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ABSTRACT

Low-voltage soft actuators with large displacement, long actuation durability,

and fast response time have aroused great attention in soft robotics, wearable

devices, haptic devices, and implantable or disposal biomedical devices. Herein,

we report a low-voltage electroactive ionic soft actuator based on the sulfonated

cellulose nanowhisker (SCN), microfibrillated cellulose (MFC), ionic liquids (IL),

and graphene nanoplatelet (GN). The proposed SCN/MFC-IL-GN (0.1wt%)

actuator demonstrated a large bending displacement (6.6 mm under ± 1 V

sinusoidal input signal at 0.1 Hz, low driving voltage (as low as 0.25 V), wide

actuation frequency (0.1 to 5.0 Hz), and long actuation durability (96.7%

retention for 1 h), all of which stemmed from the strong crosslinking and ionic

interactions among the functional sulfonated groups of SCN, hydroxyl groups

of MFC, IL, and GN. Furthermore, the designed actuator was successfully

employed to imitate the human finger’s behaviors including turning on/off the

flashlight and sliding electronic photographs on a smart phone screen. There-

fore, the proposed SCN/MFC-IL-GN actuator has great potential in artificial

muscles, soft robots, haptic devices, and wearable devices because of its low

excitation voltage, large bending displacement, long actuation durability, and

biofriendly property.

Introduction

In recent years, soft robots have attracted increasing

interests because of the limitation of traditional

robots, which are made of rigid connections and

joints [1–7]. Soft actuators play significant roles in

achieving high-performance soft robots. Electroactive

polymer (EAP), a new type of smart polymer mate-

rial, can exhibit a bending deformation under the

external electric field, which has good electrochemi-

cal and mechanical properties [8–13]. As a typical soft
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actuator, EAP has many advantages such as high

flexibility, lightweight, low excitation voltage, and

relatively large bending deformation. According to

these unique properties, it can be applied to biomi-

metic robots, flexible/soft robots, wearable devices,

and biomedical instruments [14–24]. However, some

human friendly devices will require high-perfor-

mance soft actuators with biofriendly properties.

Cellulose is the most abundant natural polymer

and it can be produced from the wood, cotton, and

other plants. The cellulose-based electroactive poly-

mer actuator displayed the bending deformation at a

low actuation voltage [25, 26]. Mahadeva et al.

reported a cellulose–polypyrrole–ionic liquid

nanocomposite that could exhibit actuation dis-

placement in humidity environments [27]. Wang

et al. introduced an electroactive paper prepared with

cellulose and chitosan [28]. Hong et al. developed a

highly porous ionic actuator based on polyaniline

nanoparticles and cellulose acetate by using the

electrospinning method [29]. However, these cellu-

lose-based actuators showed low specific capaci-

tances and poor conductivity, which lead to the small

tip displacement, large actuation voltage, and slow

response speed, resulting from the limitation of ionic

transportation inside these membranes.

Recently, sulfonated cellulose nanowhisker (SCN)

has attracted increasing attention because of its

excellent emulsion stability, high biodegradability,

biocompatibility, non-toxicity, high strength, and low

cost [30, 31]. SCN is a needle-like nanomaterial

obtained from the natural cellulose by acid or alkali

treatment, and it can be well dispersed in water due

to the presence of sulfonated groups (-SO3H) on SCN

surfaces. More interestingly, the sulfonated groups

can be employed as protonation-active sites, resulting

in the enhanced ion migration inside the membrane.

Also, these sulfonated groups of SCN allow it to be

functionalized with other active materials, including

conducting polymers and ionic liquids. A uniform

SCN membrane can be easily prepared by using a

casting method, because SCN is present in water in

the form of individual nanofibers. But the SCN

membrane is brittle, which is not suitable for devel-

oping high-performance soft actuator. Microfibril-

lated cellulose (MFC) displayed similar properties

with SCN, but showed large diameter and long

length. MFC is usually used as a reinforcing agent in

fabricating membranes, films, and nanocomposites

[32, 33]. Furthermore, SCN and MFC can form a

strong crosslinking between sulfonated groups of

SCN and hydroxyl groups of MFC. However, to the

best of our knowledge, the use of SCN and MFC for

developing high-performance ionic soft actuators has

not been investigated.

