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Textile Actuators Comprising Reduced Graphene Oxide as
the Current Collector

Sujan Dutta, Shayan Mehraeen, Jose G. Martinez, Tariq Bashir, Nils-Krister Persson,*
and Edwin W. H. Jager*

Electronic textiles (E-textiles) are made using various materials including
carbon nanotubes, graphene, and graphene oxide. Among the materials here,
e-textiles are fabricated with reduced graphene oxide (rGO) coating on
commercial textiles. rGO-based yarns are prepared for e-textiles by a simple
dip coating method with subsequent non-toxic reduction. To enhance the
conductivity, the rGO yarns are coated with poly(3,4-ethylene
dioxythiophene): poly(styrenesulfonic acid) (PEDOT) followed by
electrochemical polymerization of polypyrrole (PPy) as the
electromechanically active layer, resulting in textile actuators. The rGO-based
yarn actuators are characterized in terms of both isotonic displacement and
isometric developed forces, as well as electron microscopy and resistance
measurements. Furthermore, it is demonstrated that both viscose rotor spun
(VR) and viscose multifilament (VM) yarns can be used for yarn actuators. The
resulting VM-based yarn actuators exhibit high strain (0.58%) in NaDBS
electrolytes. These conducting yarns can also be integrated into textiles and
fabrics of various forms to create smart e-textiles and wearable devices.

1. Introduction

Electronic textiles (e-textiles) based wearable electronic devices
have gained scientific interest due to their wide range of appli-
cations such as biomedical devices,[1] sensors,[2,3] actuators,[4]
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storage devices,[5] and communication
devices.[6] The electronic components
are integrated into textiles using various
methods, including sewing, twisting, knit-
ting, and weaving.[4,7,8] E-textiles comprise
electrically conductive yarns or fibers,
such as metallic coated yarns,[9,10] includ-
ing stainless-steel comprising yarns,[11,12]

as well as conductive polymer coated
yarns,[11,13] and even yarns coated with
ionically conductive materials such as
ionogels.[14] However, metal-based e-
textiles are heavy, stiff, environmentally
unstable, less corrosion resistant, and
expensive.[11,12,15,16] For commercial uses,
the e-textiles must be conductive as well as
mechanically robust, processable, abrasion
resistant, elastic, mechanically pliable,
connectable, and of low weight.[17]

There are two main strategies to intro-
duce electrical conductivity in the yarns or
textiles, (1) by using metals or intrinsically

conducting polymers (CPs) as filaments in the yarns and (2)
by coating conventional insulating, “passive”, processable yarns
with conductive materials.[18] For the latter, various materi-
als such as CPs,[19,20] CP composites,[21,22] metals,[23,24] and
carbon-based materials,[25] such as carbon nanotubes,[26] carbon
nanopowders,[18] and graphene[27,28] have been used. The coating
strategy offers many advantages for fabricating conductive mate-
rials including adoption to existing infrastructures in the textile
industry of dyeing, easy manufacturing process, low-temperature
processing, low material waste, and relatively low cost.[10]

Recently, graphene has been incorporated into different poly-
meric materials due to its high conductivity and mechani-
cal strength.[29–32] By adopting this concept, graphene was in-
troduced into the textile yarns to make flexible supercapac-
itor electrodes, and flexible wearable physical and chemical
sensors.[2,33–35] However, graphene does not coat well on com-
mon textiles because of their unfavorable interaction.[36] The ox-
idated form of graphene, graphene oxide (GO) is an alternative
for producing textile coatings because it forms stable dispersions
in polar and hydrophilic solvents allowing an efficient dipping
procedure.[37,38] Subsequent reduction is needed to recover the
electrical conductivity.[18,39] For example, Javed et al. reported re-
duced graphene oxide (rGO) on the surfaces of wool and cotton
fibers to create electrically conductive networks.[37] Yun et al re-
ported rGO/cotton yarns to enhance flexibility and electrome-
chanical stability.[39] Cheng et al. developed a graphene-based
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Figure 1. Mechanism of electrochemical strain of textile actuator.

