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Abstract
This study presents the synthesis of polypyrrole coated over sulfonated polyvinyl alcohol and graphene oxide-nanosized ZnO 
network-based nanocomposite actuators (SPVA/GO/ZnO-Nps/PPy). The solution casting approach was used to create the 
membrane.  HO3SC6H3-1,2-(CO2H)2 was used as a sulfonating agent during the sulfonation process of polyvinyl alcohol. A 
polypyrrole coating is done on a sulfonated polyvinyl alcohol and graphene oxide-nanosized ZnO network substrate using 
an aqueous chemico-oxidation polymerization process with in-situ polypyrrole synthesis. The consistent network that can 
block water loss was also revealed using scanning electron microscopy. An adequate ion-exchange potential of 1.79 meq  g−1 
was demonstrated by the dry membrane sulfonated polyvinyl alcohol graphene oxide-nanosized ZnO networks with polypyr-
role coatings. It was observed that the membrane’s absorption capacity at 45 °C was around 80.45% after roughly 24 h of 
dousing. Excellent proton conductivity of 1.69 ×  10−3  Scm−1 was observed by the polypyrrole coating of the nanocomposite 
membrane. The membrane’s capacity to lose water was estimated to be around 37.8% for 10 min, at 6 V. In addition, at 4 V, 
the electro-mechanical characterization revealed a maximum tip displacement of 15.5 mm. In comparison to earlier published 
expensive polymer-based membranes, the claimed nanocomposite membrane improved water-absorption, ion-exchange 
capacity, and ionic-conductivity enhanced the electrical characteristics with good performance of tip deflection. The develop-
ment of a microgripper based on a polypyrrole coated over sulfonated polyvinyl alcohol and graphene oxide-nanosized ZnO 
network-based nanocomposites membrane (SPVA/GO/ZnO-Nps/PPy) has a lot of potential for use as soft robotic actuators.

Keywords Sulfonated polyvinyl alcohol · Polypyrrole · ZnO Networks · Soft actuators · Microgrippers

Introduction

In recent years, ionic polymer-metal composites (IPMCs) 
have attracted a lot of attention as one of the best platforms 
for electroactive active polymers, especially in the fields 
of soft robotics, IPMC sensors, and IPMC artificial mus-
cles, among others [1–7]. Due to their notable attributes, 

including ease of preparation, light in weight, flexibility, 
high sense, and durability, these are servicing impulsive 
exploitations [8]. It is indeed intriguing to note how IPMC-
based actuators only need a relatively small level of external 
electrical activity, ranging to ≥ 6 V, to function in both in 
air and water environments [9]. In a physiologically regu-
lated environment, IPMCs have been found to bend more 
significantly than usual robotic actuation materials [10]. In 
light of this, IPMCs are used in a broad variety of applica-
tions, such as actuators with tactile virtual reality (VR), bio-
inspired robot launching systems, and cardiac (implantable) 
compression and assist devices through IPM composites 
(IPMC) [11–14].

IPMCs are typically comprised of a newly produced 
membrane of permeable polymers with ionic-exchange 
properties that is bonded on both sides with a metal elec-
trode made of Pt/Au, with water serving as the inner phase 
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for cationic dissociation/transport of metals [15–17]. This 
causes the cathodic portion of the polymer membrane to 
lengthen when an electric voltage is applied, which stresses 
the IPMC membrane’s cation-rich region and causes it to 
bend in the anodic direction. But in dry settings, cross-
linked-cations are static. However, in moist environments, 
cations are surrounded by water molecules, which make the 
entire membrane film movable due to hydration. As an out-
come, the cations’ mobility inside the IPMC layer is caused 
by their encapsulation in water molecules. A number of 
perfluorinated sulfonic acid (PFSA) ionomers are part of 
a class of ion-conductive polymers known for their excep-
tional ion conductivity and chemical-mechanical stability, 
are commercially available, and are used in IPMCs actuator 
applications due to their potent physico-chemical proper-
ties [5, 18–26]. Owing to its inherent advantages, including 
their rapid proton conducting capability and thermo-chemo-
mechanical stabilities, perfluorinated IPMC membranes sold 
under the trade name Nafion are commonly utilised as actua-
tors and dynamic sensors. Due to high water evaporation and 
the pricey manufacturing of Nafion membrane, researchers 
around the world are currently seeking for alternatives to 
these traditional membranes [27–30].

The aforementioned problems might be addressed by 
switching to non-perfluorinated films from typical Nafion 
substrates [23, 31–38]. Researchers are putting a lot of effort 
into creating non-perfluorinated membranes that are eco-
nomical, have improved water holding even at elevated tem-
peratures, and are simple to produce. In order to substitute 
perfluorinated ionic polymers as bending actuators, standard 
ionic polymeric materials, such as styrene and vinyl alcohol, 
etc., that may incorporate sulfonation/carboxylation, have 
been used in the past [35, 39–46].

