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Abstract

Sports e-textiles have emerged as a key component of wearable technology, enabling
real-time physiological monitoring and enhanced athletic performance. However, the
integration of conventional batteries into sportswear is constrained by their rigidity, weight,
limited flexibility, and safety concerns. Textile-integrated supercapacitors have therefore
attracted considerable attention as a promising energy storage solution owing to their
lightweight design, rapid charge—discharge capability, long cycle life, and excellent me-
chanical flexibility. This review critically examines recent advances in supercapacitor-based
energy storage for sports e-textiles, with emphasis on electrode materials, textile substrates,
fabrication and integration strategies, electrochemical performance, and practical appli-
cations in sportswear. Particular attention is given to the effects of textile architecture,
flexibility, washability, mechanical durability, sweat resistance, and long-term operational
stability on device performance. The review also discusses the major challenges limiting
commercial adoption, including durability, scalable manufacturing, user comfort, and
environmental sustainability. Finally, future research directions are proposed to accelerate
the development of high-performance, sustainable, and commercially viable textile energy
storage systems for next-generation intelligent sportswear. This review provides a compre-
hensive reference for researchers, textile engineers, and wearable technology developers
working on advanced energy storage solutions for smart sports apparel.

Keywords: supercapacitor; sports e-textiles; energy storage; sportswear; sustainable textiles

1. Introduction

Electronic textiles (e-textiles) represent a rapidly advancing field of textile engineering
and wearable technology, in which conventional garments are transformed into intelli-
gent systems capable of sensing, processing, and transmitting information. By integrating
conductive fibers, sensors, microelectronics, energy storage devices, and wireless com-
munication modules into textile structures, e-textiles enable continuous monitoring of
physiological and environmental parameters [1]. While conventional textiles primarily
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provide protection and comfort, modern e-textiles have expanded their applications to
healthcare, sports, medical monitoring, defense, and smart fashion [2]. The adoption of
e-textiles has grown particularly rapidly in the sports sector, where continuous monitoring
of physiological parameters, e.g., heart rate, body temperature, muscle activity, and fatigue
is essential for optimizing athletic performance and preventing injuries [3]. Unlike con-
ventional wearable devices (smartwatches and fitness bands) which monitor only limited
body regions, e-textiles can provide distributed, whole-body sensing while maintaining
user comfort during physical activity [4]. Consequently, the demand for smart sportswear
has increased substantially, particularly for applications involving continuous movement,
perspiration, and repeated mechanical deformation [5]. A typical e-textile system consists
of textile substrates integrated with sensors, conductive pathways, data processing units,
wireless communication modules, and energy storage components, all of which require a
reliable and continuous power supply [6]. Although rechargeable batteries remain the most
widely used energy source, their rigidity, weight, limited flexibility, and frequent charging
requirements restrict their suitability for wearable sports applications [7]. Therefore, sports
e-textiles require lightweight, flexible, and mechanically robust energy storage systems ca-
pable of maintaining stable performance under repeated bending, stretching, and washing
conditions [8].

The demand for flexible energy storage systems in sportswear has increased as these
garments are subjected to continuous movement, stretching, and mechanical deformation
during physical activity. Such conditions can compromise the performance and reliability
of conventional electronic components integrated into textiles [9]. Consequently, wearable
systems designed for applications (physiological monitoring, heart rate sensing, and activ-
ity tracking) require energy storage devices that are lightweight, flexible, and mechanically
compatible with textile substrates [10]. In this context, textile-integrated supercapacitors
have emerged as a promising alternative due to their high flexibility, rapid charge-discharge
capability, and long cycle life. The main characteristics of supercapacitors include high
power density, long cycle life, short charging time, and improved mechanical flexibility [11].
These properties make them suitable for use in sports e-textiles. Since sportswear involve
repeated movements, bending, and stretching, an energy storage system that is compatible
with the movement is necessary [12]. Various techniques, e.g., weaving of insulating yarns,
coating, printing, and layered textile systems, are used to incorporate supercapacitors into
textile structures [13]. Through these methods, energy storage elements can be directly
incorporated into the fabric structure. This process not only reduces additional weight
but also achieves better integration between electronic components and textiles. Recent
research has shown that carbon-based materials, graphene, insulating polymers, and nanos-
tructured electrodes can significantly improve the performance of supercapacitors [14]. The
importance of supercapacitor integration in sportswear is not limited to energy storage, but
also to the comfort, durability, and functionality of the wearer. If an energy storage system
is stiff or bulky, it may hinder comfort during physical activity [15]. Similarly, if the system
cannot withstand washing, sweating, or continuous stretching, its practical utility will be
limited. Therefore, it is important to consider not only electrical performance but also textile
properties when designing supercapacitors for e-textiles. The use of supercapacitors in
sports e-textiles has several practical advantages. For example, energy storage systems are
essential for heart rate monitoring, GPS tracking, and physical motion analysis in running
apparel. Similarly, various sensors can be used in gym clothing to measure muscle activity,
sweat volume, and physical fatigue. An effective energy storage platform is essential for
the continued performance of all these systems.

The main objective of this systematic review is to analyze the current research trends,
materials, fabrication methods, and practical applications of supercapacitor-based energy
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storage in sports e-textiles. This research will provide a comparative review of the materials,
structural designs, and performance standards used in different studies. Furthermore, this
review will also highlight the challenges that hinder the commercial adoption of superca-
pacitors in sports clothing. The scope of this review focuses on e-textiles used in sports
clothing, especially gym and running clothing. It will cover aspects such as supercapacitors’
materials, integration methods, durability, washability, and elastic performance. Further-
more, this research will also examine how supercapacitor-based e-textiles can be made
more durable, comfortable, and commercially viable in the future.

2. Background

E-textiles are a combination of advanced textile engineering, electronics, and wearable
technology that transforms clothing from a mere wearable item into a functional, intelli-
gent, and data-generating system. Essentially, e-textiles are textile systems that incorporate
conductive fibers, sensors, actuators, microelectronics, and energy storage elements to
capture physical, biological, or environmental information [16]. This technology is be-
ing used in medical monitoring, sports performance, defensive clothing, and everyday
wearable applications [17]. A fundamental understanding of e-textiles requires clarifying
the relationship between textile structure and electronic integration. Traditional fabrics
are primarily composed of fibers, yarns, and fabric structures, while e-textiles combine
these same basic structural elements with electronic functionality [18]. Conductive yarns,
conductive coatings, printed electronics, and flexible circuits are used for this integration.
E-textiles are generally divided into three types: passive, active, and very smart textiles [19].
Passive e-textiles only sense, active textiles sense and respond, while smart textiles provide
automatic responses according to the environment and physical condition [20]. Wearable
textiles have become increasingly important in sportswear over the past decade. During
exercise and sports, the human body is constantly exposed to movement, temperature
changes, perspiration, and physical stress [21]. For this reason, sportswear is no longer
just a comfortable garment but has become a performance-enhancing platform. Modern
sportswear is being used for physical performance monitoring, heart rate, muscle move-
ment, and sweat analysis [22]. Integrated smart sensors provide real-time physiological
feedback [23]. For example, embedded sensors in running apparel can monitor running
speed, step count, and body posture. Similarly, muscle activity and body strain moni-
toring become possible in gym clothing [24]. All of these systems require a continuous
supply of energy for their effective performance, which creates the need for flexible energy
storage systems.