fiber for sensing tensile strain, bending, and torsion.[40] Park et al.
incorporated graphene nanoplatelets containing poly(4-styrene
sulfonic acid) (PSS) via layer-by-layer assembly as a conductive
coating on three different types of stretchable yarns.[41] Here PSS
plays an important role as the aromatic rings of PSS adsorb to the
graphene surface because of hydrophobic and 𝜋-𝜋 interactions.
Moreover, the hydrophilic sulfonic groups of PSS prevent the ag-
glomeration of hydrophobic graphene in polar solvents such as
water. Siavashani et al. reported cotton/lycra textiles coated with
ternary composites of polypyrrole (PPy), silver nanoparticles, and
poly(3,4-ethylene dioxythiophene) poly(styrene sulfonate) (PE-
DOT:PSS) and found that PEDOT:PSS smoothens the surface.[39]

Recently, our group investigated different commercial electrically
conductive yarns to develop textile actuators in order to omit the
initial chemical vapor phase polymerization step.[42] However,
the obtained strain values were quite low ranging from ≈0.01%
to 0.1%.

However, the majority of the mechanically active textile ac-
tuators exhibited relatively low electrical conductivity and low
strain.[4,42] To date, there has been a lack of reported work on
rGO-coated yarn with high strain due to its low conductivity on
the yarn surface. So, to increase the electrical conductivity and
strain, we coated the rGO-coated yarns with PEDOT:PSS. This
is followed by a coating of PPy to provide the electrochemical
volume changes needed to actuate the yarn. PPy undergoes re-
versible electrochemical oxidation and reduction in contact with
the surrounding ionic species.[43,44] This results in a reversible
swelling and deswelling behavior. This behavior mainly depends
on the nature and size of the dopant in the PPy layer, and the
ions present in the electrolyte solution.[45–51] When a PPy actua-
tor is doped with larger anions like dodecylbenzene sulphonate
(DBS−), smaller cations present in the system will move with wa-
ter and penetrate into the PPy layer resulting in elongation on re-
duction (Equation 1). However, when the PPy actuator is doped
with smaller anions (like Cl−), it elongates on oxidation (doping)
and shortens on reduction (dedoping) and the process follows
Equation 2. The mechanism of electrochemical strain is shown
in Figure 1.

PPy+ (A−)+M++e− ↔ PPy0
(
A−M+) (1)

PPy+ (a−)+e− ↔ PPy0+a− (2)

Here, we report scalable, conductive, flexible, and stable rGO
coated viscose yarns and the use of those yarns as flexible textile
actuators. Viscose yarn is a cellulose-based semi-synthetic mate-
rial. Generally, cellulose is derived almost exclusively from wood
pulp. Viscose is an affordable option that is generally blended
with other fibers or yarns, and it is easily dyed. In our study,
we used viscose rotor spun (VR) and viscose multifilament (VM)
yarns with different dtex and number of filaments. First, the GO
was coated on the yarn using dip coating and thereafter reduced
to rGO by chemical reduction. Next, the rGO coated yarn was
coated with PEDOT:PSS to ensure sufficient conductivity of the
yarn and finally, a layer of the electromechanically active polypyr-
role (PPy) was electropolymerized on top to produce the elec-
troactive yarn.[42,52] The surface morphology and electrical resis-
tance of the obtained rGO-PEDOT-PPy yarn were analyzed. The
results showed successful reversible actuation of the electroactive
yarns driven by an electrical voltage. In addition, we compared
two different types of yarn (VR and VM) and studied their actua-
tion behavior in detail. This new electroactive yarn could be used
as a wearable linear actuator and could be woven or knitted into
fabric as a wearable electrical actuator.[4]

2. Experimental Section

2.1. Materials

Viscose rotor spun (VR) Ne 30/1 yarn was purchased from
Annapoorna Cotspin Co., India. Viscose multifilament (VM),
dtex = 150, no of filaments = 44, yarn was purchased from
Cofitex S.A, Spain. Pyrrole was purchased from Sigma, distilled
under vacuum before use, and stored at -20 °C. Polyethylene
glycol (PEG400), dimethyl sulfoxide (DMSO), sodium hydro-
sulfite (SD), and sodium dodecyl benzene sulphonate (NaDBS)
were also purchased from Sigma Aldrich and used as received.
PEDOT: PSS Clevios PH 1000 was obtained from Heraeus Com-
pany. To obtain the PEDOT coating solution, we mixed 20 vol%
of DMSO and 10 wt.% of PEG400 in the PH 1000 PEDOT:PSS
solution. In this work, PEDOT:PSS/PEG/DMSO is denoted as
PEDOT in all cases unless otherwise stated. Graphene oxide
(GO) was purchased from Graphenea, Spain. To prepare the
GO coating solution, 400 mg of GO was dispersed in 100 mL
deionized water in an ice bath using an ultrasonicator. Ultrapure
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Figure 2. Fabrication of the coating setup used to dip coat and collect threads with the baths containing the coating solutions.

water (18.2 MΩ) from Millipore Milli-Q equipment was used in
all experiments.

