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A B S T R A C T

Wearable energy storage devices (ESDs), like batteries, supercapacitors, and hybrids, are currently being 
explored as possible energy storage solutions for flexible electronics. Textile-based composites show significant 
potential as electrode materials for ESDs that may lead to the development of smart clothing. However, current 
methods employed for the deposition of active materials onto textiles show substantial inconsistency, leading to 
varying electrochemical performance in ESDs, thereby limiting their applicability. Addressing this challenge by 
achieving uniformity in thin coatings is key to improving the reliability and efficiency of ESDs. This study in
troduces an innovative method for fabricating fully flexible supercapacitors (SCs) with enhanced performance by 
utilizing 3D-printed frames to produce wrinkle-free, uniformly coated textile electrodes through a modified 
hydrothermal dip-coating technique. The approach adopted in this study ensures a uniform coating of the 
electrode, as revealed by FESEM. XRD study confirms that the layer structure of the electrode materials provides 
a maximum active surface area for electrochemical performance. Rheological analysis informed that moderate 
shear rates in the viscosity function reveal an apparent transition to a local shear thickening behaviour. Elec
trochemical characterization of the fabricated fully flexible SCs reveal impressive metrics, including a specific 
capacitance (Cs) of 20.39 Fg− 1, an energy density (Ed) of 2.54 Wh kg− 1, and a power density (Pd) of 160 W kg− 1. 
These SCs demonstrate better stability under mechanical deformation, maintaining 91% Coulombic efficiency 
even when twisted to 180◦. SC can retained Cs up to 95%, 84%, 91.7%, 88%, and 94%, stability after 5000 cycles 
under various conditions such as no-load, twisting, bending, folding, and washing, respectively. 3D printing- 
assisted coating method paves the way for creating high-performance, fully flexible SCs.

1. Introduction

The potential uses of wearable electronics in healthcare, defense and 
fashion industries, among others, have recently garnered attention 
[1–4]. Most commercially available wearables are not fully flexible due 
to power source limitations (such as batteries, supercapacitors, etc.). 
Upon loading, these power sources encounter significant loss in power 
delivery owing to crack formation/ disintegration/ buckling/ delami
nation in the electrodes [5]. This limits the advancement of wearable 
electronics in building fully flexible TVs, smartwatches, smartphones, 
etc. [6]. Therefore, the key to developing fully flexible wearables lies in 
building flexible electrodes for batteries/supercapacitors that can retain 
the capacity of the power source under load. Till date, extensive research 
has focused on building such flexible electrodes based on substrates that 
include metal foil [7,8], paper [9], fibre [10], fabric materials [11], etc. 

Additionally, textile-based supercapacitors (SCs) have been an area of 
active research owing to their ability to provide excellent electro
chemical and mechanical properties. The inherent 3D porous structure 
of the textile allows electrode mass loading and significantly easier ion 
movement in the electrodes [12–14]. Electrode fabrication methodology 
is one of the most crucial steps for ensuring high-capacity retention of 
SCs under load. Coating the electrode materials onto the surfaces of 
textiles is very challenging, as the coating process itself can greatly in
fluence the overall electrochemical behaviour of the SCs. The commonly 
used coating techniques, such as dip coating [15], doctor blade coating 
[16], screen printing [17], drop casting [18], spray coating [19], etc.

Among these techniques, dip coating is widely used since it offers a 
simple and scalable approach for depositing active materials (such as 
carbonaceous materials, metal oxide, and conductive polymer) to syn
thesize conductive ink onto the textile [20]. The amount of deposited 
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conductive ink is determined by the surface properties of the textile, 
such as its porosity, surface area, conductivity, chemical functionaliza
tion, hydrophilicity/hydrophobicity [21,22], adhesion [23], etc. Several 
studies have explored the potential of dip-coated textiles for SCs elec
trodes. Hu et al. [24] demonstrated that single-walled carbon nanotube 
(SWCNTs) onto fabric by dip coating and reported a low electrical sheet 
resistance of (<1 Ω sq.− 1). The resulting electrode exhibited a specific 
areal capacitance of 35 mF cm− 2 at a current density of 0.01 mA cm− 2 

with a mass loading of 0.47 mg cm− 2. Pasta et al. [25] employed a 
similar approach for SWCNT-based electrodes, reporting a specific 
capacitance of 70 F g− 1 at 0.1 mA cm− 2. Yu et al. successfully deposited 
~5 nm-thick exfoliated graphene onto polyester fabric using a “dip and 
dry” method, demonstrating its effectiveness for SCs applications [26]. 
Further studies have highlighted the importance of multiple dip-coating 
cycles for optimizing electrochemical performance. Fu et al. [27] used 
different fabric-based electrodes, including Ni wires, carbon fibers, and 
Au-coated plastic fibers, finding that multiple dip-coating layers were 
necessary to achieve high capacitance. Jian et al. [28] synthesized Ni3S2 
on Ni wire electrodes and employed carbon-ink-dipped Ni wire as the 
counter electrode, achieving a specific capacitance of 34.9 F g− 1, an 
energy density of 8.2 Wh kg− 1, power density of 0.81 mWh kg− 1, and 
93.1% capacitance retention after 3000 cycles. Zhou et al. fabricated 
electrodes for SCs by dipping cotton fibre thoroughly (five times) in a 
reduced graphene-oxide solution that showcased a specific capacitance 
of 5.53 F cm− 2 [29]. Ye et al. addressed challenges in dip-coating cotton 
yarns with rGO by uncoiling individual fibers before dipping, resulting 
in a flexible SCs with a capacitance of 1.85 mF cm− 3 and excellent rate 
performance [30]. Barakzehi et al. also deposited rGO on PET/MOF 
surface by six times ‘dip and dry’ cycles [31]. Moradi et al. added Fe3O4 
with graphite to improve the specific capacitance, followed by a similar 
methodology to deposit active materials on copper foil. Fe3O4/graphite 
showed a Coulombic efficiency with 99% retention after 40 cycles [32]. 
Deng et al., reported that dip-coating Ni foam twice with a reduced Holy 
graphene oxide (rHGO)/NiO electrode solution significantly improved 
capacitance [33]. Lee et al. explored the composition of rGO/multi- 
walled carbon nanotube (MWCNT) in addition to PEDOT: PSS as an 
electrode material to study the effect of multiple dip-coating cycles. 