In this study, we report a low-voltage electro-ionic

actuator based on biofriendly SCN, MFC, graphene

nanoplatelet (GN), and ionic liquid (IL,

[EMIM][BF4]). GN has received great attention owing

to its excellent conductivity, outstanding chemical

stability, superior mechanical strength, light weight,

and low cost [34–36]. The SCN/MFC-IL-GN com-

posite membrane was fabricated based on the SCN/

MFC composite fibers by doping GN and IL. Fur-

thermore, the flexible and biofriendly PEDOT: PSS

(Poly (3,4-eth-ylenedioxythiophene)-poly (styrene-

sulfonate)) was used as electrodes by coating them on

the membrane surfaces, as shown in Fig. 1. PED-

OT:PSS is a non-metallic electrode, which has

attracted people’s interests because of its excellent

biocompatibility and biodegradability, high conduc-

tivity, easy fabrication, and low cost [37–39].

Remarkably, the proposed SCN/MFC-IL-GN actua-

tor exhibited excellent actuation performances under

low driving voltages, which resulted from the strong

crosslinking and ionic interactions among SCN/

MFC, IL, and GN. More importantly, we successfully

used the designed ionic actuator to imitate the human

finger’s behaviors including the turning on/off the

flashlight and sliding electronic photographs on a

mobile phone screen.

Experimental section

Materials

SCN (density 5.6%), MFC (density 1.85%), PED-

OT:PSS (dark blue liquid, 1.3 wt% H2O), and 1-ethyl-

3-methylimidazolium tetrafluoroborate (EMIMBF4;

assay: 98%) were obtained from Sigma-Aldrich.

Graphene nanoplatelets were received from GRA-

PHENE SUPERMARKET, USA.

Preparation of the SCN/MFC-IL-GN
membrane

The SCN/MFC-IL-GN composite membrane was

prepared by using a solution casting method. Firstly,

the transparent aqueous dispersion of the SCN/MFC
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mixture was prepared by mixing 7 g SCN and 4 g

MFC at 50 �C. Secondly, the GN and SCN/MFC

dispersions were mixed together in two mixing pro-

portions, 0.05 wt% and 0.1 wt%, followed by stirring

for 4 h at room temperature. Subsequently, 1 g IL

was added to the SCN/MFC-GN mixture. The SCN/

MFC-IL-GN was well dispersed by using ultrasound

for 2 h. The bubbles in the mixing dispersions were

removed by a vacuum oven. After the dispersion was

poured into a casting mold and then dried in a

vacuum oven at 65 �C for 10 h, finally the SCN/MFC-

IL-GN composite membrane was obtained.

Fabrication of the SCN/MFC-IL-GN actuator

The PEDOT:PSS solution was deposited on both

surfaces of the composite membrane by a dip-coating

method. The composite membrane was immersed in

the solution for 5 min. The SCN/MFC-IL-GN

Figure 1 Chemical structure

and interactions of the SCN/

MFC-IL-GN composite

membrane; the actuation

mechanism of the SCN/MFC-

IL-GN ionic soft actuator.
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actuator was finally obtained after drying it in a

vacuum oven at 50 �C for 4 h.

Characterization techniques

The surface and cross-sectional images of the samples

were observed by using a scanning electron micro-

scope (SEM) (GeminiSEM 500, ZEISS company). The

chemical interaction and crystallinity of the samples

were tested by a Nicolet iS-20 Fourier transform

infrared spectrometer (FT-IR) (Thermo Fisher Scien-

tific company) and high-resolution D8 discover X-ray

diffractometer (XRD) (BRUKER AXS GMBH com-

pany), respectively.

We further measured the cyclic voltammetry (CV)

curves of the actuators based on an electrochemical

workstation. The specific capacitances were deter-

mined according to the following equation:

Specific capacitance ¼ 1

DV � v � S

Z
limitsV2

V1IdV ð1Þ

where DV, v, and S were the potential window, scan

rate, and surface area of the actuator, respectively.

Actuation performances

We measured tip displacements of the actuator

(40 9 8 9 0.28 mm) based on a testing system con-

sisting of a signal generator (33500B, Keysight Tech

Co.), a laser displacement sensor (IL-300, KEYENCE

Co.), and a power amplifier (FPA2000, Feel Tech Co.).

One end of the actuator was fixed and the free length

was 30 mm. The displacement data were obtained

based on the processing system (NI Pxle-1078,

National Instruments Co.) and LabVIEW program.