The biggest drawback of IPMC actuators, on the other 
hand, is their back-drivable characteristics, which restrict 
bending movement and resonance frequency/amplitude 
parameters. In addition, rapid performance deterioration, 
back relaxation behaviour, and prolonged processing time 
are produced by excessive water loss from IPMC membranes 
in response to an electric field that is applied throughout 
the membrane. These factors are crucial to IPMC actuator 
problems [47, 48].

The incorporation of nanoscale metals or metal oxides 
may improve the desired features of IPMC, according to sev-
eral studies being conducted in the emerging field of nano-
materials. So, in order to modify the essential properties of 
the base polymeric materials using only a minuscule propor-
tion of multi-walled carbon nano-tube (MWNT), Heo et al. 
produced a MWNT/ionomeric electroactive active polymer 
(EAP) nanocomposite that could demonstrate capabilities 
notably different from their bulk scale equivalents. Similar to 
this, other studies were presented to develop IPMC blended 
with nanomaterials with desirable properties [49–54].

With the foregoing discussion in mind, this study involved 
the development of an IPMC nano-membrane composed of 
non-perfluorinated sulfonated polyvinyl alcohol (SPVA), 
graphene oxide (GO), nanosized ZnO network (ZnO-Nps), 
and polypyrrole (PPy) nanocomposites, resulting into a 
nano-composite known as (SPVA/GO/ZnO-Nps/PPy).

The purpose of conducting polymer coating over a tra-
ditional IPMC actuator is to enhance the actuator’s per-
formance by reducing the creation of membrane surface 
fissures. Henceforth, the development of IPMC nano-mem-
branes was primarily focused on enhancing the desired 
actuator performance characteristics compared to IPMC 
actuators that are currently available. Using the sulfonated 
non-perfluorinated ionic polymers, IPMC actuators with 
extended response times and back relaxation have been cre-
ated. Additionally, it was believed beneficial to develop an 
IPMC based on a nano-membrane called (SPVA/GO/ZnO-
Nps/PPy) to enhance the properties of the actuators. As a 
result, the manufactured nano-composite membrane (SPVA/
GO/ZnO-Nps/PPy) can be a practical and trusted choice for 
the creation of novel actuators as well as for prospective 
industrial utilizations.

Experimental

Materials

Merck KGaA (Darmstadt, Germany) provided the chemi-
cals  (Zn[Ac]2·2H2O and NaOH) for the synthesis process 
of nanosized ZnO network (ZnO-Nps). The capping agent, 
cetyl trimethyl ammonium bromide, CTAB, was obtained 
from LobaChemie Pvt Ltd (Mumbai, India). Borosil Glass 
Works Limited (Mumbai, India) provided the glassware 
used during the process, and de-mineralized water was used 
throughout the synthesis. Polyvinyl alcohol from CDH from 
India, 4-sulfophthalic acid (a 50% solution in water) and 
graphene oxide, were sourced from Sigma–Aldrich Che-
mie Pvt. Ltd. from USA. Aniline monomer  (C6H5NH2) was 
procured from Thermo Fisher Scientific Pvt. Ltd. in India, 
while Merck Specialties Pvt. Ltd., Germany provided potas-
sium peroxydisulfate  (K2S2O8). All reagents were used as 
received without any additional purification.

Methodology

Instrumentation

A Nicolet iS50 FT-IR instrument was used to conduct Fou-
rier transform infrared spectroscopy (FTIR) over the wave-
length range of 4000 − 400  cm−1, in order to identify the 
material’s functional group. To ascertain the crystallinity 
of the membrane, X-ray diffraction analysis (XRD) was 
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carried out using the Rigaku Smart Lab X-ray diffractom-
eter. SEM was used on a copper grid coated with carbon 
paper with an operating voltage of 200 kV using a JSM 
6510 LV equipment made by JEOL in Japan to examine 
the surface morphology of the produced membrane. The 
elemental analysis was carried out using energy dispersive 
X-ray (EDX) spectroscopy. Furthermore, the potentiostat/
galvanostat device (PGSTAT 302 N) from Autolab, Luzern, 
Switzerland, has the ability to manage high levels of electri-
cal current and can operate up to a maximum compliance 
voltage of 30 volts, with a bandwidth of 1MHz. Its design is 
specifically optimized for the application of electrochemical 
impedance spectroscopy. Additionally, a magnetic stirrer, 
electronic digital balance, pH meter and electric oven were 
employed in the process of drying, measuring, and analyzing 
the fabricated composite membranes.