Initially, the specific capacitance was increased as the number of cycles 
of dip-coating increased. The optimal number of cycles for dip coating 
was determined to be five, as this caused excessive mass loading, making 
it difficult for the flexible fabric to recover its original shape [34].

Despite the promising performance of dip-coated textile electrodes, 
significant variability remains in the deposition of active materials, as 
schematically illustrated in Fig. 1. This inconsistency leads to fluctua
tions in electrochemical performance, making it challenging to achieve 
uniform, high-performance coatings. To respond to this issue, we have 
developed a 3D printing-assisted frame (Supplementary Video 1). This 
frame facilitates the deposition of a uniform coating of the electrode, 
enabling precise material deposition via a single dip method. The 
effectiveness of this approach is validated through structural and elec
trochemical characterization of the coated textiles and their perfor
mance under mechanical deformation. Fig. 2 illustrates the overview of 
the work.

2. Materials & methodology

2.1. Materials

The active materials for electrode preparation included graphite fine 
(60 mesh) (Loba Chemie Pvt. Ltd., India), acetylene black (Thermo 
Scientific, USA), Polyvinyl alcohol (PVA, India), and sulfuric acid 
(H2SO4, Sigma Aldrich, US). The textile substrate, polyethene tere
phthalate (PET, India) textile, was sourced from recycled textiles.

2.2. Preparation of electrode materials

The conductive ink was prepared by dispersing graphite, acetylene 
black, and polyvinylpyrrolidone (PVP) in an 8:1:1 ratio in deionised 
water (DIW), followed by continuous stirring using a magnetic stirrer for 
24 h at 1500 rpm. Simultaneously, various textile samples were 
collected from waste and cut into the desired shapes, which is a cost- 
effective solution [35]. These textiles were thoroughly rinsed with 
DIW to eliminate stains, impurities, and residual contaminants, followed 
by oven drying for 1 h to ensure complete moisture removal.

Fig. 1. Schematic of conventional dip coating methodology, illustrating the process flow and emphasizing the limitation of inconsistent coating distribution across 
the textile.
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2.2.1. Flexible electrode fabrication
The key to achieving uniformity in coating active materials on tex

tiles lies in ensuring that the textile is uniformly wetted and dried by the 
active materials, making it wrinkle-free and fully flexible. To achieve 
this, a customized 3D-printed frame with a sliding mechanism was 
developed. The 3D-printed frame is the primary innovation of this work, 

generating consistent mechanical tension in the textile. The frame is 
fabricated using a lightweight PLA (polylactic acid) filament with a layer 
resolution of 0.2 mm. It consists of two opposing rails and a sliding 
carriage mechanism. This mechanism is designed to maintain the 
wrinkle-free surface of the textile during electrode deposition. The 
textile is held in the movable clamp. Then the movable clamps slide 

Fig. 2. Provide an overview of the work, along with its potential applications.

Fig. 3. Detailed schematic illustrating the fabrication stages of a textile-based flexible supercapacitor, highlighting the integration of 3D printed frame, autoclave 
treatment, flexible electrode preparation, gel electrolyte synthesis, and final device assembly.
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along a predefined path inside the fixed clamp (Fig. S2). Then the textile 
is stretched fully and locked in place. This frame provided a stable 
platform for mounting the textile before depositing the conductive ink, 
preserving its structural integrity throughout the experiment. This 
controlled tension prevents wrinkle formation and ensures a smooth, 
straight surface, as shown in Supplementary Video 1. Additionally, it 
facilitated precise alignment and maintained the necessary tension, 
keeping the textile straight, taut, and evenly supported. This stability 
was essential for ensuring uniformity across the textile surface and 
played an important role in achieving a uniformly coated surface. Sup
plementary Video 1 demonstrates the working of the frame. The sliding 
clamp mechanism provides precise and repeatable tension control on 
the surface. This mechanism distinguished our approach from the con
ventional method.

To achieve a uniform, smooth, and wrinkle-free surface without 
brittle regions, a modified dip-coating process was employed, as shown 
in Fig. 3. The hydrothermal process was used to enhance the adhesive 
bond between the electrode and the textile. The textile was mounted on 
the frame and dipped in conductive ink. Then the dipped textile was 
placed in an autoclave and heated in a hot-air oven at 80 ◦C for 12 h to 
facilitate drying. After cooling, the textile was carefully removed from 
the frame and subjected to a secondary drying step at 50 ◦C for 2–3 h 
under ambient conditions.

2.2.2. Electrolyte preparation & fabrication of SCs
A gel electrolyte was used in this work for the fabrication of SCs. The 

PVA/H2SO4 gel serves as an electrolyte and a separator, thereby 
remarkably reducing the overall cost and weight of SCs. Moreover, the 
gel electrolyte effectively prevents leakage, thereby enhancing the 
safety and flexibility of the SCs.

For the preparation of gel electrolyte, 3 g of PVA was dissolved in 30 
mL of DIW and heated at 85 ◦C until fully dissolved. Subsequently, 3 g 
H2SO4 was gradually added to the solution. The resultant gel electrolyte 
was then sandwiched between two symmetric flexible electrodes to 
fabricate fully flexible SCs (Fig. 3).