2.2. Preparation of the Conductive Yarns

For the coating process, a custom-built lab coating setup
(Figure 2) was used. Two different viscose yarns, i.e. VR and VM,
were used. The bare yarn was connected to a tensiometer, which
then passed through a coating bath. After coating, the GO coated
yarn was passed through a heating box to dry. Next, the dried GO
coated yarn was collected manually. The yarn was coated once
at a fixed speed of 1 mm/min. To convert GO to rGO, sodium
dithionite was used as a reducing agent. The GO-coated yarn was
dipped in sodium dithionite solution (50 mM) for 30 min at 90 °C
to obtain a black coating of rGO. Next, the rGO/VR and rGO/VM
coated yarns were rinsed with deionized water to remove any re-
maining salts and dried at 70 °C for 30 min.

After the successful completion of the dyeing, reduction, and
curing process, the rGO coated yarns were coated with the PE-
DOT solution using a dip coating method. This second coating
was applied to enhance the electrical conductivity aiming for im-
proved actuator response. Here, 300 mm long rGO coated yarns
were passed through in a U-shape pipe containing the PEDOT
solution and thereafter left to dry in air for 2 h. Here, both yarns
were coated 4–5 times with PEDOT:PSS solution to keep the PE-
DOT coating density in the range of 2–5 × 10−5 g mm−1. How-
ever, since VM absorbed slightly more PEDOT, it showed slightly
lower resistance. The density of the coated yarns was measured
gravimetrically. The density was calculated at room temperature
using the following equation:

Density =
(
Wf−Wi

)
∕300 (3)

where Wf is the mass (in grams) of the coated yarn after drying
and Wi is the mass (g) of the initial uncoated yarn and 300 is the

length of the yarn in mm to obtain the PEDOT mass deposited
per length.

The resistance of the yarns was measured using a Multimetrix
DMM220 digital multimeter over 60.00±0.01 mm yarn length
by connecting hook clip test probes at the two ends. After the
PEDOT coating, the rGO/VR and rGO/VM yarns were named as
PEDOT/rGO/VR and PEDOT/rGO/VM. It is to be noted that the
PEDOT coating density of both yarns was kept in the range of
2–5 × 10−5 g mm−1. Hence, the strain (%) for a 20 mm electrolyte
is also almost the same (Figure 8a). However, when increas-
ing the immersion of yarns, the PPy/PEDOT/rGO/VM yarn
showed more strain in comparison to the PPy/PEDOT/rGO/VR
yarn. A 60 mm PPy/PEDOT/rGO/VR showed 0.16% strain
(0.095 mm displacement), while PPy/PEDOT/rGO/VM
showed 0.19% strain (0.114 mm displacement), i.e., a 19%
increase for PPy/PEDOT/rGO/VM. This is due to the fact
that PPy/PEDOT/rGO/VM was slightly more conductive as
compared to PPy/PEDOT/rGO/VR.

2.3. Electropolymerization of PPy on the Conductive Yarns

Electropolymerization and cyclic voltammetry of the PE-
DOT/rGO/VR and PEDOT/rGO/VM coated yarns were per-
formed in a single-compartment three-electrode electrochemical
cell. The cell was connected to an Ivium CompactStat.h poten-
tiostat (Ivium Technologies, The Netherlands) and the included
Ivium software was used. The rGO/PEDOT coated yarn acted as
the working electrode and was placed in the centre of the cell.
Stainless steel fabric and a BASi MF-2052 Ag/AgCl (3 M NaCl)
were used as the counter electrode (CE) and reference electrode
(RE), respectively. The electropolymerization was performed
in 0.1 M NaDBS and 0.1 M pyrrole (Py) aqueous solution by
applying a constant current of 0.5 mA through the yarns for
20,000 s at room temperature. To prepare a 60 mm polypyrrole
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Figure 3. The experimental setup to measure the isotonic strain or iso-
metric force.