Fabrication of Nanosized ZnO Network (ZnO‑Nps)

As per Khan et al., to prepare the nanosized ZnO network 
(ZnO-Nps), a flat-bottomed flask containing de-mineralized 
water was placed on a magnetic stirrer and heated. Then, 
0.2 g of CTAB was added to the water, followed by the 
addition of 21.94 g (5%) of  Zn[Ac]2·2H2O from a 100 mL 
solution. While stirring, NaOH solution was slowly added 
drop-wise to the mixture until the colloidal solution became 
milky in appearance. The mixture was then cooled, centri-
fuged, and dried at room temperature. De-mineralized water 
and methanol were used to wash the fabricated nanosized 
ZnO network (ZnO-Nps) sample. No special treatment was 
required during the synthesis process, and the resulting 
nanosizes were stored for further analysis [55].

Characterization of Nanosized ZnO Network 
(ZnO‑Nps)

The X-ray diffractometer was used to examine the crys-
tal structure and phases of the nanosized ZnO network 
(referred to as “ZnO-Nps”). The instrument used a mon-
ochromatic X-ray beam filtered with nickel to produce 
Cu-Kα radiation, which was scanned in the 2θ range of 
10°–80° with a step size of 0.01° and a scanning rate of 
0.02 steps/second. The X-rays were generated with a volt-
age of 40 kV and current of 40 kA. The size of the ZnO-
Nps crystallites (referred to as “D”) was determined using 
the Debye–Scherrer equation, which was applied to the 
most intense peak (101) observed in the X-ray diffraction 
pattern as:

(1)D =

k�

�cos�

In this context, the symbol “k” represents the shape factor 
or proportionality constant, which has a numerical value of 
0.9. The symbol “λ” represents the X-ray wavelength emit-
ted by Cu-Kα, which has a specific value of 1.54178 Å. 
The symbol “β” refers to the diffraction peak’s full width at 
half maximum, measured in radians. Finally, the symbol “θ” 
refers to Bragg’s angle, which is measured in degrees [56].

Fabrication of SPVA/GO/ZnO‑Nps Nano‑Composite 
Membrane

To make the ionomer, 4 gm of polyvinyl alcohol were 
completely dissolved after being agitated for 6 h at 60 °C 
in 100 ml of de-mineralized water. In order to sulfonate 
the solution, 4 ml of 4-sulfophthalic acid were added to the 
clear solution after it had been stirred continuously for 2 h 
at 60 °C. The sulfonated polyvinyl alcohol solution was 
agitated further for 10 h at 50 °C. Next, in the prepared 
solution, 2 ml of GO (graphene oxide) suspension were 
introduced while being continuously stirred for a dura-
tion of 1 h at a temperature of 60 °C. This was followed 
by ultrasonic treatment, which was carried out for up to 
1 h. Afterward, 0.02 g of the previously prepared ZnO-Nps 
were added to the final solution and subjected to ultrasonic 
treatment for up to 1 h.

Preparation of the Reagent Solutions

An aqueous solution of ferric chloride at a concentra-
tion of 0.1 M and a pyrrole solution at a concentration 
of 33.33% (v/v) are both prepared using de-mineralized 
water. The  FeCl3 solution is then slowly added, drop by 
drop, to the pyrrole solution with continuous stirring in a 
ratio of 1:1. As a result of this, the  FeCl3 oxidizes the pyr-
role, leading to the formation of polypyrrole and giving 
rise to a greenish–black solution. The mixture is stirred 
for a number of hours to ensure complete polymerization. 
Once this is done, the polypyrrole that is formed is col-
lected and washed with de-ionized water. Then, it is soni-
cated twice for about 5 min, filtered using Whatman filter 
paper No. 1, and left to dry. This final stage results in the 
production of the desired polypyrrole product.

Ionomeric Membrane Preparation

The SPVA/GO/ZnO-Nps membrane substance was poured 
into a petri dish and covered with Whatman filter paper No. 
1 before being placed in a thermostatically controlled oven at 
60 °C for slow solvent evaporation. Once completely dried, 
the membrane substance was gently removed from the petri 
dish using forceps. It was heated at 100 °C for one hr in a 
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thermostatic oven to crosslink the material. After cooling 
to room temperature, it was discovered that the resulting 
ionomeric membrane was mechanically stable and ideal for 
actuation investigations. After that, the SPVA/GO/ZnO-Nps 
membrane was dipped in a beaker having pyrrole solution, 
and gently  FeCl3 solution was passed drop by drop within 
30 min. The ratio of pyrrole and  FeCl3 solutions was 1:1. This 
caused the  FeCl3 to oxidize the pyrrole and create polypyrrole, 
resulting in a greenish–black solution. The in-situ polymer-
ized membrane is processed for 5 h at an ambient temperature 
range of around 26 °C. The membrane is rinsed with dem-
ineralized water after 24 h and allowed to dry at the same 
temperature, i.e. 26 °C. Finally, for analytical purposes, the 
(SPVA/GO/ZnO-Nps/PPy) nano-composite ionic actuator is 
kept in distilled water at room temperature (Table 1).