Textile-based energy storage is a field that focuses on incorporating energy storage
directly into clothing. Its main goal is to develop flexible energy storage systems that can
maintain their performance even during physical movement [25]. Although traditional
batteries can store a lot of energy, their rigidity, weight, and limited flexibility make them
less suitable for sportswear e-textiles [26]. In contrast, textile-based energy storage systems
integrate into the fabric structure to provide reduced weight, increased comfort, and
structural adaptability [27]. Textile-based energy storage uses a variety of approaches,
including fiber-shaped batteries, textile supercapacitors, coated conductive fabrics, and
yarn-based energy devices [28]. Yarn-based supercapacitors in particular are considered
more suitable for sportswear applications because they can be integrated into fabrics
through knitting, weaving, and embroidery [29]. Understanding the basic structure of a
supercapacitor is important for this review because it is this energy storage device that is
considered the most promising in sports e-textiles. A supercapacitor typically consists of
two electrodes, each comprising an electroactive material deposited or coated onto a current
collector, together with an electrolyte and a separator [30]. Supercapacitors have a higher
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charge storage capacity than conventional capacitors, while providing a higher power
density than batteries [31]. There are two basic types of supercapacitors: electric double-
layer capacitors and pseudocapacitors [32]. Electric double-layer capacitors store charge via
surface adsorption, while pseudocapacitors also involve electrochemical reactions [33]. The
performance of both types depends on the electrode material, surface area, conductivity,
and electrolyte compatibility [34].

Various materials have been used for textile supercapacitors, including activated
carbon, carbon nanotubes (CNTs), graphene, MXene, conductive polymers, and metal
oxides [35]. Graphene-based electrodes are considered suitable for sportswear integra-
tion due to their high conductivity and flexibility. In recent years, the development of
textile supercapacitors has rapidly increased. Several studies have shown that textile-
integrated supercapacitors are not only lightweight but also maintain their performance
despite repeated bending, twisting, and stretching [24]. Furthermore, some studies have
also evaluated washability and sweat resistance, which are crucial for sportswear appli-
cations [27]. Current research suggests that supercapacitor integration is not limited to
energy storage alone but also provides multifunctionality. For example, in some smart
garments, the energy storage system has been combined with a sensing system so that a
single textile structure can store energy and perform physiological monitoring. Although
significant progress has been made in research, several challenges remain. For example,
further research is needed on the long-term durability, industrial scalability, user com-
fort, and recyclability of textile supercapacitors. In addition, there is limited research on
energy storage placement according to sportswear-specific body zones. This literature
background clearly shows that supercapacitor-based energy storage in sportswear e-textiles
is a promising but evolving field. Existing studies focus on basic materials, fabrication
techniques, and performance metrics, but a comprehensive sportswear-oriented systematic
understanding is still limited [25]. This gap highlights the importance of this systematic
review. Table 1 provides a summary of current research on supercapacitor integration
in sports e-textiles, allowing for a comparative assessment of the materials, fabric types,
and energy storage techniques used in different studies. This table helps to clarify which
materials and structural methods provide better performance, flexibility, and durability in
sportswear. Furthermore, this table also helps to identify important trends and research
gaps for future research.

Table 1. Comparative summary of current research studies on supercapacitor-based energy storage
in sports e-textiles, and potential applications in sportswear.

Apparel Materials Used Textile Type Key Performance Reference
Running wear Graphene Knitted fabric High elasticity [16]
Gym wear CNTs Sports fabric Good durability [20]
Smart Insulating yarn Woven fabric Wash resistance [25]
Sportswear
Athletic garments Hybrid copductlve Layered sports Comfort + durability [33]
textile Textile

3. Review Methodology

The methodology of this review was designed to identify, collect, and critically analyze
published research on supercapacitor-based energy storage systems for sports e-textiles.
Relevant studies on sportswear, wearable textiles, supercapacitors, and textile-integrated
energy storage were systematically selected according to predefined inclusion and exclu-
sion criteria [36,37]. The objective was not only to compile the existing literature but also to
identify technological trends, compare research findings, and highlight knowledge gaps in
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this rapidly evolving field [38]. A comprehensive literature search was conducted using
major scientific databases, including Scopus, Web of Science, ScienceDirect, IEEE, and
Google Scholar [39]. These databases were selected because they provide high-quality,
peer-reviewed publications in engineering, textile science, materials science, and wearable
electronics. Searching multiple databases ensured broad literature coverage and facili-
tated a comprehensive understanding of developments across related disciplines [40]. A
combination of carefully selected keywords was used to maximize the retrieval of rele-
vant publications. The search strategy included studies published between 2000 and 2026,
reflecting the rapid advancement of wearable electronics and textile-based supercapaci-
tors during this period. Earlier studies were limited primarily to conventional capacitive
systems, whereas significant progress in textile-integrated wearable energy storage has
occurred since 2010. To ensure consistency and scientific quality, only peer-reviewed pub-
lications written in English were considered. Conference abstracts, incomplete studies,
patents, and non-peer-reviewed reports were excluded during the initial screening stage.
Clear inclusion and exclusion criteria were established to ensure the selection of studies
directly related to supercapacitor-based energy storage in sports e-textiles [36,41]. Eligible
studies included research on wearable textiles, smart sportswear, textile-based energy
storage systems, conductive yarns, graphene-based electrodes, and textile-integrated su-
percapacitors. Priority was given to studies investigating structural design, electrochemical
performance, flexibility, washability, durability, and wearable integration [42—44]. Particu-
lar emphasis was placed on sportswear applications, including running apparel, fitness
garments, and physiological monitoring systems. Only peer-reviewed journal articles, re-
view papers, and reputable conference proceedings published between 2000 and 2026 were
included [45,46]. Studies unrelated to textile-integrated energy storage, including those
focused exclusively on conventional batteries, rigid electronic devices, or non-wearable ca-
pacitive systems, were excluded [47]. Similarly, purely theoretical studies without relevance
to sportswear applications, conference abstracts, editorials, short communications, patents,
and non-peer-reviewed publications were omitted because they generally lack comprehen-
sive experimental validation [48,49]. These criteria ensured an objective screening process
and maintained a strong focus on the research scope of sports e-textiles [50].

Materials selection and fabrication methods play a fundamental role in the successful
integration of supercapacitors into sports e-textiles, as they directly influence electrical
performance, flexibility, durability, and wearer comfort [36]. Textile-based supercapacitors
require materials that provide high electrical conductivity while preserving the softness,
flexibility, and wearability of textile substrates [37]. Conductive yarns, fabricated from
metallic fibers or coated with conductive polymers, CNTs, or graphene, represent one of
the most widely used approaches [38]. These yarns can be incorporated into textile struc-
tures through weaving, knitting, or embroidery while maintaining electrical conductivity
under repeated bending and mechanical deformation [39]. The choice of textile substrate is
equally important. Polyester, nylon, cotton blends, elastane fabrics, and knitted textiles are
commonly employed in sportswear applications because of their favorable mechanical and
comfort properties [40]. Polyester fabrics offer excellent durability and moisture resistance,
whereas knitted structures provide superior flexibility, stretchability, and breathability, mak-
ing them particularly suitable for active sportswear [41]. Consequently, substrate selection
should be based on the intended operating conditions and performance requirements of
the wearable energy storage system [42]. Surface coating techniques are widely used to fab-
ricate textile supercapacitors by depositing conductive materials onto textile substrates to
establish electrically conductive pathways [43]. Common approaches include dip coating,
spray coating, and layer-by-layer assembly, enabling the deposition of graphene, CNTs,
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conductive polymers, and metallic nanoparticles [44]. These techniques are attractive
because of their scalability and compatibility with large-area textile manufacturing [45].

Printing technologies have also become increasingly important in wearable electronics.
Screen printing, inkjet printing, and three-dimensional (3D) printing enable the precise de-
position of conductive inks onto textile substrates to produce complex conductive patterns
and localized energy storage regions [46,47]. These methods facilitate the fabrication of
lightweight, flexible, and aesthetically integrated energy storage devices for sportswear
applications [48]. Direct integration through weaving and knitting represents another
advanced fabrication strategy. Conductive yarns can be incorporated into woven fabrics
through warp and weft structures or into knitted fabrics to produce highly stretchable
and mechanically compliant energy storage devices [49]. Knitted textile supercapacitors
are particularly attractive for running apparel because they accommodate repeated body
movements while maintaining stable electrochemical performance [50]. Figure 1 presents
a systematic flow diagram illustrating the overall development process for integrating
supercapacitors into sports e-textiles. The workflow covers material selection, textile con-
struction, supercapacitor integration, fabrication techniques, performance evaluation, and
final implementation in sportswear. The figure highlights the interrelationship between
material selection, textile architecture, fabrication methods, and performance characteristics
required to develop lightweight, flexible, and efficient energy storage systems for wearable
sports applications.

