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Abstract
Electrochemical actuators based on conductive polymers are emerging as a strong competitive in the field of soft actuators 
because of their intrinsically conformable/elastic nature, low cost, low operating voltage and air-working ability. Recent 
development has shown that adding electroactive materials, such as CNT and graphene, can improve their actuation perfor-
mance. Despite the complex material systems used, their output strains (one of the key factors) are generally lower than 1%, 
which limited further applications of them in multiple scenarios. Here, we report soft electrochemical actuators based on 
conductive polymer ionogels by embedding polyaniline particles between the PEDOT:PSS nanosheets. Results show that 
such a hierarchical structure not only leads to a high conductivity (1250 S/cm) but also improved electrochemical activities. 
At a low operating voltage of 1 V, the maximum strain of these soft actuators reaches an exceptional value of 1.5%, with a 
high blocking force of 1.3 mN. Using these high-performance electrochemical actuators, we demonstrate soft grippers for 
manipulating object and a bionic flower stimulated by an electrical signal. This work sets an important step towards enabling 
the enhanced performance of electrochemical actuators based on conductive polymers with designed microstructures.
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1 Introduction

Soft robotics made from high-compliance materials are 
ideal candidates for applications at the interface of machines 
and biological systems [1, 2]. The core constituents of soft 
robotics are soft actuators that exhibit high compliance, dis-
tributed actuation and can perform complex motion [3–6]. 
Owing to their lightweight, compactness and bioinspired 
motion, these soft actuators are promising for a variety of 
innovative applications [7–10]. Among the various types of 
soft actuators, electrochemical actuators driven by reversible 
ion intercalation in porous electrodes have attracted wide 
attention because of their low operating voltage (< 5 V), 
lightweight, large deformation and air working stability 
[11, 12]. Recent development of conductive polymer-based 
electrochemical actuators promises a low-cost, easy process-
ing and even lower voltage (< 1 V) driven alternative, and 
they hold the potential to achieve large strain attributed to 
their intrinsically high conductivity and high Faraday-type 
capacitance [11–15].

Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) 
(PEDOT:PSS), polyaniline (PANI) and polypyrrole are the 
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three commonly used conductive polymers in electrochemi-
cal devices [16, 17]. To improve the performance of air-
working actuators of these conductive polymers, a lot of 
efforts have been devoted to develop a hybrid material sys-
tem combining them with other functional materials, such 
as CNT, graphene and two-dimensional materials, thereby 
increasing the electrochemical activities [18–22]. In these 
hybrid actuators, the actuation is mainly contributed by the 
guest material, while the conductive polymer is used as a 
conductive binder to form an elastic network electrode.

Achieving large strain is challenging for pure conductive 
polymers due to the stringent requirements for high conduc-
tivity and high electrochemical activity simultaneously. For 
example, PEDOT:PSS was used as flexible/strechable elec-
trodes due to its achievable high conductivity  (102 ~  103 S/
cm), but its electrochemical activity was low [17, 23–25]. 
While PANIs with high electrochemical capacitance are 
extensively studied in electrochemical storage devices, 
additional conductive fillers are required to increase their 
inherently low conductivity [16, 26]. In addition to this 
challenge, the microstructure of conductive polymers that 
control kinetic ion diffusion, charge storage, and overall 
electrochemical activity has not been well studied.

To overcome the above limitations, here we report a con-
ductive polymer composite electrode by embedding PANI 
particles between the PEDOT:PSS nanosheets, forming a 
hierarchical structure. By tailoring the ratio of these two 
materials, high conductivity (1250 S/cm) in combination 
with improved electrochemical activities are achieved. 
Soft electrochemical actuators based on these electrodes 
show a large strain of 1.5% at a low operating voltage of 
1 V, exceeding the previous values reported for conductive 
polymer-based actuators. Finally, we show the operational 
feasibility of our actuators as soft grippers to manipulate 
objects and electrically controlled bionic flowers. This work 
sets an important step towards enabling the enhanced per-
formance of electrochemical actuators based on conductive 
polymers with designed microstructures, paving the way for 
their future applications.

2  Experimental Section

2.1  Materials

Ionic liquids including 1-butyl-3-methylimidazolium 
tosylate (BMImOTs, 99%) and 1-Ethyl-3-Methylimidazo-
lium Bis(Trifluoromethylsulfonyl)Imide (EMIMTFSI, 99%) 
were purchased from Lanzhou Greenchem ILs. BMImOTs 
was used as an additive for the PEDOT:PSS solution to pro-
mote the mechanical property of its thin film. EMIMTFSI 
was used to prepare the ionogel and gel electrolyte for the 
actuators. PEDOT:PSS aqueous solution (solid content 

1.0–1.3 wt%, PEDOT to PSS ratio is 1:2.5, conductiv-
ity > 800 S/cm) was purchased from Shanghai Ouyi Organic 
Optoelectronic Materials; Ammonium persulfate (APS) and 
aniline was purchased from Macklin Biochemical.

