higher electromechanical
conversion efﬁciency.
The bending actuation of LbL 1 and RuO2 1 under a step voltage
of 4 V was characterized to probe the actuation speed. The thin
CNC layers (∼0.4 m) lead to fast actuation response as presented
in Fig. 13. Fitting the strain response in Fig. 13 with
S(t) = S0 (1 − e−t/ )

(12)

where  characterizes the actuation response time yields a  = 0.18 s
for the LbL 1 and  = 1.03 s for RuO2 1 IPCNCs. A thin CNC layer can
lead to fast IPCNC actuation response.
4. Conclusions

Fig. 11. Small signal (0.1 V amplitude AC) tip deﬂection as a function of frequency
for Neat Naﬁon 1, LbL 1 and RuO2 1.

This paper investigates the inﬂuence of CNC layers on the electromechanical performance of IPCNCs fabricated by the direct
assembly method. It shows that IPCNC actuators with CNC made
of layer-by-layer self-assembled Au nanocomposite exhibit a high
strain response (peak to peak strain ∼14%) compared with that
of IPCNC actuators with the traditional mixing method fabricated
RuO2 nanocomposite CNCs (peak to peak strain ∼6%).
The LbL self-assembly process allows for fabricating high quality
CNC layers with high reproducibility at submicron thickness which
leads to fast actuation speed due to thin CNC layers. An IPCNC actu-
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ator with 0.4 m CNC layer exhibits a strain response time ∼0.18 s
under a step voltage of 4 V. The large strain in the CNC layers generates large bending actuation in these IPCNC actuators even with
these thin CNC layers.
The frequency dependence behavior of these IPCNCs under
low applied voltage (=0.1 V) was also characterized at frequencies from 0.5 Hz to 10 kHz. The results show that LbL CNC based
IPCNC actuators exhibit higher electrical efﬁciency and higher
strain/charge ratio (higher electromechanical efﬁciency) compared
with RuO2 /Naﬁon nanocomposite CNC based IPCNC actuators.
The results show the potential in developing CNCs for generating
large strain response. The results also demonstrate that it is also the
CNC layers in IPCNC actuators that determine the actuator speed.
As the CNC layer thickness increases, the long ion transport time
in the CNC layers results in a slow actuation response, which also
causes a high electrical loss in the actuators.
In general, for an IPCNC actuator to deliver a large strain and
force output, a large capacitance and hence a thick CNC layer is
preferred. On the other hand, a thick CNC layer will lead to low actuation speed and low actuation response at high frequency. Hence, it
is highly desirable to develop CNCs with very high electromechanical strain level and high ionic transport speed.
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