2.3. Characterization techniques

Surface morphology of the coated textile was characterized using FEI 
Quanta FEG 250 field emission scanning electron microscopy (FESEM). 
X-ray diffraction (XRD) was carried out using Bruker D2 Phaser to 
analyze the crystal structure and phase. To understand the chemical 
composition and structural defects of electrode material, Raman Spec
troscopy (HORIBA, AIST-NT, Labram HR Evolution, Omega Scope) was 
analyzed. To gain insight into the properties of the electrode and elec
trolyte, we conducted rheological characterization using an Anton Paar 
(Graz, Austria) rotational rheometer with a profiled bob and cup 
measuring geometry (CC27/P6). The cup has an inner diameter of 29 
mm, while the bob has an outer diameter of 27 mm. The measurements 
were carried out in a single motor-transducer configuration at 23 ◦C. For 
the evaluation of the electrochemical behaviour of the SCs, an AUTOLAB 
PGSTAT203N (Metrohm) was used for cyclic voltammetry (CV), galva
nostatic charging & discharging (GCD), and electrochemical impedance 
spectroscopy (EIS).

These measurements were performed at an open-circuit potential 
across the frequency range of 0.01 Hz to 100 kHz at a 5 mV open-circuit 
potential (OCP). The specific capacitance (Cs), CV, and GCD results were 
calculated based on Eqs. (1)–(2) as follows [10,36]: 

Cs =

∫ V2
V1

i(V) dv
2*mγΔV

(1) 

Cs =
IΔt

mΔV
(2) 

For CV, the Cs is derived from the area under the curve by integrating 

∫ v2
v1

i(v) dv where V1 and V2 represent the lower and higher window 
voltage limits. Here, m signifies the mass of the active electrode mate
rials, γ indicates the applied scan rate, and ΔV is the potential window. 
For GCD curves, I is the discharge current (A), and Δt is the discharging 
time in seconds. The energy density (Ed) and power density (Pd) are 
computed using Eqs. (3)–(4) respectively. 

Energy density,Ed =
Csp∇v2

7.2
(3) 

Power density,Pd =
Ed*3600

Δt
(4) 

3. Results & discussion

The rheological properties of the electrolyte and electrode materials 
provide insight into the material design requirements for achieving 
optimal textile integration and enhanced electrical performance and 
reproducibility. The viscosity functions depicted in Fig. 4(a) show 
markedly different material behaviour. The electrolyte (Fig. 4(b)) ex
hibits a standard zero-shear viscosity plateau followed by progressive 
shear thinning. We note, however, that within the shear rate range 
investigated, a range that includes shear rates relevant to dip-coating 
operations, the steady shear viscosity of the electrolyte varies by only 
20–40%, making the coating thickness uniformity less sensitive to the 
withdrawal speed [37]. The strain amplitude sweep data in Fig. 4(d) 
shows a viscous-dominated viscoelastic material response, G″≫ G′, but 
with a measurable storage modulus G′. In contrast, the electrode mate
rial (Fig. 4(c)) potentially shows a more complex material rheological 
response. The viscosity function at low shear rates in Fig. 4(a, b) 
together with the gel-like linear viscoelastic response in Fig. 4(d) con
firms the presence of a yield stress. Interestingly, moderate shear rates in 
the viscosity function reveal an apparent transition to a local shear 
thickening behaviour. While we have observed drying of the free surface 
of the sample during testing, we note that a strain-stiffening behaviour 
could be observed at shear strain amplitudes that correspond to shear 
rate amplitudes very similar to the thickening range observed in steady 
shear. By considering the crossing between the dynamic moduli in 
nonlinear viscoelastic region of the strain amplitude test as an approx
imate measure of a breaking point of the network responsible for the gel- 
like behaviour, it could be inferred that this corresponds to the transition 
between the shear thinning and shear thickening regions of the viscosity 
function. We note that the approximate measure of this critical strain 
amplitude is due to the fact that linear viscoelastic moduli are deter
mined under the hypothesis of a sinusoidal material response, which is 
not valid in the nonlinear region.

Fig. 5 compares the textile electrodes obtained via conventional dip 
coating with those obtained using a modified approach with a 3D 
printing-assisted setup. In the case of conventional dip coating, notice
able agglomerations of active material are evident on the textile surface 
even before mechanical deformation, indicating non-uniform deposi
tion. In contrast, the 3D printing-assisted method yields a smooth, ho
mogeneously coated textile with no visible agglomeration. To evaluate 
mechanical robustness, a qualitative twisting deformation was applied 
to both samples. The conventionally coated textile showed significant 
material detachment during twisting (highlighted by the red circle), 
demonstrating poor adhesion and mechanical integrity. Conversely, the 
textile coated using the 3D printing-assisted method remained intact and 
wrinkle-free, maintaining uniformity under mechanical stress. This 
improvement can be attributed to the 3D-printed customized frame, 
which provided structural support and maintained constant tension, 
ensuring the textile remained flat, aligned, and evenly supported 
throughout the coating process. Additionally, a hydrothermal treatment 
was employed at pressure and temperature to further enhance the 
adhesion between the conductive ink and the textile substrate. The 
following sections provide a detailed analysis of the surface morphology 
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and electrochemical performance of the resulting electrodes. Supplementary Video 2 demonstrates the electrode deposited through 

Fig. 4. Flow curve of the electrode and electrolyte. (a) Viscosity of the graphite electrode and gel electrolyte solution as a function of shear rate. (b) Storage modulus 
(G′) and loss modulus (G″) as a function of Strain amplitude (γ0) for both materials at 6 rad/s.

Fig. 5. Demonstration of the differences between conventional dip coating and 3D printing-assisted modified dip coating, highlighting the twisting effect before 
and after.
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conventional dip coating, while Supplementary Video 3 represents the 
electrode deposited using our approach.