2.2  Synthesis of PANI Microspheres

The preparation process of PANI microspheres is as fol-
lows: 0.4 mL aniline monomer and 11.4 g ammonium per-
sulfate (APS) was dissolved in 10 mL 5 M sulfuric acid 
solution separately forming solution A and solution B. The 
two solutions were stored at − 18 °C over 3 h. Then the two 
solutions were mixed quickly and after shaking for 1 min, 
the solution was put back to − 18 °C for 12 h. The product 
was filtered and washed with DI water and dried naturally 
at room temperature.

2.3  Preparation of Electrode Layers

PEDOT:PSS electrode was prepared by casting method. 
BMImOTs (5 wt% of the solid content) was added into the 
PEDOT:PSS solution to promote the separation of PEDOT 
and PSS chains, thereby improving the film quality. PANI 
powder of different mass ratios from 2 to 14% was added 
to the above solution. After stirring for 1 h, and ultrasonic 
treatment for 15 min, the solution was poured into a Teflon 
mold and let stand in an ambien environment for 24 h. It was 
then transferred to an electric oven treated at 60 °C for 2 h 
and 150 °C for 30 min. After cooling to room temperature, 
the film was peeled off and immersed in ethanol and DI 
water subsequently. The ionogel was prepared by immersing 
the swelled film in ionic liquid and placed at 80 °C for 4 h. 
The film was then taken out and further dried in a vacuum 
oven for 8 h.

2.4  Characterization

The electronic conductivity of the films was tested using 
a four-point probe station (HPS2523). Strain–stress curve 
was performed on a Mechanical tester (QT-6203S). Cross-
sectional SEM images were taken on a JEOL 7800F. XRD 
was recorded on Bruker D8 Advance. Raman spectra were 
taken on PLUS Raman microscope (DXR). Electro-chemo-
mechanical test was performed using an electrochemical 
workstation (Gamry 3000) coupled with a laser displace-
ment meter (Panasonic HG-C1050).

2.5  Fabrication and Measurement of Actuators

Two ionogel electrode films were laminated on a cellulose 
membrane film that was pre-soaked by the ionic liquid. 
They were then pressed together using two glass slides and 
placed at 60 °C for 20 min. Afterwards, the trilayer was 
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carefully peeled off from the glass slides. All the actua-
tors were cut into long strips with 4 mm width and 20 mm 
length.

The performance of the actuators was measured using 
a dual channel sourcemeter (Keithley 2602B) for the input 
power and a laser displacement meter to record the dis-
placement. One end of the actuator was fixed by a Kelvin 
clamp with two platinum plates on the contact area and 
the displacement of the free end was recorded by a laser 
displacement meter. The strain (ε) of the actuator can be 
calculated by the following equation:

where δ is the tip displacement, d and L are the thickness and 
and length of the beam, respectively [27]. Blocking force of 
the actuators was tested using a microforce sensor (FUTEK, 
NC850) with the testing probe directed against the tip of the 
actuator.

(1)� =
2d�

(L2 + �2)

3  Results and Discussion

The conducting polymer ionogel film was prepared from 
PEDOT:PSS dispersion containing PANI particles, as illus-
trated in Fig. 1. The mean particle size of PANI is around 
10 μm, as shown in Supplementary Fig. S1. Such a small 
particle size results in stable dispersion in PEDOT:PSS with 
the aid of a charged PSS chain. The conductive polymer 
composite film was then obtained by drying the aqueous 
dispersion and annealing, resulting in PEDOT:PSS film 
incorporated with PANI particles (denoted as PANI@PP). 
The dry film was then immersed in water followed by ionic 
liquid exchange. This PANI@PP ionogel film was used as 
electrochemical actuator electrodes by lamination on the 
two sides of an electrolyte film and the trilayer actuator was 
then formed by hot-pressing. A cross-sectional SEM image 
of the actuator is shown in the supplementary information 
(Fig. S2).