The generated strain of the actuator was calculated

by employing the following equation:

e ¼ 2dt= d2 þ l2
� �

ð2Þ

where e was the generated strain; d, t, and l were the

displacement, thickness, and free length of the actu-

ator, respectively.

Results and discussion

FE-SEM

SEM was used to observe the surface structures of the

SCN/MFC-IL-GN membranes. As shown in Fig. 2a,

for the pure SCN membrane, a large number of fibers

were observed in a random and tight distribution.

The SCN/MFC membrane exhibited significantly

larger fibers than the pure SCN membrane (Fig. 2b).

The SCN/MFC composite fiber displayed a strong

crosslinking due to the hydrogen bond formed by the

sulfonic group in SCN and the hydroxyl group in

MFC. As a result, the plasticity of the composite

membrane increased. As shown in Fig. 2c, the IL was

uniformly attached to the fibers, which was mainly

attributed to the effective combination of BF4
- of IL

with sulfonic and hydroxyl groups in celluloses.

Figure 2d exhibits that GN was embedded in cellu-

lose due to the strong crosslinking of cellulose

nanofibers with GN. Figure 2e and f demonstrates

that PEDOT:PSS layers were well adhered to the

surfaces of the SCN/MFC-IL-GN membrane, which

played a significant role in achieving durable ionic

actuators. Additionally, the average thicknesses of

the top and bottom electrode layers and electrolyte

layer were 22.7 lm, 17.6 lm, and 156.2 lm, respec-

tively. Furthermore, the AFM images (Fig. 2g-i)

proved the strong crosslinking of SCN/MFC nanofi-

bers with GN. These results confirm the effective and

strong interactions and crosslinking among SCN,

MFC, IL, and GN.

XRD

Figure 3a shows the X-ray diffraction analysis of the

composite membranes, which confirmed the influ-

ence of IL and GN on the crystallinity of the mem-

branes. For the SCN and SCN/MFC composite

membranes, two distinct diffraction peaks appeared

at 2h values of 15.7� and 23.1�, which proved the

obvious evidence of the semi-crystalline nature of the

composite membrane. After the addition of IL and

GN, two new characteristic peaks were observed,

indicating that the addition of IL and GN could

maintain the properties of the SCN. Compared with

the pure SCN membrane, the crystallinity of the

SCN/MFC composite membrane was slightly

reduced, which was the proof of MFC plasticization.

With the addition of IL, the diffraction peak at

approximately 2h = 14.6� decreased slightly in com-

parison with that of the pure SCN membrane,

showing that the crosslinking among SCN, MFC, and

IL reduced the crystallinity of the composite mem-

brane. Furthermore, sharp diffraction peaks

appeared at 2h = 26.6� and 2h = 54.7�, and the peak

value of diffraction peaks increased with the
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increment of GN concentration, which was mainly

attributed to the strong interactions and crosslinking

of SCN/MFC fibers with IL and GN.

FT-IR

Figure 3b displays FT-IR curves of the pure SCN,

SCN/MFC, SCN/MFC-IL, and SCN/MFC-IL-GN

membranes, confirming the strong crosslinking and

ionic interactions among SCN, MFC, IL, and GN. In

the curve of the SCN membrane, the characteristic

peak corresponding to S = O in the -SO3H group

appeared at 1023 cm-1, and the stretching vibration

peak of the -OH group displayed at 3338 cm-1.

Compared with the pure SCN membrane, the inten-

sity of the SCN/MFC membrane occurring at

3338 cm-1 (O–H stretching vibration) was enhanced,

which was due to the strong crosslinking between

SCN and MFC. For the SCN/MFC-IL membrane,

basic peaks at 3127 cm-1 and 754 cm-1 corresponded

to C-H and BF4
- groups of IL. In the spectra of the

SCN/MFC-IL-GN (0.1 wt%) membrane, the charac-

teristic peaks at 1574 cm-1, 1167 cm-1, and 803 cm-1

became weaker, which was because of the interac-

tions among SCN/MFC, IL, and GN. The hydrogen

bond and electrostatic interaction between SCN/

MFC and IL led to their uniform dispersion at the

molecular level. These results demonstrate a strong

crosslinking and ionic interactions among SCN/MFC

fibers, IL, and GN.