3.1. Flexible electrode characterization

3.1.1. Surface morphology of flexible electrode via imaging
Figs. 6–7 presents the top-view and edge-view surface morphology of 

the fabricated flexible electrode. As shown in Fig. 6, high-resolution 
imaging reveals a uniform and continuous coating of graphite ink 
across the textile surface. The initial thread thickness of the pristine 
textile specimen analyzed was approximately 10.71 μm, which 
increased by around 2.37 μm after the coating process, indicating a 
consistent deposition of the active material. The graphite ink appears 
evenly distributed across the entire textile, with a well-defined graphitic 
layer enveloping the individual fibers. Further magnification reveals a 
distinct layered structure, suggesting strong adhesion between the 
deposited graphite and the textile substrate. Such a morphology is ad
vantageous, as previously reported studies have shown that a layered 
architecture not only enhances the available active surface area for 
electrolyte ion absorption [38]. These behaviours are essential for 
electric double layer capacitance as ions can penetrate between the 
sheets and generate a compact Helmholtz layer at the electrode- 
electrolyte surface. The Helmholtz layer facilitates ion transport and 
also enables charge accumulation during the electrochemical process. 
The layered structure of the control samples correlates with a lower 
current response in the electrochemical behaviour [39]. This nature 
confirms that surface texture and ion accessibility strongly influence 
capacitive performance. The combination of the 3D printing-assisted dip 
coating method and subsequent hydrothermal treatment is likely 
responsible for the enhanced coating uniformity and improved adhe
sion. As a result, the overall electrode structure and electrochemical 
integrity were improved.

To obtain a more detailed insight into the coating quality, an edge- 
view analysis was carried out for the uncoated textile (Fig. 7(a)), 
coated textile (Fig. 7(b)), and coated textile after electrolyte deposition 
(Fig. 7(c)).

Fig. 7(a) exhibited the thickness of the pristine textile of ~60 μm. 
Upon application of the graphite ink, an evenly coated textile was 
observed similarly to Fig. 6. The porous architecture of the textile 
facilitated enhanced absorption of the conductive ink during the hy
drothermal process, enabling a more uniform and dense coating over a 
larger surface area than that achieved by conventional dip-coating 
methods, as illustrated in Fig. 7(b). The deposition of the gel electro
lyte, as shown in Fig. 7(c), effectively penetrates through the electrode. 
This is accelerated by the layered structure of the electrode material, 
which forms an extensive network of pathways [40]. These pathways 
enable the electrolyte to access a maximum surface area of the electrode, 
thereby enhancing the interaction between the electrode and the elec
trolyte interface. As the electrolyte permeates the structure, it interacts 
with a greater number of electrochemically active sites, promoting more 
efficient ion transport and redox reactions. This increased interfacial 

area and improved ion accessibility significantly boost the charge stor
age capacity, thereby enhancing the overall performance of the SC. This 
is further explained in Section 3.2.

3.1.2. Crystal structure and chemical defects of flexible electrode
Raman spectroscopy was employed to analyze the structural char

acteristics of the graphite-coated textile, which is presented in Fig. 8(a). 
The Raman spectrum displays prominent peaks corresponding to the 
first-order D band (~1336 cm− 1), first-order G band (~1581 cm− 1), and 
the second-order 2D band (~2688 cm− 1). Additionally, weaker peaks 
observed at ~1096 cm− 1 and ~1728 cm− 1 are attributed to the un
derlying textile substrate. Compared to previously reported values [41], 
the slight redshift of the D band suggests strong interfacial interaction 
between the graphite and the textile substrate. The intensity of the G 
band was higher than the intensity of the D band, where the ID/IG ratio 
was 0.39. This value suggests a higher degree of graphitization and the 
formation of fewer structural defects in the deposited graphite [42]. This 
ratio also implies good uniformity and consistent layer distribution of 
the graphite ink on the textile surface [43].

The XRD analysis was performed to investigate the structural char
acteristics and phase composition of the flexible electrode, as depicted in 
Fig. 8(b). Prominent diffraction peaks observed at 2θ values of 27.2◦, 
42.6◦, and 46◦ correspond to the (002), (100), and (101) crystal planes 
of graphite, respectively, in accordance with JCPDS Card No. 75-1621. 
The interplanar spacing (d spacing) for the (002) plane at 27.2◦ was 
calculated using Bragg's law, yielding a value of approximately 0.377 
nm [44]. This is in agreement with previously reported values for 
graphitic materials [45], indicating that the hydrothermal process did 
not disrupt the crystallinity of the graphite structure. Furthermore, the 
hydrothermal treatment is believed to have enhanced the uniformity of 
the coating by promoting controlled nucleation and deposition of the 
graphite, thereby preventing the formation of agglomerates or uneven 
layers. This uniform and thin coating also contributed to improved 
mechanical integrity of the flexible electrode, as evidenced by its strong 
adhesion to the textile substrate (Fig. 5). In addition, diffraction peaks 
exhibited at 2θ of 17.1◦, 22.6◦ and 26.2◦ were observed, corresponding 
to the (010), (110), and (100) planes of the textile material, confirming 
the preservation of the fabric structure beneath the conductive layer.

3.2. Electrochemical analysis

To comprehensively asses the electrochemical behaviour of the 
fabricated SCs using flexible electrodes synthesized by our approach, a 
series of electrochemical characterization were employed. These 
included cyclic voltammetry (CV), galvanostatic charging discharging 
(GCD), and electrochemical impedance spectroscopy (EIS). Addition
ally, the effect of mechanical deformation, specifically twisting the SCs 
at various angles, on their electrochemical behaviour was investigated. 
For CV analysis, measurements were conducted at scan rates of 5, 10, 50, 
and 100 mV s− 1 within a potential range of − 0.4 to 0.4 V. GCD tests were 
performed at current densities of 0.018 and 0.02 A g− 1 within a voltage 

Fig. 6. FESEM analysis of graphite-coated textile electrode: Surface morphology showing homogeneous graphite layer on the textile substrate; magnified image of 
graphite ink distribution, revealing features; multilayer graphite sheet formation through textile cross-section, demonstrating exfoliated deposition of graphite sheet.
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window of 0.8 V to assess charge-discharge behaviour. The negative 
potential window was selected because graphite exhibits the most stable 
and reversible electric double-layer behaviour under cathodic polari
zation [46,47]. EIS analyses were conducted over a frequency spectrum 
ranging from 0.01 Hz to 100 kHz, with an applied amplitude of 5 mV, 
under open circuit potential (OCP) conditions.