(PPy) coated yarn, an 80 mm long PEDOT/rGO coated yarn was
set as the WE electrode and the electrochemical cell was filled
up to 60 mm with the polymerization solution. After successful
polymerization, the yarn was rinsed with deionized water and
dried at room temperature for further analysis. In this study,
one fixed polymerization condition was used for all experiments
since the effect of the PPy thickness had been well studied. The
thickness of PPy had significant effects on the performance of
the CP-based actuator.[53,54]

Cyclic voltammograms of yarns were also performed be-
tween -1.2 V and +0.2 V at 10 mV s−1 scan rate at room
temperature using the same setup but in a 0.1 M NaDBS
aqueous solution (without pyrrole monomers). After polymer-
ization of PPy, the PEDOT/rGO/VR yarns will be denoted as
PPy/PEDOT/rGO/VR and PEDOT/rGO/VM yarns will be de-
noted as PPy/PEDOT/rGO/VM.

2.4. Characterization

To investigate the actuation (displacement/strain and force) of
the electroactive yarn, a lever arm with a servo controller (Cam-
bridge Technology Inc. Model 200B, USA) was used (Figure 3).
The lever arm through its associated servo controller was con-
nected to the potentiostat analog-in port and the signal was
recorded using the Nova 2.1 software of the Autolab PGSTAT204
(Metrohm Autolab) used to apply the electrical stimuli. An
80 mm electroactive yarn was firmly clamped into a single-
compartment three-electrode electrochemical cell, where the up-
per part (10 mm) was fixed to the lever arm transducer and
the lower part (10 mm) was inserted through a hole in the bot-
tom of the cell, glued, and electrically connected using the hook
clip to the WE. A stainless-steel mesh was used as CE and a
BASi MF- 2052 Ag/AgCl (3 M NaCl) as RE. The lever arm set-
tings were controlled by the lever arm servo controller and used
to measure isotonic displacement/strain and isometric force,
respectively.

The detailed procedure for actuation measurement is de-
scribed in a previous work.[55] The isotonic strain measurement
was performed at an initial preload (12.5 mN) in the 0.1 M NaDBS
electrolyte solution. We have measured the strain by varying the
electrolyte level. For example, a 20 mm electrolyte level means out
of the 80 mm yarn length, the initial 10 mm was the mechanical

contact portion, the next 40 mm was in the air, then 20 mm length
of yarn was immersed into the 0.1 M NaDBS electrolyte solution,
and the lower 10 mm connected through the hook clip to the WE.
For the actuation study, step potentials (-1.2 V and 0.2 V) were ap-
plied to the electrochemical cell for 600 s. In the same way, the
strain (%) measurements of 30, 40, 50, and 60 mm immersed
yarns were done by adding the required amount of electrolyte so-
lution in the cell. Force measurements were also done using the
same setup but by changing the measurement mode of the servo
controller from isotonic to isometric.

The strain (%) was calculated from the formula:

Strain (%)= ΔL∕L ∗ 100% (4)

where ΔL = displacement of the PPy coated yarn and L is the
starting length of the submerged part. For example, if the yarn
was immersed in a 20 mm electrolyte solution, then its L is
20 mm, and so on.[55]

All yarns were immersed in the electrolyte for 30 min before
the measurement. For each measurement, three samples were
prepared and measured independently. To minimize the gas evo-
lution, we protected the metal contacts (the alligator clips). For
this, the lower part (10 mm) of the yarn was inserted through a
hole in the bottom of the plastic electrochemical cell and glued
and sealed. The electrical contact was made by connecting the
alligator clips to this short section of the yarn protruding from
the cell bottom thereby avoiding any contact with the electrolyte
solution. The protruding section of the yarn was coated with Ag
paint to reduce the contact resistance.

The microstructure and morphology of the yarns were char-
acterized using a scanning electron microscope (SEM, S-4800,
Japan, HITACHI) with an acceleration voltage of 5 kV.

3. Results and Discussion

3.1. Fabrication of Electroactive Yarns

The schematic diagram for the fabrication of the yarns with rGO
is shown in Figure 2. First, a bare yarn was coated with GO, and
then it was reduced in sodium dithionite to form a rGO coated
yarn. The brown colored GO coated yarn changed to black af-
ter the reduction. Next, the rGO coated yarn was coated with
PEDOT from the PEDOT solution. Here, poly(4-styrenesulfonic
acid) (PSS) was adsorbed onto the rGO surface because of the
hydrophobic and 𝜋-𝜋 interactions. Moreover, the sulfonic groups
(−SO3H) of PSS also contribute to the formation of hydrogen
bonds with the unreacted carboxyl groups of rGO.[42] The PE-
DOT coating was confirmed by comparing with the resistance of
the rGO coated yarns with that of the PEDOT coated yarns. The
resistance of PEDOT/rGO/VR and PEDOT/rGO/VM were ≈140
Ω cm−1, and ≈110 Ω cm−1, respectively, whereas both rGO coated
yarns showed very high resistance (≈27 kΩ cm−1). Finally, to de-
posit a layer of PPy on PEDOT/rGO yarn, electropolymerization
was performed in a single-compartment three electrode electro-
chemical cell. The results of rGO coated and PEDOT/rGO coated
yarns are summarized in Table 1.