Characterization of (SPVA/GO/ZnO‑Nps/PPy) 
Ionomeric Membrane

Employing techniques comparable to those previously 
described [57], the water absorption, water loss, proton 
conductivity, and ion exchange capacitie of the (SPVA/GO/
ZnO-Nps/PPy) ionomeric membrane were examined. FTIR 
and XRD techniques were used to analyse the (SPVA/GO/
ZnO-Nps/PPy) nano-composite membrane’s structural 
properties. The surface and cross-sectional morphologies 
of the IPMC membrane were examined using SEM. Under 
a sinusoidal voltage of 4 V, the maximum tip displacement 
and actuation force measurements of the IPMC membrane 
were obtained through controlled NI-PXI system, provid-
ing electro-mechanical characterizations of the investi-
gated membrane.

Absorption Capacity of Water

The (SPVA/GO/ZnO-Nps/PPy) ionomeric membrane’s 
capacity to absorb water was tested at ambient tempera-
ture over an array of time intervals viz. 0.5, 1, 1.5, 2, 4, 
6, 8 and 24 h. To achieve this, the membranes were sub-
merged in de-mineralized water at two distinct tempera-
tures, namely 26 ± 3 °C as well as at 45 °C, for a duration 
of 24 h to facilitate water absorption. The pre-weighed 
dried membrane was immersed in distilled water for the 
aforementioned amounts of time to accomplish this. The 
membrane was then taken out of the water, rapidly blot-
ted with Whatman filter paper, and weighed once more. 
By dividing the difference in weight between the wet and 
dry membranes by the dry membrane’s weight, the water 
absorption capacity was determined using the formula 
shown below [57] and also in Fig. 1:

Wdry is the weight of the dry membrane, while  Wwet is the 
weight of the membrane after it has absorbed water.

Water Loss

The ionomeric membrane, (SPVA/GO/ZnO-Nps/PPy), with 
the highest water-absorption was weighed and exposed to 
an electric potential of 3–6 V for 2 to 16 min. The weight 
of the membrane after each time interval was recorded. The 

(2)W =
(Wwet −Wdry)

Wdry

× 100

Table 1  (SPVA/GO/ZnO Nps/PPy) polymer nano-composite mem-
brane-based actuator: material preparation profile and ion exchange 
capability

S.No. Parameters Inputs

1 Polyvinyl alcohol 4 gm
2 4-Sulfophthalic acid 4 ml
3 Graphene oxide suspension 2 ml
4 ZnO network (nanoZO) suspension 2 ml
5 Pyrrole solution 50 ml
6 Ferric chloride (FeCl 3 ) solution 50 ml
7 Final appearance Dark greenish–

black membrane
8 Water absorption capacity 80.45%
9 Water loss 37.8%
10 Ion-exchange capacity (IEC) 1.79 meq  g−1

11 Proton conductivity 1.69 ×  10−3  Scm−1

Fig. 1  Water absorption of the (SPVA/GO/ZnO Nps/PPy) polymer 
nano-composite membrane at ambient temperature of 26 ± 3  °C and 
at dry temperature of 45 °C
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reduction in water content due to the electric potential was 
determined using the below formula [33] and also in Fig. 2:

where  W1 and  W2 represent the wet membrane weight and 
the membrane weight after the water loss following the 
application of a voltage, respectively.

Water Loss Coupled with Voltage

The ionomeric membrane, (SPVA/GO/ZnO-Nps/PPy), with 
the highest water absorption was exposed to a voltage of 
3–6 V using the potentiostat/galvanostat’s linear sweep vol-
tammetry method. The resulting voltage as well as current 
data were recorded.

Evaluating the Membrane’s Capacity for Proton 
Conductivity

The impedance analyzer connected to potentiostat/galva-
nostat was used to determine the proton conductivity of the 
ionomeric membrane, (SPVA/GO/ZnO-Nps/PPy), with the 
highest water absorption and had dimensions of 1 cm width 
and 3 cm length. The procedure was described in previous 
studies. The proton conductivity (σ) was calculated using 
the following formula [57] (4) as:

(3)Water loss% =
W1 −W2

W1

× 100

(4)� =
L

R × A

where σ is the proton conductivity in S  cm−1; L is the mem-
brane thickness in cm; A is the area of cross-section of poly-
mer membrane, and R is resistance.

Performance of the Ionomeric (SPVA/GO/ZnO‑Nps/
PPy) for Bending Actuation

The ionomeric membrane with the highest water absorption 
was exposed to voltage in the 0–6 V range, and the mem-
brane’s bending efficiency was evaluated.