MATERIAL
SELECTION

= 5

Conductive yarns,
carbon materials,
conductive polymers
& textile substrates
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& o
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Figure 1. Comprehensive flow diagram for supercapacitor-based systems in sports e-textiles, includ-
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4. Performance Results and Discussion

This section will present an analytical and comparative review of the performance of
supercapacitor-based energy storage systems in sports e-textiles, systematically describing
the results obtained from various research studies. In particular, this section will examine
factors, e.g., capacitance performance, textile structures and supercapacitor integration,
mechanical properties, comfort-related properties, sweat resistance, durability, and sustain-
ability to understand how effective, comfortable, and practical supercapacitors integrated
into sportswear are. Furthermore, the effects of different materials, fabrication techniques,
and textile constructions will be compared to clarify the relationship between their elec-
trical, mechanical, and functional behaviors. This section will also critically compare the
results of various studies and identify the limitations, technical challenges, and practical
issues that affect supercapacitor integration in real sportswear applications.

4.1. Capacitance Performance

The electrochemical performance of textile-based supercapacitors is commonly evalu-
ated using several key metrics, including specific capacitance, equivalent series resistance
(ESR), power density, energy density, and cycling stability. Among these, capacitance
reflects the charge-storage capability, whereas ESR and power density determine the effi-
ciency and rate of energy delivery, which are critical for wearable sportswear applications.
Especially in sports e-textiles, where the energy storage system needs to be light, flexible,
and adaptable to physical movement, capacitance reflects not only the energy storage
capacity but also the practical efficiency of the system. Capacitance basically represents
how much electric charge a supercapacitor can store and how efficiently it can discharge
it [51]. Capacitance performance in textile-based supercapacitors is directly related to
electrode materials, surface area, conductivity, electrolyte compatibility, and fabrication
techniques [52]. Capacitance performance is of great importance in sports e-textiles be-
cause sensors, monitoring devices, and communication units in smart clothing require a
continuous and stable power supply. Energy storage systems in sportswear not only need
to withstand repeated movement but also need to be lightweight and flexible [53]. For
this reason, studying the capacitance performance of textile supercapacitors is considered
important in the context of sportswear functionality. Several research studies have exam-
ined the capacitance behavior of textile-integrated supercapacitors. Zhang and colleagues
achieved a large surface area using graphene-based textile electrodes, which resulted in a
significant increase in specific capacitance [14]. According to their study, graphene-coated
conductive fabrics provided capacitance up to 180-220 F/g, which was more effective than
traditional conductive fabrics. Similarly, Jost and colleagues studied the performance of
yarn-based textile supercapacitors and reported that conductive yarn structures maintain
capacitance retention despite bending and twisting [13]. Capacitance performance depends
not only on the electrode material but also on the textile structure. Knitted fabrics have
higher porosity and stretchability, which improves electrolyte penetration and increases
charge storage capacity [54]. In contrast, woven fabrics provide higher structural stability
but sometimes lower electrolyte accessibility may result in lower capacitance. Knitted
structures are preferred in sportswear applications because they provide better flexibility
during physical movement.

In addition to capacitance, the electrical performance of textile-based supercapacitors is
strongly influenced by ESR and power density. ESR represents the total internal resistance
of the device, including contributions from the electrode materials, current collectors,
electrolyte, separator, and interfacial contact resistance. A low ESR minimizes voltage losses
and heat generation during rapid charge—discharge processes, thereby improving power
delivery and overall device efficiency. In wearable sportswear applications, where sensors
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and wireless communication modules require stable and instantaneous power, maintaining
a low ESR is particularly important. Power density is another key performance parameter
because it describes the rate at which stored energy can be delivered. Unlike batteries,
supercapacitors exhibit exceptionally high power densities owing to their rapid charge-
transfer kinetics and low internal resistance. This characteristic enables textile-integrated
supercapacitors to provide short bursts of power for physiological monitoring, motion
sensing, and wireless data transmission during physical activity. However, maximizing
power density often requires balancing electrode conductivity, capacitance, and device
architecture, as excessive electrode thickness or poor electrical contacts may increase ESR
and reduce power performance. A recent study have demonstrated that graphene-based,
CNTs-based, and MXene-based electrodes generally exhibit lower ESR due to their high
electrical conductivity and interconnected conductive networks [12]. Similarly, optimized
textile architectures and improved electrode—current collector interfaces enhance charge
transport and reduce resistive losses. Consequently, alongside capacitance and cycling
stability, ESR and power density should be considered essential evaluation metrics when
designing high-performance textile supercapacitors for wearable sportswear applications.

Cyclic voltammetry (CV), galvanostatic charge—discharge (GCD), and electrochem-
ical impedance spectroscopy (EIS) are widely employed to evaluate the electrochemical
performance of textile-based supercapacitors [55]. CV and GCD are commonly used to
determine capacitance, rate capability, and cycling stability, whereas EIS provides valuable
information on the internal resistance, charge-transfer resistance, ion transport, and overall
electrochemical kinetics of the device. Together, these techniques provide a comprehensive
assessment of the performance and reliability of textile-based energy storage systems under
conditions relevant to wearable sportswear applications. Chen and co-workers reported
that conductive polymer-coated textile electrodes exhibited enhanced pseudocapacitive
behavior, resulting in improved energy density [56]. However, conductive polymers are
susceptible to degradation during prolonged sweat exposure and repeated washing cycles.
Consequently, hybrid electrode systems combining conductive polymers with graphene or
CNTs have attracted considerable attention because they offer improved electrochemical
performance and mechanical stability [57]. Likewise, Li and co-workers demonstrated
that CNTs-coated textile electrodes retained more than 90% of their initial capacitance
after repeated bending, highlighting their excellent flexibility and durability for wearable
sportswear applications [58].

Another important factor affecting the capacitance performance of textile supercapaci-
tors is electrolyte selection. Gel electrolytes are particularly popular in wearable applica-
tions because they reduce the risk of leakage and provide better flexibility [59]. PVA-based
gel electrolytes are commonly used in sportswear applications because they have better
compatibility with soft textile structures. However, electrolyte drying and long-term stabil-
ity are still research challenges. Comparative evaluation of capacitance performance shows
that different materials and fabrication approaches provide different levels of performance.
For example, graphene-based systems generally provide higher capacitance, while conduc-
tive polymer systems provide greater flexibility. Hybrid materials attempt to combine these
two advantages [60]. An important aspect of capacitance performance in sports e-textiles is
cycle stability. Sportswear garments are exposed to daily wear, stretching, washing, and
perspiration exposure, so it is important to maintain capacitance retention over a long
period of time. Several studies have shown that textile-integrated supercapacitors maintain
acceptable performance even after 1000-5000 charge—discharge cycles [51]. Figure 2A,B
provide a comparative overview of the specific capacitance values obtained according to
the materials and textile structures used in different research studies in the form of line
and bar charts, respectively. The graph clearly shows that hybrid textile electrodes and

https:/ /doi.org/10.3390 /micro6030070


https://doi.org/10.3390/micro6030070

Micro 2026, 6, 70 9 of 30

Specific Capacitance (F/g)

260

240 4

220

200 1

180

160

140 1

120

graphene-based systems provide higher capacitance, while conductive polymer and gel
electrolyte-based systems show relatively lower values. This visual comparison makes it
easier to understand the performance trends of different materials, which helps in selecting
the appropriate energy storage system for sportswear e-textiles.