The characteristic curves of the electrochemical deposition
of PPy on the PEDOT/rGO coated yarns and the correspond-
ing CV curves are shown in Figure 4. The PPy coatings on
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Table 1. Specifications of rGo and rGO/PEDOT coated yarns.

Yarn Resistivity No. of Coatings

rGO/VR ≈27 kΩ cm−1 1a)

PEDOT/rGO/VR ≈140 Ω cm−1 4,5b)

rGO/VM ≈27 kΩ cm−1 1a)

PEDOT/rGO/VM ≈110 Ω cm−1 4,5b)

a)
No of rGO coatings on VR and VM yarns;

b)
No of PEDOT coatings on rGO/VR

and rGO/VM yarns.

both yarns were obtained in 0.1 M NaDBS and 0.1 M pyrrole
aqueous solution by applying a constant current of 0.5 mA for
20 000 s at room temperature. It can be seen in Figure 4a
that initially the potential increased then decreased, and finally
reached a steady potential, which indicates the uniform deposi-
tion of PPy on the PEDOT/rGO coated yarns.[52] However, the po-
tential developed for PPy/PEDOT/rGO/VR was higher (0.68 V)
than PPy/PEDOT/rGO/VM (0.58 V). This can be explained as
PPy/PEDOT/rGO/VM yarns were more conductive in compar-
ison to PPy/PEDOT/rGO/VR yarns (Table 1), which lowered the
potential needed to drive the electrochemical synthesis.

To confirm the electroactivity after PPy coating, the cyclic
voltammetry of the rGO, PEDOT/rGO, and PPy/PEDOT/rGO
coated yarns were also carried out in 0.1 M NaDBS aqueous so-
lution between -1.2 V and +0.2 V versus Ag/AgCl at room tem-
perature. Figure 4b,c show the corresponding cyclic voltammo-
grams for PPy, PEDOT, and rGO coated VR and VM yarns re-
spectively. After PEDOT coating, PEDOT/rGO/VR yarn showed
higher current compared to rGO/VR yarn, including the typical
redox peaks for PEDOT. Moreover, PPy/PEDOT/rGO/VR yarn
showed a sixfold higher current compared to PEDOT/rGO/VR
yarn and the typical PPy redox peaks. Thus, it can be concluded
that after PPy synthesis, a good PPy deposition was achieved on
PEDOT/rGO/VR yarns and PPy was the main source of the elec-
troactivity. Similar observations were also found for VM yarn.
Also, here, PPy/PEDOT/rGO/VM yarn showed higher current in
comparison to rGO/VM and PEDOT/rGO/VM yarns.

We have also calculated the reversible and irreversible con-
sumed charge (C) of rGO, rGO/PEDOT, and PPy/rGO/PEDOT
coated yarns and the data shown in Table 2. As can be seen

Table 2. Reversible and irreversible consumed charge during actuation of
rGO, rGO/PEDOT, and PPy/rGO/PEDOT coated yarns.

Sample name Reversible charge [mC] Irreversible charge [mC]

rGO/VR 0.25 0.84

PEDOT/rGO/VR 2.49 5.09

PPy/PEDOT/rGO/VR 18.26 38.18

rGO/VM 0.25 0.84

PEDOT/rGO/VM 2.82 5.19

PPy/PEDOT/rGO/VM 19.69 53.01

(Figure S2, Supporting Information), by adding PEDOT and
PPy layers the consumed charge per cycle has increased which
is attributed to the thickness of the CP layers. The reversible
charge for PPy/PEDOT/rGO/VR was 18.26 mC, whereas the
irreversible charge was 38.18 mC. However, the reversible
charge for PPy/PEDOT/rGO/VM was 19.69 mC, whereas the
irreversible charge was 53.01 C, which is higher than the
PPy/PEDOT/rGO/VR. The irreversible charges could be due to
hydrogen evolution, but we did not see any hydrogen (bubble)
generation, or oxidation of the silver paint used to reduce the
contact resistance between the yarn protruding from the electro-
chemical cell and alligator clip.