Ion‑exchange Capacity (IEC) of Ionomeric Membrane

Ion-exchange capacity (IEC) of the (SPVA/GO/ZnO-Nps/
PPy) ionomeric material was measured using the classi-
cal titration method. Firstly, the ionomeric material was 
immersed in 1M  HNO3 for 24 h to convert it into  H+ form. It 
was then neutralized with distilled water and dried at 45 °C. 
The dried material was cut into small pieces and packed into 
a glass column. The ionomeric material was then converted 
into  Na+ form by passing 1M  NaNO3 through the column at 
a slow flow rate of 0.5 ml per min. The dissociated  H+ ions 
were titrated with 0.1M NaOH solution using phenolphtha-
lein as an indicator. The IEC value of the ionomeric material 
in meq  g−1 dry material was calculated using the provided 
formula [57] (5) as:

Electro‑Mechanical Analysis

In order to determine the electro-mechanical properties of 
the (SPVA/GO/ZnO-Nps/PPy) polymer nano-composite soft 
actuator, a test setup was established, and the basic layout 
for the actuation and control of the fabricated actuator is 
shown in Fig. 3. An experimental setup was established to 
determine the electro-mechanical properties of the polymer 
nano-composite soft actuator of (SPVA/GO/ZnO-Nps/PPy), 
and Fig. 3 shows the basic design for the actuator’s actuation 
and regulation.

The polymeric membrane actuator, which measured 
roughly 30 mm by 10 mm by 0.2 mm, was fastened in a 
holder that was positioned in cantilever mode. A digital 
power supply and digital card were used to supply volt-
age to the actuator, and a command control operation was 
used to send an electrical pulse. The voltage was regu-
lated using simple digital-to-analog card software, and 
the input command was sent by delivering voltage up to 
6 V DC. After applying the potential, the membrane tip’s 

(5)
Ion − exchange capacity =

Volume of NaOH consumed ×Molarity of NaOH
Weight of the drymembrane

Fig. 2  Water loss of the (SPVA/GO/ZnO Nps/PPy) polymer nano-
composite membrane at 3–6 V DC
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displacement was measured using a laser-based displace-
ment sensor, which gave feedback as the (SPVA/GO/ZnO-
Nps/PPy) polymer nano-composite soft actuator was being 
operated. Figure 4 shows the bending reactions following 
the application of various voltages.

Table 2 presents the actuator’s tip displacement data, 
and Fig. 5 plots its bi-directional deflection behaviour. The 
deflection behaviour exhibited hysteresis to some extent. 
The actuator’s tip deflection increased as the voltage was 
raised, resulting in deflection faults (hysteresis), which 
were corrected by varying the voltage during the actua-
tion process. The (SPVA/GO/ZnO-Nps/PPy) non-uniform 
behaviour brought on by hysteresis led the deflection under 
positive voltage to be somewhat larger than the equal neg-
ative voltage. By implementing control systems, this was 
reduced. In order to create a stable deflection, the volt-
age cycle was repeated ten times. Grid dimensions on the 
X-axis were 1 V DC and 5 mm deflection on the positive 
and negative sides, respectively.

Fig. 3  Basic GO/SPVA-
nanoZO-PPy polymer nano-
composite soft actuator: control 
and actuation layout

Fig. 4  (SPVA/GO/ZnO Nps/PPy) polymer nano-composite soft actua-
tor stepwise exhibition of bi-directional deflection behaviour

Fig. 5  Experimentally determined (SPVA/GO/ZnO Nps/PPy) polymer nano-composite soft actuator deflection behaviour
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Result and Discussion

This section discusses the findings related to the water 
absorption, water loss, proton conductivity, and ion exchange 
capacities of the (SPVA/GO/ZnO-Nps/PPy) polymer nano-
composite soft actuator. The results of these tests are pre-
sented and analyzed. Additionally, the electro-mechanical 
properties of the actuators are described in detail. The 
section also presents the results of FTIR, XRD, and SEM 
analyses conducted to assess the surface and cross-sectional 
morphologies of the IPMNC. The findings from these tests 
are discussed, highlighting any noteworthy observations and 
insights gained from the analyses. Overall, this section aims 
to provide a comprehensive understanding of the various 
properties and characteristics of the (SPVA/GO/ZnO-Nps/
PPy) polymer nano-composite soft actuator.