Comparison of Specific Capacitance in Textile-Based Supercapacitors
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Figure 2. (A) Comparative line graph, and (B) bar graph of specific capacitance of textile-based
supercapacitors in different studies [13,14,25,54,56-60].

o

o

o

4.2. Textile Structures and Supercapacitor Integration

The most important aspect of supercapacitor integration in sports e-textiles is the
textile structures and integration strategies, as these factors directly affect the performance,
flexibility, comfort, and durability of smart garments. In textile-integrated supercapacitors,
energy storage elements are directly incorporated into the fabric structure to achieve better
mechanical compatibility between the electronic components and the textile matrix [61].
The goal of this integration is not only to store energy but also to create a system that can
maintain stable performance during physical movement, stretching, and daily use [62].
Textile structures typically consist of woven, knitted, nonwoven, and yarn-based configura-
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tions. The properties of these different structures vary, and each structure provides specific
advantages for sportswear applications. Woven fabrics are known for their dimensional
stability and strong structure, while knitted fabrics provide greater flexibility and stretch-
ability [63]. Knitted structures are more popular in sportswear garments because they
provide a comfortable feel and better motion adaptability during physical movement [64].
The presence of loops in knitted textile structures provides more surface accessibility for
electrolyte penetration and conductive pathways. This improves charge transfer efficiency
and enhances supercapacitor performance [25]. Knitted substrates have been preferred
for textile supercapacitor integration in several studies because they maintain electrical
continuity despite repeated deformation [65]. Woven textile structures provide more struc-
tural stability in supercapacitor integration. The arrangement of warp and weft yarns
provides better alignment of conductive pathways, allowing more controlled electrode
positioning [66]. However, woven structures have relatively low flexibility, which limits
their use in more stretch-demanding sportswear. Nevertheless, woven fabrics may prove
useful for endurance-based garments and compression wear.

Nonwoven textiles are also gaining prominence in recent research because they pro-
vide a porous structure, which is suitable for electrolyte diffusion [67]. Nonwoven sub-
strates are lightweight and provide improved air permeability, which allows them to be
incorporated into breathable sportswear systems. However, their mechanical strength is
sometimes limited, thus requiring reinforcement strategies. Yarn-based integration is con-
sidered an advanced approach in sportswear e-textiles. In this technique, conductive yarns
or coated fibers are directly incorporated into the fabric structure so that the energy storage
system becomes part of the textile architecture [68]. Yarn supercapacitors are not only
lightweight but can be incorporated into various textile patterns through knitting, weaving,
and embroidery. The advantage of this approach is that the supercapacitor system is not
felt as a separate component but becomes a natural part of the textile surface. Silver-coated
fibers, CNTs yarns, graphene-coated yarns, and conductive polymers are commonly used
for conductive yarn integration [69]. These materials create conductivity in the textile path-
ways, which improves charge transport. In sportswear applications, conductive yarns can
be incorporated into the chest region, shoulder zones, and motion-sensitive areas to achieve
localized energy storage. Layered textile structures are also important for supercapacitor
integration. Multilayer configurations include a conductive textile layer, electrolyte layer,
separator, and protective encapsulation [70]. This layered design improves energy storage
performance and provides better mechanical protection in sportswear garments. Layered
structures also help to increase stability during sweat exposure and wash cycles.

Textile integration methods include sewing, embroidery, lamination, coating, and
printing. Embroidery integration is particularly beneficial in sportswear because conduc-
tive patterns can be placed on specific body zones [24]. Similarly, lamination techniques
provide moisture protection, while coating methods help create conductive layers on tex-
tile surfaces. The choice of integration strategy in sportswear garments depends on the
application-specific requirements. In running apparel, greater flexibility and lightweight
design are necessary, while in gym garments, durability and stretch tolerance may be more
important. Therefore, it is important to strike the right balance between textile structure and
supercapacitor integration [61]. A comparative review of textile structures and integration
strategies (Figure 3) shows that knitted and yarn-based systems are more promising for
sportswear applications, as they provide a better balance between flexibility, comfort, and
energy storage performance. However, woven and layered structures may be more effective
in terms of durability and structural stability. Future research is moving towards hybrid
textile architectures, where optimized sportswear energy systems are being developed by
combining different textile structures [62]. The overall review of textile structures and inte-
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gration strategies shows that supercapacitor performance in sportswear e-textiles depends
not only on the material but also on the textile architecture. The appropriate integration
approach not only improves electrical efficiency but also enhances comfort, flexibility, and
durability. Therefore, multifunctional textile architectures and hybrid integration methods
are being given more importance in future research.

(A) Knitted Structure

(B) Woven Structure (C) Nonwoven Structure (D) Yarn-based Structure

Electrode Active material ﬂ 3 = —~
—_— (Current collector) ] (Coating) Q Electrolyte Knitted yarn e Wovenyarns /7, Nonwoven fiber Yarn

Figure 3. Schematic comparison of supercapacitor integration approaches in different textile structures.

4.3. Mechanical Properties

A key factor in the success of supercapacitor integration in sports e-textiles is the
mechanical properties, as sportswear garments are subjected to continuous physical move-
ment, stretching, bending, twisting, compression, and repetitive deformation. If a textile-
integrated supercapacitor does not have adequate mechanical stability, its electrical per-
formance may quickly be affected. Therefore, mechanical properties not only indicate
material durability but also sportswear compatibility [71]. Textile-based supercapacitors
have greater flexibility than traditional rigid energy storage devices, but their actual perfor-
mance depends on the textile architecture, conductive material distribution, and fabrication
techniques [72]. Energy storage systems used in sportswear must be able to withstand
deformation during body movements and still maintain electrical continuity. This is why
factors, e.g., tensile strength, bending resistance, flexibility, cyclic deformation tolerance,
and compression recovery are included in the mechanical evaluation [73]. Mechanical
flexibility is a fundamental requirement in sportswear e-textiles. Flexible textile superca-
pacitors should minimize capacitance loss during repeated bending. Several studies have
shown that conductive yarn-based systems provide better performance retention during
bending because the conductive pathways are distributed within the textile loops [74].
Knitted structures in particular absorb bending stress better, which reduces cracking in the
conductive layer.

Stretchability is also a very important mechanical property in sportswear integration.
Sports garments, especially gym wear and running apparel, are subjected to continuous
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stretching. Therefore, stretchable supercapacitors must maintain the conductive network
during elongation [75]. Conductive polymers and CNTs composites provide better adapt-
ability in stretchable textile systems because these materials maintain conductivity during
deformation. Microcracks in the electrode layer during mechanical deformation are a
common problem. If the conductive coating is brittle, cracks may develop during repeated
motion, which affects the charge transfer efficiency [76]. To solve this problem, elastomeric
binders and hybrid conductive materials are used, which provide better adhesion to the
textile substrate. Graphene-based coatings also help to increase mechanical stability be-
cause their layered structure maintains better integrity during deformation [14]. Cyclic
bending tests and tensile cycling experiments are used to examine the effects of repeated
motion in sportswear. These experiments determine how many deformation cycles affect
capacitance retention [77]. In several studies, textile supercapacitors maintained acceptable
performance even after 1000 to 5000 bending cycles, which is a positive sign for wearable
applications. Compression behavior is also included in the mechanical properties, espe-
cially in body-contact regions. Sportswear garments apply pressure to various parts of
the body, so energy storage layers must withstand compressive stress [78]. Compression-
resistant textile structures provide more stable electrolyte distribution, which improves
energy storage efficiency.