The electrochemical performance of a fabricated electrode was 
compared with the presented method against the conventional dip 
coating process. The SC using both electrodes was electrochemically 
characterized, including CV, GCD, and EIS. This analysis is represented 
in Fig. S1. Fig. S1(a) reveals that the electrode synthesized through this 
approach exhibits 17.6% higher Cs. Additionally, GCD analysis (Fig. S1 
(b)) shows 17.9% higher Coulombic efficiency. Fig. S1(c) represents the 
EIS analysis of both cases. The nature of the curve indicates relatively 
better charge storage and ion transport compared to the conventionally 
dip-coated electrode. Based on this performance, subsequent in
vestigations focused on SC fabricated using the approach method. 
Furthermore, the electrochemical characterization of SCs was evaluated 
under various mechanical deformations, including twisting, bending, 
folding, and repeated washing, to understand their mechanical robust
ness for real-world wearable electronics applications. Supplementary 
Video 4 represents the twisting condition, whereas Supplementary 
Video 5 represents the bending condition.

3.2.1. Insights from cyclic voltammetry (CV)
To evaluate the specific capacitance (Cs) of the developed super

capacitors (SCs) under different mechanical deformations, cyclic vol
tammetry (CV) measurements were performed on samples subjected to 

twisting angles of 60◦, 120◦, and 180◦, as well as on untwisted samples. 
The corresponding CV curves are presented in Fig. 9(a–d), which is 
nearly rectangular in shape. The near-rectangular shape at low scan 
rates indicates electric double-layer capacitance arising from rapid 
adsorption–desorption of electrolyte ions at the carbon-rich surface. The 
gradual deviation from ideal rectangularity at higher scan rates reflects 
increased resistance and diffusion limitations in the pore network [48]. 
The nature of CV curves indicates the capacitive behaviour of the elec
trode material. It is also noted that the capacitive behaviour is domi
nated by surface charge accumulated at the electrode-electrolyte 
surface. There are no such peaks observed in CV curves, which dem
onstrates that no redox reaction occurs inside the materials [49].

As the twisting angle increased, a gradual reduction in the integrated 
region within the CV curve was observed. This curve shows the stability 
with a gradual decrease at 180◦, particularly at higher scan rates. This 
reduction signifies a drop in electrochemical performance due to me
chanical strain. Nevertheless, the SCs maintained stable operation over 
different scan rate, suggesting that the electrode integrity remained 
largely intact unlike in the case of conventional dip-coated electrodes, 
where significant material delamination was observed (Fig. 5). Under no 
load condition, a specific capacitance (Cs) was 20.39 Fg− 1 at a lower 
scan rate of 5 mVs− 1, while for same scan rate, the 180◦ twisted sample 
exhibited a Cs of 12.05 Fg− 1 (Fig. 9(a)), indicating a 40% reduction in Cs. 
Despite increasing the scan rate to 100 mV s− 1, the SCs deliver a Cs of 
2.48 F g− 1 (Fig. 9(d)), demonstrating the SCs' good storage capability 
and mechanical stability. These properties of SCs are crucial for appli
cation as power sources in flexible and wearable electronics. These re
sults highlight that achieving a Cs value significantly influenced by a 

Fig. 7. Edge-view FESEM micrographs illustrating the textile electrode: (a) Pristine textile (b) Textile threads with uniform graphite ink coating, and (c) Gel 
electrolyte integration, showcasing penetration through the electrode material.

Fig. 8. Spectroscopic analysis of graphite ink electrode: (a) Raman spectrum illustrating graphitic features, and (b) XRD pattern revealing lattice structure and 
crystallinity.
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uniform coating on the electrode, illustrating the importance of uniform 
mass loading and representing better performance [45].

Compared to the no-load condition, the specific capacitance 
decreased to 94.7%, 91.2%, and 59.0% at twisting angles of 60◦, 120◦, 
and 180◦, respectively, at a scan rate of 5 mV s− 1, as illustrated in Fig. 10
(a). However, capacity retention decreases to 85% (60◦), 52.4% (120◦), 
and 41.13% (180◦). These degraded results were obtained by applying 
continuous twisting with a 30◦ interval. Such incremental twisting 
slowly impacts the SC as shown in Fig. 10(b). Further assumed that the 
absence of continuous changes during direct twisting reduces degrada
tion and highlights the importance of uniform electrode coating for 
stability. Notably, the impact of continuous twisting has not been 
explored, with existing research primarily on direct twisting. Fig. S2 
presents the CV performed at various scan rates ranging from 5 to 100 
mV s− 1 within the potential window of − 0.4 to 0.4 V under different 
twisted angles of 30◦, 60◦, 90◦, 120◦, 150◦and 180◦.