3.2. Surface Morphology

After the different coatings, SEM images were taken (Figure 5).
They confirm the successful deposition of rGO, PEDOT, and PPy
onto the viscose rotor spun and viscose multi-filament yarns. The
SEM images show that after rGO coating, the yarn was not totally
covered or filled with rGO, while PEDOT was able to fill the gaps
between the filaments, thus making the surface smoother and
increasing the conductivity. After PPy polymeriation, a uniform
coating of PPy was achieved along the yarn. A better filling after
PEDOT coating was achieved due to the interaction of -OH func-
tional groups of rGO with the -PSS functional groups of PEDOT.
The high magnification images of the PPy-coated yarns show a
uniform coating (Figure 5c1 and 5f1).

Figure 4. Electrochemical responses of the different yarns. a) Potential generated during electrochemical polymerization of PPy on PEDOT/rGO/VR
and PEDOT/rGO/VM yarns in a three-electrode cell (galvanostatic, 0.5 mA, 20000 s) in a 0.1 M Py, 0.1 M NaDBS solution. Cyclic voltammograms of b)
rGO/VR, PEDOT/rGO/VR, PPy/PEDOT/rGO/VR c) rGO/VM, PEDOT/rGO/VM, PPy/PEDOT/rGO/VM yarns in 0.1 M NaDBS solution between −1.2 V
and +0.2 V versus Ag/AgCl at room temperature.
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Figure 5. SEM images of viscose rotor spun yarns a) rGO/VR b) PEDOT/rGO/VR and c) PPy/PEDOT/rGO/VR yarn d) rGO/VM e) PEDOT/rGO/VM
and f) PPy/PEDOT/rGO/VM yarn at 100× magnification, Scale bar: 200 μm (above) and the corresponding images (a1, b1,c1, d1,e1, and f1) at: 500×
magnification, Scale bar: 50 μm (below).

3.3. Linear Actuation Measurement

In order to investigate the linear actuation of the different yarns,
we performed isotonic strain measurements using a square po-
tential wave of −1.2 V to +0.2 V versus Ag/AgCl for 10 cycles in
0.1 M NaDBS electrolyte at an applied constant load of 12.5 mN.
Yarns coated with only rGO or PEDOT showed very little actu-
ation during oxidation/reduction of a 40 mm immersed yarn

(Figure S1, Supporting Information). This is due to the rGO not
being a good electromechanically active material.

Figure 6 shows the actuation for PPy/PEDOT/rGO/VR and
PPy/PEDOT/rGO/VM yarns during square wave potential step
oxidation/reduction in 0.1 M NaDBS electrolyte solution in the
potential range −1.2 V to +0.2 V under 12.5 mN load. Both types
of yarn show quite similar movement (contraction/expansion),
i.e. reversible contraction during oxidation and reversible expan-
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Figure 6. Strain measurements using a square wave potential for a) PPy/PEDOT/rGO/VR and b) PPy/PEDOT/rGO/VM for 10 cycles in 0.1 M NaDBS
solution in potential range −1.2 V to +0.2 V under 12.5 mN load. The length of the active portion is 40 mm.

sion during reduction. The movement can be explained as the
exchange of cations (Na+), according to electrochemical reac-
tion (1). The upward part of the curve in Figure 6 represents
the expansion (reduction) when Na+ ions migrate from the so-
lution into the PPy layer. The downward curve represents the
contraction (oxidation) when Na+ cations are expelled from the
PPy layer.[25] However, the expansion and contraction peaks were
higher in case of PPy/PEDOT/rGO/VM yarn (0.30%) as com-
pared to PPy/PEDOT/rGO/VR yarn (0.26%). We attribute this to
the higher conductivity of the PEDOT/rGO/VM yarn (Table 1).
Also, the actuation became stable after already 4 cycles for the
VM textile actuator, while this is not the case for the VR yarn.

The effect of electrolyte level on the strain measurement is
shown in Figure 7a,b. A series of experiments have been per-
formed to see the electrochemical actuation of the yarn im-
mersed in the electrolyte solutions. The maximum electrochem-
ical strain for PPy/PEDOT/rGO/VR yarn was 0.58% for a 20 mm
submerged length. The electrochemical strain was decreased
with increasing the submerged length yarn and the values
for 30, 40, 50, and 60 mm active yarn showed 0.38%, 0.26%,
0.22%, and 0.16%, respectively. We also measured the strain
for PPy/PEDOT/rGO/VM yarn and found quite similar obser-
vations to PPy/PEDOT/rGO/VR yarn. The maximum strain of
PPy/PEDOT/rGO/VM for 20, 30, 40, 50, and 60 mm immersed

Figure 7. Measured strain (%) as a function of electrolyte level for a) PPy/PEDOT/rGO/VR and b) PPy/PEDOT/rGO/VM. Displacement for c)
PPy/PEDOT/rGO/VR and d) PPy/PEDOT/rGO/VM.