Figure  2 shows the cross-sectional SEM images of 
PEDOT:PSS film (a) and PANI@PP film (b). The slow 

Fig. 1  Schematic illustration of the preparation process of PANI@PP ionogel and actuators

Fig. 2  Cross-sectional SEM 
images of PEDOT:PSS film (a) 
and PANI@PP film (b)
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drying of PEDOT:PSS with additives leading to a unique 
microstructure with compact stacked thin layers, as 
shown in Fig. 2a. This is due to the slow crystallization of 
PEDOT chains and PSS chains that gradually separated 
into thin sheets. As shown in Fig. 2b, the PANI particles 
were incorporated into the PEDOT:PSS sheets, forming a 
rough morphology as compared with the nanosheets in pure 
PEDOT:PSS film. The particle size is much smaller than 
the pristine PANI, which can be attributed to the redispe-
sion of PANI assisted by the charged PSS chains (Fig. S1). 
The unique PANI@PP hierarchical structure consisting of 
conducting PEDOT nanosheets and the high electrochemi-
cally active PANI particles facilitates better actuation per-
formance as discussed below.

The conducting polymer plays two roles in electrochemi-
cal actuation: the electroactive materials to store charges 
and current collection layer. Therefore, its electrochemical 
activity and electronic conductivity are both critical factors 
in defining the overall actuation performance. The electronic 
conductivity of the CP films was measured using the four-
point probe method. As shown in Fig. 3a, the conductivity of 
PEDOT:PSS ionogel film reaches 700 S/cm, which is much 
higher than the dry film without the addition of ionic liquid 
(~ 50 S/cm). This can be ascribed to the second doping effect 
from the anions in the ionic liquid [25]. The conductivity 
was improved dramatically with a small content of PANI 
in the composite film and the best value of 1250 S/cm was 
obtained with a 6% weigh ratio of PANI, after which the 
conductivity starts to drop with a higher amount of PANI 
presence in the film. The main reason for the increase in con-
ductivity caused by the doping of a small amount of PANI 
is that PANI particles form a hierarchical structure with the 
PEDOT:PSS nanosheets, which increased the porosity of 
the film and facilitated the penetration of ionic liquids. In 
fact, the ionic liquid uptake ratio of PANI@PP (36.7 wt%) is 
much larger than that of pure PEDOT:PSS film (16.7 wt%). 
The ionic liquid in the ionogels can be used as a secondary 
dopant to improve the conductivity of the PEDOT conduc-
tive polymer. However, when the content of PANI in the 
film is further increased, because the conductivity of PANI 

is worse than that of PEDOT, the highly conductive network 
is destroyed by PANI particles, resulting in a decrease in 
overall conductivity.

To further investigate the reason for the high conductiv-
ity of PANI@PP ionogel film, Raman spectra of the dry 
PEDOT:PSS film, ionic liquid filled PEDOT:PSS iono-
gel and PANI@PP ionogel were recorded as shown in 
Fig. 3b. The most prominent peak observed between 1400 
and 1500  cm−1 is closely associated with the symmetrical 
Cα = Cβ stretching vibration of the five-member ring on 
PEDOT in a polaron state [27]. A redshift was observed for 
the PEDOT ionogel (peak centered at 1429  cm−1) compared 
with the dry film (peak centered at 1433  cm−1), which indi-
cates a higher portion of the conductive quinoid structure 
presenting in the PEDOT chain. This suggests that the ionic 
liquid as a second dopant has improved the conductivity 
of the film. The PANI@PP film shows a further redshift 
to 1427  cm−1, corresponding to its higher conductivity as 
shown in Fig. 3a. Therefore, the higher ionic liquid uptake 
ratio for PANI@PP film contributed to a higher doping ratio 
and subsequently higher conductivity for the ionogel film.

The actuation performance of the conductive polymer-
based actuators was tested with a low AC voltage (± 1 V) at 
a frequency of 0.1 Hz (Fig. 4a). Previous studies have con-
firmed that the actuation of conductive polymer with large 
counter ions, such as the PSS used in PEDOT, was driven 
by the movement of cations [28]. As a result, the negative 
electrode expands and the positive electrode contracts, caus-
ing the three-layer actuator to bend, as shown in the inset 
images in Fig. 4a. The strain of the actuators, as calculated 
from the tip displacements, closely correlates to the alternat-
ing voltage. The maximum strain differences of these actua-
tors were plotted in Fig. 4b. The pure PEDOT:PSS ionogel-
based actuators show a maximum strain of 0.7% at 0.1 Hz 
of 1 V input voltage and this value was improved to 0.85% 
with only 2% of PANI in the electrode films. The maximum 
strain of actuators with 6% of PANI was 1.5%, which is two 
times higher than the original PEDOT:PSS-based actuators. 
Further increasing the PANI content leads to a detrimental 
effect on the output strain. The actuation performance of 

Fig. 3  Conductivity of the iono-
gel films with different PANI 
content (a) and Raman spectra 
of the dry film, PEDOT:PSS 
ionogel and PANI@PP ionogel 
films (b)
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different amounts of PANI in the electrodes has a similar 
trend to their conductivity improvement, indicating that con-
ductivity is one of the key parameters that define actuation 
performance.