In addition to twisting, in Fig. 10(c, d, e and f), the SC was evaluated 
under bending and folding conditions. To understand the SC's realistic 
application, consider the conditions under which wearable electronics 
are washed (Fig. 10(g)). The obtained CV curve after each deformation 
mode observed a capacitive shape, indicating that the electric double- 
layer charge storage mechanism remains effective. Fig. 10(c) repre
sents the bending tests at angles of 60◦ and 90◦. At 60◦ bending angle, 
the Cs decreases from 20.39 F g− 1 to 19.87 F g− 1, while a more notice
able reduction to 15.92 F g− 1 is observed at 90◦ bending (Fig. 10(d)). In 
the case of folding, an 8.44% capacitance loss was observed, as shown in 
Fig. 10(f), at lower scan rates (5 mV s− 1). This capacitance loss due to 
simple localised strain was applied at the electrode-electrolyte in
terfaces. This localised strain restricted ion transport in the PVA/H₂SO₄ 

gel electrolyte (Fig. 10(f)).
To understand durability after washing, SC was immersed in a 

common detergent solution for 5 min (1 min/cycle, repeated five times) 
(Fig. 10(g)). The detergent-washed SC retains 82% of its initial capaci
tance, likely due to weakened interfacial bonds with the electrolyte or a 
small degree of electrode material degradation (Fig. 10(h)). Future 
analysis of the degradation of the electrode, it was dipped into the 
normal water and detergent water for 24 h as shown in Fig. S4. Fig. 11(a) 
represents the initial structure of SC and electrolyte bonding between 
polymer PVA and H2SO4. These results confirm that, among all me
chanical deformations, twisting shows the most significant decline in 
performance. This declined behaviour can be attributed to the nature of 
torsional strain, which induces simultaneous shear and tensile stresses 
across the electrode and electrolyte, shown in Fig. 11(b). The combi
nation of multiple strains is more effective, and it disrupts the contin
uous pathway within SC. As the twisting angle increases, the pathway 
becomes narrower, as shown in Fig. 11(b); consequently, internal 
resistance increases. In contrast, bending at 60◦ and 90◦ introduces 
uniaxial strain. This strain can be partially accommodated by the 
inherent flexibility of the graphite layer and the polymer gel electrolyte, 
resulting in better capacitance retention (Fig. 11(c)) [50]. Fig. 11(d) 
clearly shows that the folding generates multiple local strain that affects 
a limited region of the SC. Therefore, a smaller overall impact occurs on 
the effective charge-storage area [51]. These results highlight smaller 
changes observed after applying bending and folding to the SC 
electrode–electrolyte.

3.2.2. Galvanostatic charging discharging (GCD) behaviour of SCs
Fig. 12 demonstrates the GCD profile of fabricated SCs with various 

Fig. 9. Comprehensive analysis of flexible energy storage device performance: CV profiles at (a) 100 mV s− 1, (b) 50 mV s− 1, (c) 10 mV s− 1, and (d) 5 mV s− 1; Impact 
of scan rate and mechanical deformation (twisting angle at 60◦, 120◦ and 180◦) on specific capacitance.
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Fig. 10. Electrochemical of the flexible SC under different mechanical deformation conditions. (a, c, e and g) represent the CV recorded under twisting, bending, 
folding, and washing conditions, respectively, demonstrating the retention of capacitive behaviour under mechanical stress. (b, d, f and h) illustrate specific 
capacitance as a function of scan rate corresponding to the same deformation modes, highlighting the progressive reduction in accessible capacitance with increasing 
mechanical severity, particularly under extreme twisting and folding.
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twisting angles. GCD analysis was performed at a current density of 20 
mA g− 1 and 18 mA g− 1, as shown in Fig. 12(a). Qualitatively, the GCD 
curves exhibit a similar triangular shape, suggesting a good capacitive 
response. Minor deviations in the charge-discharge profile were 
observed across the different twisting angles, demonstrating the SC's 
mechanical flexibility and stable electrochemical performance under 
deformation.

The charge-discharge duration at a current density of 20 mA g− 1 is 
shorter than that of 18 mA g− 1, consistent with the faster kinetics at 

higher current densities. The SC exhibits Cs 28.51 F g− 1 at a current 
density of 20 mA g− 1 and shows 21.07% higher Cs at a current density of 
18 mA g− 1. Similarly, as shown in Fig. 12(b), the fabricated SC exhibited 
Coulombic efficiencies of 94%, 91.5%, 91%, and 91% at a current 
density of 18 mA g− 1. At a current density of 20 mA g− 1, the fabricated 
SC exhibited Coulombic efficiencies of 95%, 91%, 83%, and 70% under 
no-load, 60◦, 120◦, and 180◦ twisting conditions, respectively. Incre
mental twisting from no load to 180◦, with measurements taken at each 
interval, resulted in a Coulombic efficiency of approximately 70%. The 

Fig. 11. Representative of deformation-induced changes within the electrolyte under twisting, bending and folding. (a) Structural representation at no load con
dition, (b) represents a narrow passage that occurs, making it difficult for ion movement, (c) bedding shows localised strain applied and (d) shrinkage of electrolyte.

Fig. 12. The GCD behaviour of the flexible SCs: (a) at 20 mA g− 1 & 18 mA g− 1, (b) Coulombic efficiency at the same current density, demonstrating the effect of 
different twisting angles and different current densities.
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high Coulombic efficiency may be attributed to the improved coating 
from previously reported literature, which was achieved by the 3D 
printing-assisted modified dip coating method [52,53].

The charge–discharge behaviour of the flexible SC was investigated 
under twisting, bending, folding, and washing conditions to evaluate the 
impact of mechanical deformation, observed in Fig. 13. After mechan
ical deformation, the charging-discharging triangular profile is main
tained for all deformation modes, confirming that the device remains 
electrochemically operational. However, the discharge time decreases 
with increasing mechanical harshness, reflecting a reduction in effective 
capacitance [48].