Water Absorption, Water Loss, Proton Conductivity, 
and Ion Exchange Capacities of the (SPVA/GO/
ZnO‑Nps/PPy)

The Ion-exchange capacity (IEC) of the (SPVA/GO/ZnO-
Nps/PPy) polymer nano-composite ionomeric membrane is 
a crucial factor in determining how efficiently protons can 
transfer through the ionic channels/sites in the IPMC mem-
brane, which ultimately impacts the actuator’s performance. 
The IEC of the membrane was evaluated and found to be 
approximately 1.79 meq  g−1. The adequate IEC value of 
the IPMC membrane allows for increased water absorption 
capacity and more PPy fixation on both sides of the surfaces 
of the membrane. This uniform loading of PPy on the mem-
brane’s surface reduces its resistance and, therefore, can lead 
to better bending performance. The water loss and water 
absorption capacities of the (SPVA/GO/ZnO-Nps/PPy) poly-
mer nano-composite ionomeric membrane were also evalu-
ated, and the results indicate that the membrane can retain 
approximately 37.8% of water at 6 V for 10 min and absorb 
around 80.45% of water at 45 °C for 24 h. These findings 

provide useful information regarding the membrane’s ability 
to retain water and its impact on the actuator’s performance.

In an ionomeric membrane, proton conductivity signi-
fies the passage of protons  (H+ ions) within its structure. 
This property serves as an indicator of the membrane’s pro-
ficiency in facilitating proton transfer, which, in turn, plays a 
pivotal role in determining the membrane’s actuation capac-
ity. For the polymer nano-composite ionomeric membrane 
(SPVA/GO/ZnO-Nps/PPy), the measured proton conductiv-
ity was determined to be 1.6 mS  cm−1, which demonstrates 
a notably elevated value in comparison to the data presented 
in Table 4 from prior studies [40, 57].

A high value of proton conductivity means that the excess 
 H+ ions in their hydrated form can easily migrate through 
the membrane, resulting in a good actuation capacity. This 
property is crucial for the membrane’s ability to respond to 
electrical stimuli and bend in a controlled manner.

FTIR Analysis

Figure 6a, b show the Fourier transform infrared spectros-
copy (FTIR) spectra of the investigated (SPVA/GO/ZnO-Nps/
PPy) polymer nano-composite ionomeric membrane and 
(SPVA/GO/ZnO-Nps) membrane, respectively. The FTIR 
spectra of the membrane in the range of 400–4000  cm−1 
revealed the presence of functional groups such as GO, 
–SO3H, PVA, and PPy. The characteristic peaks corre-
sponding to the functional groups present in each compo-
nent were observed. For example, the peaks located around 
1050–1150  cm−1 and 1600–1700  cm−1 corresponded to the 
C–O–C stretching and C=O stretching vibrations, respec-
tively, of the sulphonated PVA. A peak at around 3400  cm−1 
corresponded to the O–H stretching vibration of the PVA 
hydroxyl groups.

The FTIR spectrum of nanosized ZnO network (ZnO-
Nps) showed a weak peak at around 400–600  cm−1 corre-
sponding to the Zn–O bond stretching vibration. For GO, the 
characteristic peaks were located around 1000–1100  cm−1 
(C–O stretching vibration), 1200–1400   cm−1 (C–O–C 
stretching vibration), and 1600–1700  cm−1 (C=C stretch-
ing vibration). Polypyrrole (PPy) displayed a peak at around 
1550  cm−1 corresponding to the C=N stretching vibration 
of the pyrrole ring and another peak at around 1460  cm−1 
corresponding to the C=C stretching vibration of the pyrrole 
ring. FTIR can provide useful information about the func-
tional groups present in each component and the interactions 
between the components. There may be additional peaks or 
shifts in peak position due to chemical interactions between 
the components. Figure 6 illustrates the FTIR spectra of the 
(SPVA/GO/ZnO-Nps/PPy) membrane, revealing the func-
tional groups that are present [58, 59].

Table 2  Experimental deflection data of (SPVA/GO/ZnO Nps/PPy) 
polymer nano-composite soft actuator

Experimental deflection of (SPVA/GO/ZnO Nps/PPy) (in mm)

Voltage (V) 0.0 V 1.0 V 2.0 V 3.0 V 4.0 V

Trial 1 0 7.5 8.2 10.5 15.5
Trial 2 0 7.2 8.3 10.3 15.4
Trial 3 0 7.4 8.1 10.4 15.2
Trial 4 0 7.3 8.0 10.3 15.4
Trial 5 0 7.3 8.2 10.5 15.3
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XRD Analysis

X-Ray diffraction analysis (XRD) is a non-invasive method 
that offers comprehensive insights into a material’s crystalline 
framework, chemical formulation, and physical characteris-
tics. Figure 7 illustrates the X-ray diffraction (XRD) spectra of 
three distinct materials: ZnO network (ZnO-Nps) in Fig. 7a. 
Subsequently, the XRD spectra of the ionomeric membrane 
are then shown in Fig. 7b, c, in the absence and presence of 
polypyrrole (PPy), respectively. The spectrum of ZnO-Nps 
shown in Fig. 7a exhibits diffraction peaks that closely mimic 
the distinctive pattern of normal hexagonal wurtzite ZnO [55, 
57]. Strong and distinct peaks in the spectrum suggest that the 
generated nanoflower sample has a highly crystalline shape. 
The obtained spectrum of ZnO-Nps displayed no evident 
additional peaks attributed to impurities.