As the electrochemical actuation is caused by the move-
ment of ions in the electrolyte and electrodes under an 
electrical field, the response time depends on the diffusion 
of ions, which is a rather slow process. The strain of the 
actuator with 6 wt% of PANI content operated at a varied 
frequency from 0.1 to 10 Hz with a fixed amplitude of 1 V 
are shown in Fig. 4c. As the operating frequency increases, 
the maximum strain drops sharply, indicating that the slow 
kinetics of the electrochemical process limit actuation at 
higher frequencies. This phenomenon presents in all these 
actuators with varied amounts of PANI (Fig. 4d). The best-
performing actuator (with 6 wt% of PANI) shows higher 
strains at frequencies below 1 Hz and this gap becomes 
rather small at higher frequencies.

To investigate the actuation mechanism of these elec-
trodes, an electro-chemo-mechanical study was performed 
by combining the Cyclic voltammetry (CV) test and dis-
placement measurement in a three-electrode configura-
tion. The CV curve shows a pair of redox peaks between 
− 0.5 V and 0 V versus Ag electrode (Fig. 5a), which can be 
ascribed to the oxidation and reduction of PEDOT chains. 
The capacitance can be evaluated from the enclosed area. It 
is clear that the capacitance is mainly contributed by the oxi-
dation state PEDOT, while the current in the reduced state 
is significantly reduced. The charge storage on the working 
electrode was extracted by integrating the current with time. 

Figure 5b displays the charge storage and tip displacement 
in 4 cycles of the CV test. These two curves show an almost 
linear correlation, revealing that the actuation of the elec-
trode was driven by the insertion and desertion of free ions. 
While the voltage scans toward the negative side, charge 
stored on the electrode decreases. To maintain an electro-
static balance, additional cations diffused into the electrode 
and caused volume expansion (corresponding to a positive 
strain value); On the contrary, when the voltage scans toward 
the positive side, charge storage increases and these cations 
were ejected, therefore, caused volume shrinkage.

On the CV curve of PANI@PP electrode, an additional 
oxidative peak appears on the right side of the PEDOT oxi-
dation peak (Fig. 5c). By using a slow scan rate of 2 mV/s 
(Fig. S3), this pair of redox peaks was resolved at 0.2 V 
and − 0.1 V vs. Ag, which belong to the PANI chain. Com-
pared with pure PEDOT:PSS electrodes (27 mF/cm2), the 
capacitance is increased to 30 mF/cm2, which is due to the 
higher electrochemical activity of PANI. Similar to the 
PEDOT:PSS electrode, the strain of PANI@PP varies as the 
charge storage change during the sweeping cycles (Fig. 5d). 
The strain-to-charge ratio for PANI@PP resulted in 0.7/C, 
which is higher than the pure PEDOT electrode (0.56/C), 
suggesting the PANI@PP electrode is more effective in gen-
erating volume change per charge.

We further tested the electrochemical performance of 
the actuators. Figure 6a shows the CV curves obtained at 
400 mV/s, corresponding to the devices operated at 0.1 Hz. 
These scan curves are approximately rectangular, indicating 
that these actuators resemble double-layer supercapacitors. 

Fig. 4  Actuator performance: 
a the strain of actuators under 
alternating voltage; b the 
maximum strain of the actua-
tors of varied PANI content at 
0.1 Hz 1 V input; c the strain 
of PANI@PP (6 wt% of PANI) 
under 1 V input from 0.1 to 
10 Hz; d the frequency-depend-
ent strain of actuators with 
varied PANI content
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When the amount of PANI in the electrode increases, the 
current density of the CV scan increases as well as the 
capacitance. This is due to the higher electrochemical activ-
ity of PANI than PEDOT:PSS. Figure 6b displays the capac-
itance at different scan rate (working frequency), derived 
from the CV scans. The capacitance of pure PEDOT:PSS-
based actuator, tested at 0.1 Hz, reaches 3.5 F/g and this 
value increased to 4.2 F/g and 4.8 F/g for PANI content of 
2% and 6%, respectively. The increment goes down when 
more amount of PANI added in the electrode. By increasing 

the scanning frequency, all these values drop sharply and 
converges to only 0.03 F/g at 10 Hz. This is due to the slow 
kinetics of electrochemical processes governed by the dif-
fusion of ions.