Textile architecture has a significant impact on mechanical properties. Knitted struc-
tures provide greater stretchability, while woven structures have better dimensional sta-
bility [63]. Yarn-based integration systems provide more localized flexibility because the
conductive component becomes part of the textile structure. Layered textile assemblies pro-
vide better protection but can sometimes increase stiffness [79]. Encapsulation techniques
are also used to improve mechanical properties. Encapsulation protects the conductive
layer from external mechanical stress, moisture, and abrasion [80]. However, excessive
encapsulation can sometimes reduce flexibility, so balanced encapsulation is necessary in
sportswear applications. Sportswear-specific mechanical testing also includes body motion
simulation. Running motion, arm movement, torso bending, and stretching patterns are
simulated to evaluate the reliability of textile supercapacitors [71]. This approach shows
how well different textile architectures remain stable during real-world use. A comparative
review of different studies shows that knitted and yarn-based structures are more suitable
in terms of mechanical performance, as they provide a better combination of flexibility and
stretchability. Woven structures offer greater durability but have limited adaptability in
some sportswear applications. Hybrid structures are considered more promising in the
future because they combine the advantages of different textile architectures [72]. Figure 4
provides a comparative analysis of the mechanical response and tensile stress—strain be-
havior during supercapacitor integration in different textile structures. The graphs clearly
show that knitted and yarn-based structures provide greater stretchability and deformation
tolerance, as their looped and fibrous architecture distributes stress better during physical
movement [62,65,68]. In contrast, woven structures show better dimensional stability but
their elongation capability is relatively limited [66], while nonwoven structures have lower
tensile strength despite higher porosity [67]. Furthermore, hybrid textile configurations
provide a better mechanical balance, where both flexibility and structural durability can
be maintained [70,77]. These results demonstrate that the choice of textile architecture in
sportswear e-textiles plays a crucial role in mechanical reliability and long-term superca-
pacitor performance [71,78].

https:/ /doi.org/10.3390 /micro6030070


https://doi.org/10.3390/micro6030070

Micro 2026, 6, 70

13 of 30

Stress (MPa)

Stress (MPa)

30 (A) Knitted Structure 10 (B) Woven Structure 55 (C) Nonwoven Structure
254 25 4 2.5 4
2.0 A - 2.0 1 - 201
g &
151 2 151 2 15
@ @
10 4 £ 10 £ 104
0 7]
0.5 A 0.5 | 0.5 A
0 T T T T 0 — r 1 0
0 20 40 60 80 100 0 20 40 60 80 100 ] 20 40 60 80 100
Strain (%) Strain (%) Strain (%)
30 (D) Yarn-Based Structure - (E) Hybrid Knitted/Woven Structure
2.5 4 2.5 4 - — -
—=&— This Study (Electrode Fabric)
L T 204 —u— Graphene-Costed Textile
151 “E’ 154 —a&— CNT-Based Textile
@ :
104 ‘% il —&— PEDOT:PSS Textile
Hybrid Composite Textile
05 05 4 |
0 T T T T 4] v T T -
0 20 40 60 80 100 0 20 40 60 B0 100
Strain (%) Strain (%)

Figure 4. Tensile stress—strain curves for textile electrodes in different textile structures. Data were
compiled and redrawn from References [71,73,76,79].

Stretch Behavior

Stretch behavior is a critical component of mechanical performance in sportswear e-
textiles because sportswear undergoes continuous elongation and recovery during physical
activity. Stretchable textile supercapacitors should be able to not only maintain their struc-
tural integrity during deformation but also maintain electrical conductivity [73]. Figure 5
shows the capacitance retention of supercapacitor electrodes during cyclic stretching in
different textile structures. The graphs show that knitted, yarn-based, and hybrid tex-
tile structures maintain relatively good electrochemical stability during stretching cycles,
while the capacitance retention in nonwoven structures decreases rapidly. This difference
arises due to the textile architecture, conductive pathway continuity, and deformation
tolerance [62,68]. Knitted structures perform better in strain distribution due to their loop-
based geometry, while yarn-based systems maintain localized charge transport within the
conductive fibers [65,69]. In contrast, woven structures show moderate retention due to
limited elongation, while fiber displacement and weak inter-fiber contact in nonwoven
substrates cause capacitance degradation [66,67].

Stretch behavior is related to the textile substrate, conductive coating, and electrode
design. Knitted fabrics provide high stretchability due to their looped structure, while
woven fabrics have limited elongation [74]. Knitted substrates are preferred in sportswear
applications because they provide better adaptability during running and exercise move-
ments. Conductive materials significantly affect stretch performance. CNT-coated yarns,
graphene-based fibers, and conductive elastomers have been shown to provide superior
results in stretchable electronics [75]. These materials allow conductive pathways to remain
intact despite deformation. Stretch-induced resistance change is an important parameter
that determines the extent to which electrical performance is affected during elongation.
Fatigue behavior during repeated stretching is also important. If the conductive layer
cannot withstand repeated stretching, microfractures can occur, which reduces capaci-
tance retention [76]. Therefore, cyclic stretch testing is considered essential in sportswear
e-textiles. Studies have shown that some stretchable textile supercapacitors maintain their

https:/ /doi.org/10.3390/micro6030070


https://doi.org/10.3390/micro6030070

Micro 2026, 6, 70

14 of 30

Capacitance Retention (%)

R
o o

(A) Knitted Structure

performance up to 30-50% elongation [77]. Hybrid textile architectures are more promising
with respect to stretch behavior because they combine both elasticity and conductivity.
Better stretch recovery can be achieved by using elastomeric substrates with conductive
yarn integration [78]. This is why stretch behavior is included as a design consideration in
sportswear-specific supercapacitor. Figure 6 summarizes the overall capacitance retention
performance of various textile structures after cyclic stretching. The results show that
the hybrid knitted /woven structure retained approximately 88% capacitance retention,
making it the most stable structure for sportswear applications [70,77]. Knitted structures
showed approximately 83% retention, while yarn-based systems maintained 75% retention,
indicating their improved flexibility and conductive continuity [71,78]. On the other hand,
the retention was lower in woven and nonwoven structures, especially the nonwoven
textile showed about 50% retention, indicating structural instability during mechanical de-
formation [72,79]. These results illustrate that the choice of textile architecture is crucial for
long-term mechanical reliability and energy storage stability in sportswear e-textiles [80].
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Figure 5. Comparative analysis of capacitance retention of supercapacitor electrodes during cyclic
stretching in different textile structures. Data were compiled and redrawn from References [62,65-69].
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Figure 6. Quantitative comparative performance of capacitance retention (%) after 10,000 stretching
cycles in different textile structures. All tests were conducted at 20% strain in air, at room temperature.
Data were compiled and redrawn from References [70-72,77-80].

4.4. Comfort Properties

Comfort properties play a crucial role in sports e-textiles because sportswear garments
are in direct contact with the human body. Although textile-integrated supercapacitors
provide energy storage and sensing capabilities, their success also depends on how com-
fortable, breathable, and skin-compatible they are for the wearer. Comfort in sportswear
applications is not limited to softness or lightweight structure but also includes thermo-
physiological balance, tactile perception, moisture management, and sweat interaction [81].
The conductive layers, electrodes, encapsulation materials, and integration methods in
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e-textiles can affect comfort performance. For example, rigid conductive coatings or thick
multilayer assemblies can reduce comfort because they increase fabric stiffness [82]. In con-
trast, stretchable yarn-based supercapacitors and lightweight conductive coatings provide
a better wearing experience. Comfort properties are important in sportswear development
because sportswear is subjected to continuous physical activity, perspiration, and prolonged
wear conditions [64,83]. In the context of sportswear comfort, thermo-physiological prop-
erties, tactile properties, and sweat resistance are considered to be three primary factors.
Thermo-physiological comfort affects body temperature and moisture transport, tactile
comfort is related to the surface feel and softness of the fabric, while sweat resistance reflects
the long-term usability and electrochemical stability of e-textile systems [84]. The combined
effect of all these factors has an impact on sportswear acceptance and user satisfaction.

4.4.1. Thermo-Physiological Properties

Thermo-physiological properties are an important aspect of comfort evaluation in
sportswear e-textiles because they control the heat and moisture exchange between the
body and the textile structure. Sportswear garments experience heat generation and perspi-
ration during physical activity, so textile-integrated supercapacitors must be designed in
such a way that they do not hinder breathability, thermal regulation, and moisture trans-
fer [22,85]. Conductive coatings, electrolyte layers, and encapsulation systems in textile
supercapacitors can sometimes affect airflow and moisture evaporation. If the conductive
layer is too dense, heat retention can increase, which can cause wearer discomfort [86].
Knitted structures generally provide better thermo-physiological performance because their
porous geometry improves air circulation and sweat evaporation. Moisture management
is an important component of thermo-physiological comfort. Sportswear fabrics should
wick sweat away from the body to keep the skin dry. Studies have shown that lightweight
conductive yarn integration has a minimal effect on moisture transport, while thick multi-
layer electrodes sometimes reduce water vapor permeability [87]. This is why breathable
conductive coatings and porous substrates are considered more suitable for sportswear
e-textiles. Thermal resistance also plays an important role in comfort performance. If a
textile-integrated supercapacitor traps heat, thermal discomfort can occur during running
or gym activity [88]. Conductive polymers and carbon-based coatings have different ther-
mal conductivities, so material selection affects thermo-physiological behavior. In hybrid
textile systems, conductive layers are added to selective zones to maintain overall garment
breathability. Sportswear comfort studies use thermal manikin testing, air permeability
measurements, and moisture vapor transmission tests to quantify thermo-physiological
performance [81]. These experiments show how textile architecture and conductive layer
placement affect comfort performance.