Furthermore, as in Fig. 7b, the XRD pattern of SPVA/
GO/ZnO Nps showed a broad peak of GO observed around 
2θ = 10° − 25°, corresponding to the (002) plane of the gra-
phene oxide. In addition, sulphonated PVA peaks can be 
observed at around 2θ = 10° − 20°, corresponding to the 
(110) and (200) planes of PVA, respectively. X-ray diffrac-
tion (XRD) investigation of the (SPVA/GO/ZnO Nps/PPy) 
polymer nano-composite ionomeric membrane revealed the 
existence of numerous additional phases in addition to ZnO-
Nps. A broad peak at 2θ = 25° − 35° corresponds to the 
polypyrrole (PPy) is also seen in the spectrum. Compared 
to the prominent ZnO-Nps peaks, these detected peaks for 
the other phases showed considerably lower intensities. In 
the case of the (SPVA/GO/ZnO Nps/PPy) polymer nano-
composite ionomeric membrane, XRD analysis can provide 
information about the structural properties of each com-
ponent in the membrane and the interactions between the 

components. Finally, the (SPVA/GO/ZnO Nps/PPy) polymer 
nanocomposite ionomeric membrane was shown to be amor-
phous in these XRD spectrum examinations [60].

SEM Analysis

Scanning electron microscopy (SEM) is a technique used to 
observe the surface morphology and microstructure of mate-
rials with an operating voltage of 200 kV using a JSM 6510 
LV equipment made by JEOL in Japan. In the case of (SPVA/
GO/ZnO-Nps/PPy) polymer nano-composite ionomeric 
membrane made of GO, Sulphonated PVA, ZnO network 
(ZnO-Nps) and Polypyrrole, the sample is first coated with a 
thin layer of conductive material, typically gold or carbon, to 
prevent charging of the surface during imaging. The coated 
sample is then placed in the SEM, where a focused beam of 
electrons is scanned over the surface. The electrons interact 
with the sample, producing secondary electrons, backscat-
tered electrons, and other signals that can be detected and 
used to generate an image. In the case of nanocomposites, 
SEM can reveal the morphology of the nanoflowers, the dis-
tribution of the graphene oxide, and the overall structure of 
the composite as per the SEM micrograph shown in Fig. 8a; 
upper surface in Fig. 8b and also the cross-sectional presen-
tation in Fig. 8c, d. The image resolution is typically on the 
order of nanometers, allowing for detailed examination of 
the composite structure.

The (SPVA/GO/ZnO-Nps/PPy) polymer nano-composite 
ionomeric membrane’s surface and cross-sectional mor-
phologies are depicted in Fig. 8a–d. At 1000× magnifica-
tions, Fig. 8a, b display the membrane’s surface morphol-
ogy and illustrate the flower-shaped (ZnO-Nps) dispersed in 
the matrix of the membrane. On the other hand, Fig. 8c, d, 
respectively, display the surface and cross-sectional views at 
200× and 100× magnification. The flower-shaped (ZnO-Nps) 

Fig. 6  FTIR spectrum of the synthesized (SPVA/GO/ZnO Nps/PPy) 
polymer nano-composite membrane

Fig. 7  XRD patterns of the synthesized (SPVA/GO/ZnO Nps/PPy) 
polymer nano-composite membrane
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coating is evident on the membrane surface, while the cross-
sectional images show two boundaries: the PPy membrane’s 
outer layer and the inner membrane, which is highlighted in 
Fig. 8d. The Pt coating’s thickness is approximately 137 μm, 
and the whole IPMC membrane is approximately 226 μm 
thick. These images demonstrate the successful coating of 
the (SPVA/GO/ZnO-Nps) membrane with PPy.

EDX Analysis

Figure 9 represents the elemental composition of the synthe-
sized polymer nanocomposite membrane; it was investigated 
during the SEM analysis to confirm the expected elements 
in the membrane. The elemental mapping, as shown in 
Fig. 9a–f, illustrates that Nitrogen (N), Carbon (C), Oxygen 
(O), Sulphur (S), and Zinc (Zn) elements are present in the 
sample. The elemental analysis shows that the ‘N’ element 
is uniformly distributed in the sample, confirming the suc-
cessful PPy coating over the membrane. Moreover, energy 
dispersive X-ray (EDX) reveals all the elements’ peaks pre-
sent in mapping, as shown in Fig. 9g. This outcome further 
strengthens successful synthesis of the polymer nanocom-
posite membrane (SPVA/GO/ZnO-Nps/PPy).