Figure 6c shows the blocking force of these actuators at 
given voltages from 0.1 to 1 V. It can be seen that the block-
ing force is almost linearly related to the applied voltage. 
The blocking forces at 1 V of the devices with PANI addition 
were plotted in Fig. 6d. By increasing the content of PANI, 
the blocking forces increases substantially from 0.71 mN 

Fig. 5  Electro-chemo-mechan-
ical test of the conductive poly-
mer films in a three-electrode 
configuration: the CV test (a, c) 
and stored charge-strain curves 
(b, d)

Fig. 6  CV test of the actuators 
with varied PANI content (a); 
the specific capacitance of the 
actuators at various frequen-
cies (b); the blocking force of 
the actuators (c) and the trend 
of blocking force and Young’s 
modulus of the electrodes (d)
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for pure PEDOT:PSS devices to 1.35 mN with 10 wt% of 
PANI. This can be explained by the improvement of Young’s 
Modulus of the corresponding electrodes. Although the 
Young’s Modulus of PANI content of 14% is higher, both 
the conductivity and output strain were affected that resulted 
in a low blocking force of 0.81 mN. This suggests that the 
mechanical and electrochemical properties of these conduc-
tive polymer composites need to be further optimized to 
enhance both strain and force.

The practical applications of soft actuators not only 
require large strain and force but also high working stabil-
ity. Figure 7a shows the typical cycling test of the PANI@
PP-based actuator operated at 1 V and 0.4 Hz for more than 
5000 cycles. The actuation performance was well main-
tained after these cycling, indicating the high durability of 
these devices. This can be attributed to the high air stability 
and electrochemical stability of the PANI@PP electrodes.

The conducting polymer-based soft actuators have been 
investigated for decades and improving their performance 
has long pursued for further applications. Figure 7b plotted 
the strains of conducting polymer-based actuators that using 

ionic liquid as an electrolyte, which is the most promising 
choice considering their air working stability. Our work on 
PANI@PP actuators shows higher strain than these reported 
PANI fiber or yarn-based actuators and the PEDOT actuators 
enhanced by various electroactive materials, such as MXene 
and carbon nanotubes (Supplementary Table S1) [19, 20, 
29–38].

To verify the potential applications of our conductive pol-
ymer actuator, we fabricated a prototype soft gripper using 
two actuators to manipulate soft objects (Fig. 8a). These 
intrinsically flexible grippers combined with their infinite 
degree of freedom actuation make the gripping of irregular 
or curved surface objects easier than the rigid motor-driven 
grippers. We further fabricated a bionic flower that can be 
controlled to bloom and close by electrical signals (Fig. 8b 
and supplementary video). These examples demonstrate 
the potential of these conductive polymer-based actuators 
in multiple scenarios, while following work on the optimiza-
tion of the fabrication process to achieve miniature devices, 
or by stacking multiple layers to achieve higher strength will 
further expand their applications.

Fig. 7  Stability test (a) and a 
comparison of the actuator per-
formance with reported values 
(b) [19, 20, 29–38]

Fig. 8  Demonstration of the 
soft actuators as soft grippers 
for manipulating objects (a) and 
bionic flower (b)
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4  Conclusions

In this work, we have developed conductive polymer iono-
gel electrodes by embedding PANI particles between the 
PEDOT:PSS nanosheets to improve the performance of 
soft electrochemical actuators. The electronic conductiv-
ity of these electrodes was improved up to 1250 S/cm due 
to a high ionic liquid uptake ratio, in combined with an 
enhanced electrochemical activities. Soft electrochemi-
cal actuators using these conductive polymer ionogel 
electrodes exhibit high performance including a record 
large strain of 1.5% and a high blocking force of 1.3 mN. 
The actuation mechanism was further investigated by an 
electro-chemo-mechanical study, which revealed that the 
actuation was mainly induced by the insertion and deser-
tion of cations. These results suggest that optimizing the 
structure and morphology of actuator electrodes is signifi-
cant to achieve high performance, providing guidance for 
the future material design for outstanding soft actuators 
meeting the demand of real-world applications. We have 
demonstrated soft grippers for manipulating objects and 
a bionic flower stimulated by an electrical signal. Further 
research will be conducted to explore more bionic applica-
tions based on these soft actuators with larger strain and 
higher response frequency.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s42235- 023- 00401-6.
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