Figure 7 shows the thermo-physiological comfort performance of textile-based su-
percapacitor (TSC) fabrics through various scientific parameters. Figure 7A shows the
measurement setup, where the textile structure was placed in contact with the skin and
the heat transfer, moisture evaporation, and skin—fabric interaction were evaluated using
temperature and humidity sensors [81,83]. Figure 7B shows the surface temperature re-
sponse of different textile structures, which shows that the knitted TSC fabric maintains
a lower temperature, indicating better heat dissipation and ventilation [82,87]. Figure 7C
shows the relative humidity at the skin—fabric interface, where conductive knitted and
woven fabrics showed better moisture wicking ability, while conventional fabrics had
higher humidity retention [85]. Figure 7D shows the moisture vapor transmission rate
(MVTR), which shows that porous textile architectures provide better breathability [87].
Figure 7E presents a comparison of thermal resistance, where lower thermal resistance in-
dicates better thermo-physiological comfort because heat is easily dissipated from the body
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surface [82,88]. Finally, Figure 7F presents the overall thermo-physiological comfort index
in the form of a radar plot, which shows a comparative assessment by combining different
comfort-related factors [84,88]. Overall, the results show that knitted and hybrid textile
structures provide better comfort, airflow, and moisture regulation while maintaining
conductive functionality, which are very suitable properties for sportswear e-textiles.
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Figure 7. Comparative assessment of thermo-physiological performance of supercapacitor-based
fabrics in sports e-textiles, comparing temperature, humidity, moisture vapor transmission, thermal
resistance, and overall comfort index of different textile structures with traditional sportswear fabrics.
Data were compiled and redrawn from References [81,82,84,85,87,88].

4.4.2. Tactile Properties

Tactile properties are aspects of textile comfort that relate to fabric surface feel, softness,
roughness, friction, and skin interaction. Tactile comfort is very important in sportswear
garments because it affects the wearer’s wearing experience and long-term acceptabil-
ity [82]. If supercapacitor integration makes the textile surface stiff, rough, or bulky,
garment discomfort may occur. Tactile performance in textile-integrated supercapacitors
is influenced by the conductive coating thickness, encapsulation materials, and textile ar-
chitecture. Conductive inks and thin-film coatings generally provide better tactile comfort
because they affect fabric flexibility less [27,89]. In contrast, thick electrode assemblies or
rigid encapsulation can increase surface stiffness. Surface friction is an important factor in
tactile comfort. Sportswear garments are in constant motion with the body, so high-friction
surfaces can cause irritation or skin discomfort [90]. Studies have shown that knitted
conductive fabrics provide greater softness than woven conductive structures because they
have a looped yarn arrangement. Softness perception is evaluated by both subjective and
objective methods. Instruments (Kawabata Evaluation System and the Fabric Touch Tester)
are used to quantify textile hand feel and surface smoothness [27,83]. Thin conductive
coatings, flexible binders, and soft encapsulation materials are preferred to maintain tactile
comfort in textile-integrated supercapacitors. Tactile comfort is crucial for sportswear
acceptance because athletes and gym users prefer garments that are lightweight, smooth,
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and skin-friendly. This is why tactile optimization is considered an important parameter in
wearable electronics design [84].

Figure 8 illustrates the tactile performance of textile-based supercapacitor (TSC) fabrics
through various scientific parameters to better understand sportswear comfort and user
perception. Figure 8A presents a comparison of the coefficient of friction (CoF), which
shows that knitted TSC fabrics have a lower friction coefficient, indicating smoother sur-
face interaction and better comfort [85]. Conventional polyester fabrics exhibit relatively
high friction, which may increase the potential for skin irritation during prolonged wear.
Figure 8B shows surface roughness (Ra) values, where knitted conductive fabrics exhibited
lower roughness, while conventional fabrics and thicker conductive layers exhibited higher
roughness [84,89]. Low roughness is considered important for tactile smoothness and
skin-friendly contact. Figure 8C shows bending rigidity, which can be used to assess fabric
flexibility and drape behavior [82]. The results show that textile-integrated supercapacitor
structures, especially knitted configurations, have lower bending rigidity, which makes
the fabric feel more flexible. Figure 8D shows the compression thickness response, which
represents the fabric softness and cushioning behavior [83]. Conductive knitted structures
provide better resilience despite low compression thickness, which improves sportswear
comfort [84]. The results show that knitted and woven TSC fabrics perform better in terms
of tactile comfort, while rigid conventional fabrics provide comparatively less comfort.
This figure illustrates that proper conductive integration and textile architecture play an
important role in developing functional sportswear e-textiles while maintaining tactile

comfort [81,88].
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Figure 8. Comparative evaluation of tactile properties of supercapacitor-based fabrics in sports
e-textiles, in which friction behavior, surface roughness, bending rigidity, and compression response
of different textile structures are compared with conventional sportswear fabrics.

4.4.3. Sweat Resistance

Sweat resistance is important for both comfort and durability in sportswear e-textiles
because perspiration during physical activity can directly affect conductive layers and elec-
trolyte systems. Sweat contains salts, moisture, and acidic compounds, which can affect the
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electrochemical stability of conductive pathways [85]. Sweat exposure in textile-integrated
supercapacitors can cause degradation, corrosion, and adhesion loss of conductive coat-
ings [86]. Metal-coated yarns in particular can be susceptible to oxidation in a sweat
environment. Carbon-based electrodes and conductive polymers provide relatively good
sweat resistance because they have high chemical stability. Figure 9 shows the sweating
mannequin test setup, which is used to test the sweat resistance and comfort-related per-
formance of sportswear e-textiles. In this setup, a specific fabric test zone is placed on the
mannequin surface, where the textile-based supercapacitor fabric is evaluated in contact
with the skin [85,87]. A synthetic sweat solution is continuously supplied by a peristaltic
pump to simulate real human perspiration, while temperature and humidity sensors record
microclimate changes at the fabric—skin interface [81,88]. This setup enables analysis of
sweat absorption, evaporation behavior, moisture retention, and conductive layer stability,
which are important for understanding long-term comfort and electrochemical reliability
in sportswear applications [86,90]. Furthermore, controlled environmental conditions, e.g.,
ambient temperature, relative humidity, and sweat composition allow for a qualitative

assessment of the comparative performance of different textile structures. Artificial sweat

testing, humidity exposure experiments, and cyclic perspiration simulations are used for

sweat resistance evaluation [87]. These experiments show how well capacitance reten-
tion is maintained after repeated sweat exposure. Sweat-resistant encapsulation layers in

sportswear applications help to preserve conductive pathways. Moisture-resistant coatings

and hydrophobic textile treatments can reduce sweat interaction, while breathable encap-
sulation protects without compromising comfort [88]. Sweat resistance is not only related

to electrochemical stability but also to skin comfort, as excessive moisture accumulation

can cause discomfort and irritation.
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Figure 9. Sweating mannequin test setup for sweat resistance evaluation, which shows a mannequin-
based experimental system for testing the moisture, heat, and perspiration interaction of textile-based
supercapacitor fabrics under controlled conditions.
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Figure 10 shows the functional stability and moisture interaction of textile-based
supercapacitor fabrics after the sweating test. Figure 10A shows the electrical performance
of different textile structures, where capacitance retention and internal resistance (Rs)
change are compared after sweat exposure. The results show that knitted and woven TSC
fabrics showed higher capacitance retention and lower resistance increase, indicating better
electrochemical stability and sweat tolerance [86,87]. In contrast, electrical degradation
was observed in conventional fabrics after moisture exposure, with significant increases in
resistance in polyester structures [85]. Figure 10B shows a visual observation comparing
the moisture spreading pattern on the fabric surface in the dry state and after sweating
exposure. Sweat distribution in knitted and woven textile structures appears to be more
uniform and controlled, while moisture accumulation in conventional fabrics remains more
concentrated [81,88]. These results indicate that conductive textile architecture not only
maintains electrical stability but also plays an important role in sweat management and
comfort performance [87,90].
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Figure 10. Comparative analysis of the electrical performance and visual sweat interaction of textile-
based supercapacitor fabrics after sweating test, showing capacitance retention, internal resistance
change, and sweat distribution in different textile structures.