Figure 2 a-d Surface images of the pure SCN, SCN/MFC, SCN/

MFC-IL, SCN/MFC-IL-GN membranes. e Cross-sectional image

of the SCN/MFC-IL-GN ionic actuator. f Magnified cross-

sectional image of the actuator. g-h AFM images of the SCN/

MFC and SCN/MFC-IL-GN membranes. i Magnified AFM image

of the SCN/MFC-IL-GN membranes.
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Cyclic voltammetric test

Furthermore, the cyclic voltammetry (CV) curves of

the SCN/MFC-IL-GN ionic actuators were measured

to study the charge dynamics and interfacial cou-

pling of the actuator. Figure 3c displays the CV

curves of the SCN/MFC-IL-GN actuators under a

scan rate of 100 mV/s in the potential window of -1.0

to 1.0 V. The CV curve of the SCN/MFC-IL-GN

(0.1wt%) actuator was approximately rectangular,

indicating excellent charge propagation inside the

actuator. Notably, the CV curve area of the designed

actuator was much larger in comparison with that of

the SCN/MFC-IL actuator. Figure 3d and f shows the

specific capacitances of the SCN/MFC-IL and SCN/

MFC-IL-GN actuators under different scan rates and

applied voltages. The specific capacitances of the

SCN/MFC-IL-GN (0.1wt%) (114.38 mF cm-2) and

SCN/MFC-IL-GN(0.05wt%) (89.31 mF cm-2) actua-

tors were much larger than those of the SCN/MFC-

IL(81.77 mF cm-2) actuator under ± 1.5 V peaks at a

scan rate of 50 mV/s. Especially, the specific capaci-

tances of the SCN/MFC-IL-GN (0.1wt%) actuator

were better than those of the SCN/MFC-IL-GN

(0.05wt%) and SCN/MFC-IL actuators at various

scan rates. As the scan rate increased from 50 to

200 mV/s, the specific capacitance of all three actu-

ators decreased, owing to ions of IL not having suf-

ficient time toward PEDOT:PSS electrodes. The

enhanced specific capacitances and CV responses of

the designed actuator facilitated fast and easy ion

movement within the composite membrane. These

Figure 3 a XRD pattern and

b FT-IR curves of the SCN/

MFC-IL-GN membranes.

c CV curves of the SCN/MFC-

IL-GN actuators under a scan

rate of 100 mV/s. d-f Specific

capacitances of the SCN/

MFC-IL-GN actuators under

different scan rates.
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enhancements were mainly owing to the strong

crosslinking and ionic interactions of SCN/MFC

composite fibers with IL and GN.

Actuation performances

We further investigated actuation performances of

the proposed actuators under various electrical input

signals. Figure 4a displays the tip displacements of

the SCN/MFC-IL, SCN/MFC-IL-GN (0.05wt%), and

SCN/MFC-IL-GN (0.1wt%) actuators under ± 1.0 V

sinusoidal input signal at 0.1 Hz. Obviously, the peak

displacement of the SCN/MFC-IL-GN (0.1wt%)

actuator was about ± 6.6 mm, which was 2.5 and 1.6

times than those of the SCN/MFC-IL (± 2.6 mm) and

SCN/MFC-IL-GN (0.05wt%) actuators (± 4.1 mm),

respectively. The SCN/MFC-IL-GN actuator

demonstrated better bending displacement compared

with the SCN/MFC-IL actuator, resulting from the

Figure 4 a Tip displacements of the SCN/MFC-IL-GN actuators

under ± 1.0 V sinusoidal input signal at 0.1 Hz. b Tip

displacements of the actuators at different frequencies. c Tip

displacements of the SCN/MFC-IL-GN (0.1wt%) actuator under

different input voltages (0.25-1 V) at 0.1 Hz. (d) Peak-to-peak

displacements of the three actuators under different input voltages

(0.25-1 V) at 0.1 Hz. e Displacement of the actuator under a long

actuation movement. f Comparison of generated strains with other

ionic actuators.
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strong crosslinking and ionic interactions among

sulfonated groups of SCN, hydroxyl groups of MFC,

IL, and GN. Figure 4b displays the tip displacements

of the SCN/MFC-IL-GN (0.1wt%) actuator under ±

1.0 V sinusoidal input signal at different frequencies.

This actuator exhibited the best peak displacement at

0.1 Hz. However, as the driving frequency increased,

the peak displacement gradually decreased owing to

IL not having sufficient time to the electrodes. More

interestingly, the peak displacement of the actuator

Figure 5 Soft touch robotic finger based on the SCN/MFC-IL-GN actuators. a-b Turning on and off the flashlight on a smart phone

screen. b Operating under various applied frequencies. c Sliding electronic photographs on a smart phone screen.