The GCD curve shows Csp 28.51 Fg− 1, 13.55 Fg− 1, 9.87 Fg− 1 and 5.19 
Fg− 1 at no load condition, 60◦, 120◦ and 180◦ twisting angle at 20 
mAg− 1 as observed in Fig. 13(a). This reduction indicates a rise in in
ternal resistance due to the torsional strain-induced disruption of 
conductive pathways within the electrode and a partial loss of interfacial 
contact with the PVA/H₂SO₄ gel electrolyte (Fig. 11(b)). In contrast, 
bending at 60◦ and 90◦ shows relatively minor reductions in discharge 
time, with capacitance retention of 88.5% and 75%, respectively 
(Fig. 13(b)). This suggests that uniaxial bending strain as shown in 
Fig. 11(c) can be more effectively accommodated by the flexible elec
trode–electrolyte architecture. Folding and washing exhibit 82.2% and 
81% capacitance retention compared to the no-load condition Fig. 13(c) 
&(d). Folding affects a strain in the confined region of the SC, limiting 
the overall impact on the effective charge-storage area (Fig. 11(d)). 
While washing induces only moderate changes in discharging behaviour 
due to degradation of electrolyte bonding, as exposed to detergent 
water. The quasi-linear charge–discharge slopes under these conditions 
indicate that ion transport within the gel electrolyte and charge 
adsorption at the graphite surface remain largely reversible [54]. 

Overall, the GCD analysis validates the CV results, demonstrating that 
torsional deformation is the most disadvantageous mode for the SC. 
Whereas bending, folding, and washing impose comparatively smaller 
drawbacks on charge–discharge performance.

This charging-discharging behaviour was observed due to the for
mation electric double layer. The electric double layer consists of the 
inner (Helmholtz) layer and outer (diffuse) layer. The compact Helm
holtz layer creates a very small non-Faradaic charge separation, due to 
electrostatic interactions. The presence of a diffusion layer in electrode 
materials helps in the dispersion of ions near the surface [55]. The extent 
of this double-layer formation is strongly influenced by the surface 
roughness observed in FESEM (Figs. 6 & 7). Additionally, the charge- 
discharge behaviour of the SCs at different twisting angles is shown in 
Fig. S5.

In order to assess the electrochemical performance, the energy 
density (Ed) and power density (Pd) of fabricated SCs were also calcu
lated using Eqs. (3) & (4). Under no load conditions, the SC exhibits an 
Ed of 2.534 Wh kg− 1, and 160 W kg− 1 is the Pd. While applying twisting 
conditions (60◦, 120◦, and 180◦), the SC exhibited Ed decreases to 1.2, 
0.877 and 0.46 Wh kg− 1 at 20 mA g− 1. Similarly, at 18 mAg− 1, the SC 
exhibits an Ed of 2.89 Wh Kg− 1 and Pd of 143.99 W kg− 1 for no-load 
conditions. When bending is applied, Ed decreased by 11.5% at 
60◦and by 25% at 90◦. While folding and washing decrease by 17.8% 
and 15.15%, respectively, with respect to the no-load condition. How
ever, the Pd remains relatively constant across all conditions. This phe
nomenon demonstrates that the SC can deliver instantaneous power 
under any condition, highlighting its suitability for flexible energy 
storage in wearable electronics.

Fig. 13. The GCD behaviour of the flexible SCs: (a) Twisting condition, (b) bending condition, (c) folding condition and (d) after washing condition.
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3.2.3. Electrochemical impedance spectroscopic (EIS) analysis of SCs
To gain a deeper understanding of ion-transport behaviour and 

electrical resistances, an EIS analysis of SCs with and without twisting 
was carried out. As twisted SC shows lower performance, further EIS 
analysis was focused on this. The Nyquist plots, Bode plot and equivalent 
circuit for SCs with and without twisting are presented in Fig. 14. The 
impedance spectra demonstrated a near-vertical line at low frequencies, 
approaching 45◦ as observed Fig. 14(a). Such behaviour is indicative of 
capacitive behaviour and suggests rapid diffusion of ions within the 
electrode [54]. A closer examination of the Nyquist plot (Fig. 14(b)) at 
twisting at 60◦ reveals a semicircle at high frequency. The Bode plot is 
presented in Fig. 14(c). Based on the nature of the curve, an equivalent 
circuit was designed as depicted in Fig. 14(d).

The charge transfer is faced with a small restriction at the interface. 
The circuit consists of a RESR followed by two parallel Rct & constant 
phase element (CPE). The diameter of this semicircle represents the 
charge transfer resistance (Rct). Rct represents the interfacial/contact 
resistance linked to electron transfer across the electrode surface and 
near-surface ionic access. Furthermore, the equivalent series resistance 
(RESR) can be determined where the high-frequency portion of the plot 
intersects the real axis. This RESR value accounts for the resistance of the 
electrolyte and the contact resistance at the interface between the 
electrode and the electrolyte. As illustrated in Fig. 14(d), the SCs without 
twisting demonstrate lower Rct (270 Ω) and RESR (1.09 kΩ) than the 
twisted SCs. This is due to the interruption of the free movement of ions 
during twisting, which creates narrower passages for ions to flow, as 
shown in Fig. 11(b). The increase in RESR with increasing twist angle 
directly reflects strain-induced degradation of electrical connectivity 
and increased contact resistance under torsional deformation. The 
derived value of Rct and RESR is provided in Table S1. The elevated RESR 
values in the twisted SCs suggest the development of higher intrinsic 
resistance within the deposited graphite material. Similarly, the higher 
Rct values observed in the twisted samples indicate a significant obstacle 
to ion transport at the electrode-electrolyte interface [56]. The first 

branch corresponds to the high-to-mid frequency range, representing 
interfacial charge transport at the electrode-electrolyte interface while 
CPE represent the non-ideal double-layer capacitance arising from sur
face roughness [26]. The second branch demonstrates the mid-to-low 
frequency region, representing distributed charge storage and trans
port within the graphite electrode. R is associated with ion transport 
resistance within deeper pore networks, while CPE corresponds to non- 
ideal capacitive behaviour related to slower ion adsorption/desorption 
processes in less accessible regions of the electrode [57]. EIS was 
employed to investigate the effect of torsional deformation on the 
charge transport and interfacial behaviour of the SC. The Nyquist and 
Bode plots recorded at twisting angles of 0◦, 60◦, 120◦, and 180◦ were 
fitted using the equivalent circuit shown in Fig. S5. The Bode plots 
further support this interpretation. As the twisting angle increases, the 
magnitude of impedance rises across the entire frequency range. On the 
other hand, the phase angle's maximum value decreases and shifts to
ward (14◦, 10◦, 8◦ and 7◦) lower frequencies. This shift corresponds to 
an increase in the characteristic relaxation time constant, indicating 
charge movement [48]. These changes confirm that during twisting 
combination of torsional and shear strain introduces significant limita
tions in both electronic and ionic transport processes. Bode plots at 
different twisting angles are shown in Fig. S5.