4.5. Durability Comparison

Durability is a key performance indicator in sportswear e-textiles because textile-based
supercapacitors have to maintain their functional stability during continuous bending,
stretching, sweating, washing, and daily use. If the conductive layers or energy storage
components degrade quickly, their practical utility in sportswear applications is reduced.
Therefore, durability comparison is considered essential to evaluate the long-term reliability
of different textile architectures, conductive materials, and fabrication methods [91]. Dura-
bility in textile-integrated supercapacitors is not only related to mechanical stability but
also to electrochemical performance retention. Repeated deformation during sportswear
garments can affect conductive pathways, which can lead to resistance increase and capac-
itance loss [92]. Studies have shown that yarn-based and knitted conductive structures
provide better durability under repeated stress because the conductive network is dis-
tributed within the textile matrix. In contrast, rigid coating-based systems are more prone
to cracking and delamination [93]. Durability evaluation includes cyclic loading, abrasion
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testing, humidity exposure, and repeated motion simulation to replicate sportswear use
conditions. Conductive textile systems that maintain capacitance retention even after
multiple stress conditions are considered more reliable [94]. Durability in sportswear
applications plays an important role not only in performance but also in user confidence
and garment lifespan.

Washing Stability

Washing stability is a very important criterion for textile-based supercapacitors be-
cause sportswear garments require repeated washing. If conductive layers, electrodes, or
electrolyte systems degrade during washing cycles, the functional capability of the garment
may be affected [95]. Therefore, the development of washable e-textiles has become an
important topic in wearable electronics research. During washing, textile structures are
subjected to mechanical agitation, detergent interaction, water immersion, and tempera-
ture exposure. These factors can affect the adhesion, yarn conductivity, and electrolyte
integrity of conductive coatings [91]. Knitted conductive textiles generally show better
washing tolerance because the conductive pathways are protected within the textile loops.
In contrast, surface-coated fabrics are more prone to peeling or cracking of the conductive
layer [92]. Capacitance retention after multiple washing cycles is considered an important
indicator of washing stability. Studies have shown that some textile supercapacitors retain
70-90% of their performance after 20-50 wash cycles, especially those systems that include
encapsulation layers or conductive yarn integration [93]. Conductive polymers and carbon-
based materials provide better performance in washing resistance because they maintain
conductive continuity despite moisture exposure [94]. Sportswear-specific washing stabil-
ity tests use ISO textile washing protocols, where different wash temperatures, detergent
concentrations, and drying conditions are evaluated [95]. These experiments demonstrate
the reliability of textile-integrated supercapacitors during real-world use. Future research
focuses on washable conductive coatings, flexible encapsulation, and hydrophobic textile
treatments to improve performance retention despite repeated laundering.

Table 2 provides a comparative summary of the washing stability of textile-based
supercapacitors in different studies, showing textile type, conductive material, washing
cycles, and capacitance retention together. This table shows that knitted, yarn-based,
and hybrid textile structures maintain better performance even after repeated washing,
especially conductive yarn, CNT composite, graphene coating, and conductive polymer-
based systems with relatively high capacitance retention [91-95]. Overall, this table shows
that material selection, conductive layer adhesion, and protective encapsulation are very
important factors for washable sportswear e-textiles.

Table 2. Comparative review of washing stability of textile-based supercapacitors in different studies.

. Conductive . Capacitance
Textile type Material Washing Cycles Retetion (%) Results Reference
Knitted Conductive yarn 20 88 Improved washing [91]
stability
Woven Silver-coated yarn 15 76 Stight decr'e asem [92]
conductivity
Yarn-based textile CNT composite 30 85 Stable desplt.e repeated [93]
washing
Stretch textile Graphene coating 25 81 Coajcmg adhesion [94]
improved
. . Conductive Long-term wash
Hybrid textile polymer 50 79 durability ]
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4.6. Sustainability and Recycling

The development of textile-based supercapacitors is not limited to performance en-
hancement, but sustainability and circular material design have also become important
in modern sportswear e-textiles. With the increasing popularity of wearable electronics,
issues, e.g., e-waste, non-recyclable polymers, and conductive material disposal are becom-
ing more prominent. Therefore, the need for sustainable textile-integrated energy storage
systems is increasing, so that functional sportswear not only provides high performance but
also reduces the environmental footprint [96]. The first step in sustainability in sportswear
e-textiles starts with material selection. Recyclable textile substrates, bio-based fibers, and
low-toxicity conductive materials are considered more environmentally friendly. For exam-
ple, cellulose-based fabrics, recycled polyester, and biodegradable conductive polymers are
being used in sustainable sportswear development [6,97]. The goal of these materials is to
create textile systems that can be easily recycled or safely disposed of at the end of their life.
Carbon-based electrodes used in supercapacitor integration are considered to be relatively
better in terms of sustainability because CNTs, activated carbon, and graphene derivatives
have low toxicity and are recyclable in many cases [93,98]. In contrast, heavy metal-based
conductive coatings can sometimes cause environmental contamination. Therefore, future
research is moving towards metal-free conductive systems and green electrolytes.

The circular economy approach has become an important concept for sportswear
e-textiles. The goal of circular design is to produce textile-based supercapacitors in a way
that they can be repaired, reused, or disassembled [99]. Modular textile architectures,
detachable conductive layers, and replaceable energy-storage components improve recy-
cling efficiency. This approach not only reduces waste but also increases garment lifespan.
Recycling strategies include textile separation, conductive coating recovery, and polymer
regeneration. Textile-integrated electronics can be difficult to recycle because conductive
materials are strongly integrated with textile fibers [100]. Therefore, future design strategies
are favoring mono-material textile systems, reversible coatings, and eco-friendly encap-
sulation to facilitate end-of-life recycling. Sustainability in sportswear applications is not
only an issue of environmental protection but also a part of consumer demand. Modern
athletes and fitness users prefer garments that provide sustainability values along with
comfort and performance. For this reason, sportswear brands are focusing on recyclable
smart textiles and eco-conscious wearable systems.

Figure 11 presents the complete sustainable lifecycle framework of textile-based su-
percapacitor sportswear, depicting the different stages of the garment through a circular
flow. The lifecycle begins with raw material selection, where sustainable fibers, conductive
materials, and eco-friendly components are selected [96]. This is followed by the fabrica-
tion stage, which involves energy-efficient manufacturing and textile integration, while
the sportswear use phase demonstrates the functional performance and energy storage
capability of the garment [97]. Washing/use cycles demonstrate durability and repeated
usability, which are important for the practical lifespan of sportswear e-textiles [95]. In the
end-of-life separation stage, textile and conductive components are separated so that the
material can be reused through a recycling process [99]. Finally, the regenerated materials
are re-entered into the production cycle, completing the circular economy model, which
promotes waste reduction and environmental sustainability [100].
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Figure 11. Sustainability and recycling lifecycle framework for textile-based supercapacitor garments
in sportswear e-textiles, from raw material selection to fabrication, use phase, washing cycles, end-
of-life separation, recycling process, and regenerated material flow are depicted under a circular
economy approach.