Macromol. Mater. Eng. 2023, 2300318 2300318 (7 of 11) © 2023 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 8. Actuation comparison of PPy/PEDOT/rGO/VR and PPy/PEDOT/rGO/VM yarns: a) strain (%), b) displacement comparison (reduction value)
(reorganized from Figure 7).

in the electrolyte were 0.57%, 0.38%, 0.30%, 0.24%, and 0.19%,
respectively.

The displacement for both PPy/PEDOT/rGO/VR (Figure 7c)
and PPy/PEDOT/rGO/VM (Figure 7d) was also measured. For
PPy/PEDOT/rGO/VR yarn the displacement was slightly de-
creased with increasing electrolyte level and after 40 mm,
it became constant. However, the displacement values for
PPy/PEDOT/rGO/VM were almost the same throughout the ac-
tive yarn lengths. The reduction of the strain at increasing elec-
trolyte levels can be explained as the strain value is calculated as
ΔL/L* 100%, where ΔL is the displacement of the PPy coated
yarn and L is the electrolyte level. Since the value of the displace-
ment ΔL was almost the same throughout the electrolyte levels,
L, the reduction of the strain value was a consequence of how
the strain is calculated. If L increases, but ΔL remains constant,
ΔL/L* 100% will be decreased. This indicates that only a short
portion of the yarn (<20 mm) was electro-mechanically active as
we have noticed previously.[55]

Figure 8 shows the isotonic strain (a) and displace-
ment (b) compared between PPy/PEDOT/rGO/VR and
PPy/PEDOT/rGO/VM yarns. (Reorganised from Figure 7 and
only the strain (%) and displacement during reduction to easier
compare the two cases.) As it can be seen, the 20 mm immersed
yarns showed almost the same strain. However, when increas-
ing the immersion of yarns, the PPy/PEDOT/rGO/VM yarn

showed more strain in comparison to PPy/PEDOT/rGO/VR
yarn. A 60 mm PPy/PEDOT/rGO/VR showed 0.16% strain
(0.095 mm displacement), while PPy/PEDOT/rGO/VM showed
0.19% strain (0.114 mm displacement), i.e., a 19% increase for
PPy/PEDOT/rGO/VM.

3.4. Force Measurement

The isometric force generation during redox cycling was mea-
sured in a 30 mm electrolyte level with the applied potential var-
ied between −1.2 V and +0.2 V (Figure 9). A reversible force
of 28.2 mN was generated for a 30 mm PPy/PEDOT/rGO/VR
single yarn. In addition to the reversible isometric force, a drift
was present, visible as a negative slope. This is due to the
pre-stretching that causes a stress relaxation transient, which
is also seen by others.[56] However, in the case of strain (%),
pre-stretching implies a creep transient and shows a positive
slope drift. Figure 9b shows the developed isometric forces (mN)
for PPy/PEDOT/rGO/VM yarn, in which the generated force is
38.55 mN for a 30 mm single yarn. However, the creep behavior
remained same for both yarns.

Next, we studied the effect of the electrolyte level of yarn on
force measurement. As can be seen in Figure 10a, the developed
isometric force for PPy/PEDOT/rGO/VR yarn was decreased

Figure 9. Developed Isometric forces (mN) of the actuator versus time (s) for a) PPyPPy/PEDOT/rGO/VR and b) PPy/PEDOT/rGO/VM for 10 cycles in
0.1 M NaDBS solution under 150 mN load. The submerged length is 30 mm.

Macromol. Mater. Eng. 2023, 2300318 2300318 (8 of 11) © 2023 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 10. Developed isometric forces for a) PPy/PEDOT/rGO/VR b) PPy/PEDOT/rGO/VM. c) comparison of isometric developed forces (reduction
value) as a function of the electrolyte level (reorganized from 10 a and b).

with increasing the submerged length yarn and the values for 20,
30, 40, 50, and 60 mm active yarn showed 28.5, 28.2, 24.9, 21.9,
and 18.2 mN, respectively. For PPy/PEDOT/rGO/VM, the yarn
showed a similar decrease in force with increasing electrolyte lev-
els (Figure 10b). The maximum forces of PPy/PEDOT/rGO/VM
for 20, 30, 40, 50, and 60 mm immersed in the electrolyte were
38.5, 38.6, 38, 33.5, and 27 mN, respectively.