J Mater Sci (2023) 58:466–477 473



could reach 0.56 mm when the operational frequency

was as high as 5 Hz. The tip displacements were also

tested under 0.1 Hz at different voltages, as shown in

Fig. 4c and d. Evidently, the tip displacements of the

actuators increased with the driving voltage increas-

ing. This indicated that the bending displacement

was affected by the actuation voltage, owing to the

ion transport inside the membrane highly dependent

on the potential field. Surprisingly, when the driving

voltage was as low as 0.25 V, the peak displacement

of the actuator was up to 1.98 mm. Therefore, the

designed actuator demonstrated larger bending dis-

placement under ultralow driving voltage and wide

operational frequency. We further investigated the

actuation bending mechanism of the actuator. When

the actuation voltage was applied to electrode layers,

the smaller size anions and larger cations within the

membrane moved the anode and cathode sides.

Then, the accumulation of these ions at electrode

layers led to a relative volume difference, resulting in

a mechanical bending deformation.

Furthermore, for practical applications, ionic soft

actuators are required to have a long actuation

movement. Therefore, the actuation durability of the

designed actuator was measured for 1 h under ±

2.0 V sinusoidal input signal at 0.1 Hz, as seen in

Fig. 4e. Interestingly, the SCN/MFC-IL-GN (0.1wt%)

actuator did not demonstrate actuation response

distortion and apparent displacement degradation,

and this actuator could retain about 96.7% of initial

peak bending displacement, indicating it has excel-

lent actuation durability. These results demonstrated

that the designed actuator was able to offer easy-fast

conduction path for ion migration in long actuation

movement. Ultimately, we compared the bending

strains and response time of the actuator with other

ionic actuators under various driving frequencies, as

shown in Fig. 4f and Table S1 (Supporting Informa-

tion). Remarkably, the designed actuator presented a

remarkable large bending strain (0.398%) and faster

response time (0.72 s) under AC 1.0 V at 0.1 Hz

compared with other ionic actuators

[3, 8, 26–28, 40–42]. The enhanced actuation perfor-

mances were attributed to the improved electro-

chemical properties, resulting from the strong

crosslinking and ionic interactions among SCN, MFC,

IL, and GN.

Additionally, we investigated the bioinspired

applications based on the SCN/MFC-IL-GN actua-

tors. The designed ionic soft actuator could imitate

the human finger’s behaviors, and it was suitable for

the human–robot interaction. As shown in Fig. 5a

and b, the bionic finger was driven under 1 V at

different frequencies (Movie S1, Supplementary

Material). After the voltage was applied, the bionic

finger showed bending deformation and touched the

screen of the mobile phone to accurately turn on and

off the flashlight, showing the fast response and

controllability of the bionic finger. Furthermore, as

seen in Fig. 5c, we employed the designed actuator

under a 1.0 V step stimulation to slide electronic

photographs on a mobile phone screen (Movie S2,

Supplementary Material). One end of the bionic fin-

ger was fixed on a moving stage. Then, the motor

drove the guide rail to move, making the actuator

sliding electronic photographs. Obviously, the

designed actuator could imitate human finger’s

touching behaviors without damaging the fragile

phone screens. We anticipate that these artificial soft

fingers can do more complex tasks if they are con-

trolled by a designed or complex circuits.

Conclusions

In summary, we developed a low-voltage high-per-

formance electro-ionic soft actuator based on SCN/

MFC, IL, and GN. The designed actuator displayed a

large peak displacement (6.6 mm under 1 V at

0.1 Hz), wide actuation frequency (0.1 to 5.0 Hz), low

driving voltage (\ 1 V), and long actuation move-

ment (96.7% retention for 1 h). The enhanced actua-

tion performances were due to the strong

crosslinking and ionic interactions among sulfonated

groups of SCN, hydroxyl groups of MFC, IL, and GN.

Furthermore, we successfully employed this

designed actuator to imitate the human finger’s

behaviors such as turning on and off the flashlight,

and sliding the electronic photographs on smart

phone screens. By exploiting these remarkable fea-

tures, the designed SCN/MFC-IL-GN soft actuators

have significant potential for soft robots, haptic

devices, biomimetic robots, and implantable biomed-

ical devices.
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