Overall, the EIS results demonstrate that the performance degrada
tion of twisted devices originates from increased series resistance and 
distributed transport resistance, rather than solely from narrowed ion 
pathways. The equivalent circuit analysis thus provides a clear physical 
picture linking torsional deformation to loss of conductivity, increased 
interfacial resistance, and reduced capacitive efficiency, which explains 
the electrochemical trends observed in CV and GCD measurements.

3.2.4. Cycle stability analysis
The long-term cycling stability of the SC after 5000 cycles under 

various mechanical conditions, including the undeformed state, twisting 
at 180◦, bending at 90◦, folding, and washing, was analysis. Fig. 15

Fig. 14. Electrochemical performance of the flexible energy storage device: Electrochemical impedance spectroscopy at (a) different twisting angles, (b) equivalent 
circuit corresponding to the Nyquist plot.
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represents the capacity retention of SC after 5000 cycles at different 
conditions. At no load condition SC can retain up to 95%, whereas 
twisted SC retain up to 84%. This behaviour is attributed to the accu
mulation of torsional and shear strain, which progressively disrupts 
conductive pathways within the graphite electrode [58]. In comparison, 
bending at 90◦ results in higher capacitance retention values of 91.7%, 
indicating that the SC can better tolerate uniaxial deformation [29]. 
Folding causes a moderate decline in capacitance (88%) due to the 
induced strain in multiple localised regions of the device. After exposure 
to detergent washing (5 cycles of 1 min each), the SC retains 94% of its 
initial capacitance, demonstrating acceptable electrochemical durability 
[59]. Overall, these results confirm that torsional deformation imposes 
the most severe limitation on cycling stability, whereas bending, folding, 

and washing exert comparatively smaller effects on long-term electro
chemical performance.

Table 1 presents a quantitative comparison of the existing research 
work with our work for enhanced analysis.

From Table 1, it is clearly observed that using base materials, a very 
low Cs can be achieved, whereas using our approach, storage capacity 
and cycle stability can be improved.

4. Conclusion

This study introduces a novel approach to fabricating flexible 
supercapacitors (SCs) using 3D printing-assisted, uniformly coated tex
tiles, which offers significant advantages in electrode deposition and 

Fig. 15. Illustrate the cycle stability of SC after different mechanical deformation and washing condition.

Table 1 
comparative table benchmarking their device's key metrics (Cs, Ed, Pd, flexibility retention) against other published textile-based SCs.

Electrode Specific capacitance (Cs) 
[Fg− 1]

Energy density (Ed) 
[Wh kg− 1]

Power density (Pd) 
[Wkg− 1]

Durability Remarks Ref

PEDOT: PSS 8.94 1.36 329.70 75% after 4000 cycles 3.18 times lower Cs and 21% lower 
cycle stability

[60]

Graphene 11.2 22.1 48.5 Completely discharge time 
28.05 min

2.54 times lower Cs [61]

CNT 8.01 6.30 2.72 96% retention after 5000 
cycles

3.55 times lower Cs and 1% higher 
cycle stability

[62]

Carbon fibre 0.62 – – Retention after 1000 cycles 46 times lower Cs [59]
Carbon 

threads
2.3 0.386 46.4 Stable over 100 cycles 12.4 times lower Cs [63]

PVDF 20.13 – – 92.5% retention after 150 
cycles

1.41 times lower Cs and 2.63% lower 
cycle stability

[64]

Graphene 4.82 0.67 252.2 95% retention after 1000 
cycles

6 times lower Cs and cycle stability 
same

[65]

Graphite 20.35 2.534 160 95% retention after 5000 
cycles

This 
work
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device performance. The key benefits of this method and conclusions 
are: 

i) The attachment of textiles to a 3D-printed frame creates a 
wrinkle-free surface, enabling uniform electrode material depo
sition. This design overcomes the inherent unevenness of flexible 
textile substrates, ensuring consistent electrochemical properties 
across the entire electrode surface and minimizing defects that 
could compromise performance.

ii) The volumetric deposition technique, combined with a hydro
thermal process, significantly increases the mass loading of 
active materials per unit area. This enhancement directly con
tributes to improved energy and power densities of the SCs.

iii) Integrating the hydrothermal process further enhances the 
Coulombic efficiency by up to 91% under 180◦ twisting angle 
and uniformity of material deposition, promoting stronger 
adhesion and a more even distribution of electrode materials on 
the textile substrate.

iv) This SC can deliver 160 W kg¡1 power density under any 
twisting angle without reducing its efficiency. This process not 
only enhances the electrochemical behaviour by improving ion 
accessibility and charge transfer efficiency. This also strengthens 
the mechanical stability of the electrode, allowing it to maintain 
performance under repeated deformation.

v) The fabricated flexible SC can retain cycle stability of 95%, 84%, 
91.7%, 88%, and 94%, respectively, at no-load, twisting, 
bending, folding, and washing conditions. This stability is 
observed due to the approach to the fabrication process.

In conclusion, this innovative approach addresses critical challenges 
in developing high-performance flexible SCs. These improvements have 
significant implications for advancing wearable electronics and smart 
textiles, offering promising future research and development opportu
nities in the flexible ESDs.
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