The comparison of isometric force between
PPy/PEDOT/rGO/VR and PPy/PEDOT/rGO/VM yarns is shown
in Figure 10c. It can be seen that PPy/PEDOT/rGO/VM yarn gen-
erated more force as compared to PPy/PEDOT/rGO/VR yarn. For
instance, the force for a 20 mm active of PPy/PEDOT/rGO/VR
is 28.5 mN and PPy/PEDOT/rGO/VM is 38.5 mN, thus show-
ing a 35% increase for PPy/PEDOT/rGO/VM yarn. This
high difference in generated force is attributed to the higher
conductivity of PPy/PEDOT/rGO/VM yarn as compared to
PPy/PEDOT/rGO/VR.

We also plotted charge versus time curves for the two samples.
Figure 11a shows the comparison of consumed charge during
the strain measurement for one of the replicates that are shown
in Figure 6a,b as an example. Similarly, Figure 11b shows the
comparison of the consumed charge during the force measure-
ments for one of the replicates that are shown in Figure 10c of the
manuscript as an example. For a 40 mm submerged length, both
PPy/PEDOT/rGO/VR and PPy/PEDOT/rGO/VM transferred a

similar charge. This observation was also found when we plot-
ted the charge (C) versus electrolyte level (Figure 11c). With in-
creasing electrolyte levels, the consumed charge also increased
until 40 mm, and after that it becomes constant. In most of
the cases, we found that the consumed charge in the case
of PPy/PEDOT/rGO/VM is larger than PPy/PEDOT/rGO/VR,
which explains why the PPy/PEDOT/rGO/VM yarn has a larger
displacement. Also, the consumed charge (C) versus electrolyte
level shows the same trend as the strain and force versus elec-
trolyte level which supports the conclusion that indeed the
plateau seen in the strain and force data is caused by the iR drop.

4. Conclusion

Here, we reported a textile actuator fabricated by simple coat-
ing with rGO and PEDOT, followed by PPy electropolymeriza-
tion, which is a facile, cost-effective way to produce soft actua-
tors. rGO can be applied on two types of viscose yarn (VM and
viscose rotor spun). After PEDOT coating the resistance of the
rGO coated yarns (27 kΩ cm−1) was reduced to ≈140 Ω cm−1,
and ≈110 Ω cm−1 for PEDOT/rGO/VR and PEDOT/rGO/VM re-
spectively. Next, we demonstrated that such rGO coated yarns
can be used to make soft actuators, i.e., electroactive textile
actuators. The actuator yarns were characterized electrochem-
ically and using electron microscopy as well as both isotonic

Figure 11. Charge (C) measurements using a square wave potential for PPy/PEDOT/rGO/VR and PPy/PEDOT/rGO/VM during a) strain and b) force
measurements for 10 cycles in 0.1 M NaDBS solution in the potential range −1.2 V to +0.2 V under 12.5 mN load for 40 mm electrolyte level. c)
Comparison of the consumed charge of PPy/PEDOT/rGO/VR and PPy/PEDOT/rGO/VM yarns during strain measurement (during reduction half cycle)
for various electrolyte levels (submerged lengths).

Macromol. Mater. Eng. 2023, 2300318 2300318 (9 of 11) © 2023 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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displacement and isometric developed forces. SEM images con-
firmed the uniform deposition of PPy along the yarns. Both
PPy/PEDOT/rGO/VR and PPy/PEDOT/rGO/VM yarns showed
good electrochemical strains of 0.58% and 0.57%. The force for
a 20 mm active yarn of PPy/PEDOT/rGO/VR was 28.5 mN and
of PPy/PEDOT/rGO/VM was 38.5 mN, thus showing a 35% in-
crease for the PPy/PEDOT/rGO/VM yarn, which we contribute
to higher conductivity of the coated VM yarn. Our study shows
that rGO also is an interesting material to use as a (first) conduc-
tive coating layer to make conductive yarns and textile actuators.
This opens thus new perspectives in the development of textile
yarns with enhanced conductivity and/or actuation with possible
applications in the field of smart textile materials.
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