Electro‑Mechanical Analysis

An experimental setup is established for characterizing the 
electro-mechanical behavior of the (SPVA/GO/ZnO-Nps/PPy) 
polymer nano-composite membrane-based actuator. The cus-
tomized control system produces the 0–4 V DC which is sent 
to the (SPVA/GO/ZnO-Nps/PPy) polymer nano-composite 
membrane-based actuator through command control input 
software as depicted in Fig. 3. During supplying the voltage 
(0–4 V DC), the successive bending behaviour at different 
voltages is achieved. The deflection is noted in the interval 

of 1 V DC. Several trials are conducted and the data of tip 
deflection of the (SPVA/GO/ZnO-Nps/PPy) polymer nano-
composite membrane-based actuator are given in Table 2.

Finding the force behaviour of the (SPVA/GO/ZnO-Nps/
PPy) polymer nano-composite membrane-based actuator, a 
mini/digital load weighing scale is utilized to measure the 
force data of the (SPVA/GO/ZnO-Nps/PPy) polymer nano-
composite membrane-based actuator (Make: Citizen, model: 
CX220, Make: India). The voltage range (0–4 V DC) is 
applied to the actuator. During experimentation, the (SPVA/
GO/ZnO-Nps/PPy) polymer nano-composite membrane-
based actuator is put in a horizontal cantilever mode so that 
the tip of the polymer actuator will touch the pan surface of 
the load cell by applying controlled voltage. Several trials (5 
Nos) are conducted and the experimental data are given in 
Table 3; Fig. 10. Through experimentation, it is envisaged 
that the maximum load by this actuator can attain up to 0.2420 
mN as shown in Fig. 10. During experimentation, the error 
of the (SPVA/GO/ZnO-Nps/PPy) polymer nano-composite 
membrane-based actuator has also been diminished and it 
also reveals the excellent repeatability of the force behaviour. 
The repeatability of this actuator is achieved up to 81.06%. In 
Fig. 11, the normal distribution for the (SPVA/GO/ZnO-Nps/
PPy) polymer nano-composite membrane-based actuator is 
displayed, where the standard deviation of the average force 
(F) and the mean values are used to generate the distribu-
tion. This distribution indicates the behaviour of the force 
characteristics of the actuator, specifically its repeatability 
and sharpness. The sharp shape of the distribution indicates 
that the force characteristics of the actuator are consistent 
and have a small degree of variability. Additionally, the good 
repeatability behaviour of the force characteristics suggests 
that the actuator can consistently produce the same level of 
force across multiple trials, indicating its reliability. The com-
parison of different properties with different kind of IPMCs 

Fig. 8  SEM images of the syn-
thesized (SPVA/GO/ZnO Nps/
PPy) polymer nano-composite 
membrane
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is summarized in Table 4. It shows that the properties of the 
(SPVA/GO/ZnO-Nps/PPy) polymer nano-composite mem-
brane actuator is almost better than other types of IPMC based 
on different components of the membrane materials. Table 4 
provides a comparison of various properties among different 
types of IPMCs. The results indicate that the (SPVA/GO/ZnO-
Nps/PPy) polymer nano-composite membrane based-actuator 
exhibits competent properties compared to other IPMCs that 
employ different membrane materials.

Conclusions

The main objective of this article is to present a new type 
of actuator i.e. (SPVA/GO/ZnO-Nps/PPy) polymer nano-
composite membrane-based actuator, and elaborate on its 
development and distinctive properties. To investigate the 
actuator’s structural, morphological, and electro-mechani-
cal features, various techniques were employed. The results 
indicate that the actuator has good actuation performance, 
including force and tip deflection/displacement, as well 

Fig. 9  Represent the images of a mapping of the synthesized (SPVA/
GO/ZnO Nps/PPy) polymer nano-composite membrane b  element 
Nitrogen (N); c  element Carbon (C); d  element Oxygen (O); e  ele-

ment Sulfur (S); f  element Zinc (Zn) and g  EDX spectrum shows 
characteristic peaks of all the expected elements present in (SPVA/
GO/ZnO Nps/PPy) polymer nano-composite membrane

Fig. 10  Experimental force behaviour of (SPVA/GO/ZnO Nps/PPy) 
polymer nano-composite membrane actuator

Fig. 11  Normal distribution curve of (SPVA/GO/ZnO Nps/PPy) poly-
mer nano-composite membrane actuator



Journal of Polymers and the Environment 

1 3

as repeatability with the (SPVA/GO/ZnO-Nps/PPy) poly-
mer nano-composite membrane. Furthermore, the actuator 
exhibits a high capacity for proton conductivity and water 
absorption, a low water loss rate, and a high ion-exchange 
capacity under applied electric potential. The electro-
mechanical analysis reveals that the newly developed nano-
composite membranes can be used to handle soft objects. 
Consequently, this discovery has the potential to pave the 
way for the creation of a micro-gripping system for soft 
robotic applications using the identified membrane.
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