5. Real-World Applications in Sportswear

The development of textile-based supercapacitors has enabled the practical use of
wearable energy storage systems in the sportswear industry. Modern sportswear is no
longer limited to comfort or aesthetics, but is increasingly incorporating intelligent function-
alities (sensing, monitoring, and physiological data collection). Thanks to supercapacitor
integration in sportswear e-textiles, garments are becoming capable of storing energy
themselves, powering sensors, and transmitting data during physical activity [101]. The
main goal of real-world applications is to develop wearable systems that provide real-
time performance insights to athletes and fitness users. Textile-based supercapacitors are
gaining practical importance in gym wear, running apparel, activity monitoring systems,
integrated sensors, and sweat-temperature analysis [92,102]. In sportswear garments, the
energy storage is located directly within the textile structure, reducing the need for external
batteries while maintaining comfort and flexibility.

5.1. Gym Wear

The use of textile-based supercapacitors in gym wear is considered particularly impor-
tant for fitness monitoring and motion-sensitive garments. During gym activities (weight
training, stretching, resistance exercises, and cardio workouts), garments are subject to
constant deformation and perspiration. Therefore, energy storage systems that are flexible,
lightweight, and stretch-tolerant are needed [103]. Supercapacitor-integrated gym wear
can power sensors that perform functions, e.g., posture correction, muscle activity tracking,
and repetition counting. For example, conductive textile zones can be added to the chest,
shoulder, or arm regions to detect exercise motion [104]. In gym wear, these systems allow
data collection without external wearable devices. Embedded supercapacitors in compres-
sion garments provide better body contact, which makes signal acquisition more reliable.
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Conductive yarn-based systems are considered more suitable for gym wear because they
maintain stretchability and comfort [105]. In the future, smart gym clothing may be used
for personalized workout feedback, fatigue monitoring, and muscle recovery analysis.

5.2. Running Apparel

Running apparel is an important segment of sportswear e-textiles where lightweight
energy storage systems are needed. Garments for runners should be breathable, flexible,
and low-weight so that movement efficiency is not affected [106]. Textile-based superca-
pacitors can power embedded sensors and wireless modules in running apparel, which
collect distance, speed, cadence, and body motion data. Conductive pathways in running
garments are typically integrated in the torso, knee, or calf regions, where movement
intensity is high. Supercapacitor-based systems are suitable for short burst power delivery,
which is useful in wireless communication or biometric sensing [107]. Integrated energy
storage systems in running jackets and smart leggings can support GPS modules or motion
sensors. Lightweight textile supercapacitors have the advantage of being less bulky in
running applications than rigid batteries. Breathable knitted structures are considered
more suitable in sportswear design because they improve heat dissipation and moisture
transfer [108].

5.3. Physical Activity Monitoring

Physical activity monitoring is an important application of sportswear e-textiles,
where textile-based supercapacitors provide an autonomous power supply to wearable
sensing systems. Activity monitoring systems are used to track heart rate, body movement,
posture changes, and exercise intensity [109]. Textile-integrated supercapacitors play the
role of energy buffering in such systems, where collected data is temporarily stored and
transmitted. Wearable garments can be integrated with accelerometers, strain sensors, and
pressure sensors to enable complete analysis of physical movement [110]. Fitness tracking
garments can be used in the gym, rehabilitation, physiotherapy, and sports performance
analysis. During activity monitoring, the energy storage system must be lightweight and
flexible so that user comfort is not affected. Conductive textile architectures are considered
more suitable for wearable sensing because they can be discreetly integrated within the
garment structure [101].

5.4. Sensor Integration

Sensor integration is one of the most important practical applications of sportswear
e-textiles. Textile-based supercapacitors serve as a decentralized energy source to power
various sensors [92,102]. In sportswear garments, motion sensors, ECG sensors, tempera-
ture sensors, strain sensors, and pressure sensors can be integrated into the textile structure.
During sensor integration, conductive pathways and energy storage units are strategically
placed to maintain sensing accuracy and power efficiency [103]. For example, ECG sensors
can be integrated in the chest region and motion sensors in the knee region. Supercapacitor
integration provides short-term high-power bursts for these sensors, which can aid in data
transmission or signal processing [104]. Sensor-integrated garments can be useful in athlete
performance monitoring, rehabilitation tracking, and injury prevention. Flexible conductive
yarns and printable electronics facilitate sensor placement, while textile supercapacitors
improve system autonomy [105].

5.5. Sweat and Temperature Monitoring

Sweat and temperature monitoring is an important biomedical application in
sportswear e-textiles. Sweat composition and skin temperature are considered indica-
tors of physiological condition during physical activity [106]. Textile-based supercapacitors
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power sensors that can monitor sweat rate, pH level, electrolyte concentration, and body
temperature. Sweat-monitoring garments aid in dehydration detection, fatigue assessment,
and electrolyte imbalance analysis. Conductive textile layers are integrated into sweat-
contact regions to enable direct interaction with body fluids [107]. Temperature sensors
can be incorporated into sportswear to detect thermal stress and overheating. Sweat and
temperature monitoring in sportswear applications is critical for athlete safety, especially
during endurance sports and high-intensity training. Textile-based supercapacitors enable
real-time physiological monitoring by providing a continuous energy supply to wearable
sensing modules [108].

6. Research Gaps and Future Framework

Although textile-based supercapacitors have made significant progress in sportswear
e-textiles, there are still several important gaps between current research and practical
applications. Current studies are mostly limited to laboratory-scale demonstrations, where
performance metrics (capacitance, flexibility, or washability) are evaluated under controlled
conditions. However, in real sportswear environments, factors, e.g., deformation, sweat
exposure, temperature fluctuation, and repeated laundering are simultaneously influential,
but have rarely been evaluated within an integrated framework [111]. Therefore, there is a
clear gap between laboratory performance and real-world durability. A major limitation at
the research level is that most studies are based on short-term testing. Many textile-based
supercapacitors show better performance in the initial cycles, but limited information
is available on the effects of long-term degradation behavior, cyclic fatigue, and multi-
environment exposure [112]. Sportswear garments are typically worn for months or years,
so future research should focus on long-term lifecycle testing.

Another research gap concerns conductive material compatibility. In textile-integrated
supercapacitors, conductive coatings, yarns, and electrolytes do not perform uniformly
with different textile substrates. Some systems provide good electrical conductivity but
compromise tactile comfort or wash durability, while some materials have limited capaci-
tance despite being sustainable [113]. This discrepancy makes material selection a major
challenge, where a balance between electrical efficiency, comfort, and recyclability must
be found. The industry gap is also a major obstacle to the development of this sector. The
textile industry and the electronics industry still have separate manufacturing ecosystems.
Traditional textile manufacturing processes are not designed for large-scale conductive
integration, while electronic fabrication methods do not fully support textile flexibility
and softness [114]. For this reason, scalable production is still limited, and commercial
sportswear brands have not been able to widely adopt fully textile-integrated energy
storage systems.

Cost efficiency is a key issue among commercialization challenges. Fabrication of
textile-based supercapacitors uses conductive nanomaterials, specialized coating tech-
niques, and encapsulation processes, which increase production costs [115]. Considering
the cost-sensitive manufacturing in the sportswear market, technologies that provide
low-cost conductive materials and scalable fabrication methods are needed. Although
prototype-level devices show promising results, the economic feasibility for mass produc-
tion is still limited. The lack of reliability and standardization is also a major commercial
challenge. Different studies use different testing protocols, which makes performance com-
parison difficult [116]. For example, standard definitions of wash cycles, humidity exposure,
or stretching conditions may differ. Standardized testing protocols are needed in the future
framework to evaluate different textile-based supercapacitor systems under a common
standard. There are also several issues regarding sustainability. Although textile-based
supercapacitors are presented as sustainable wearable systems, the recyclability of conduc-
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tive nanomaterials and some polymer electrolytes may be limited [117]. There is currently
limited research on the end-of-life management of sportswear e-textiles, especially for gar-
ments in which textile fibers and conductive components are tightly integrated. Therefore,
future research should focus on disassembly-friendly designs, detachable electronics, and
recyclable conductive layers.

Accurate assessment of the environmental footprint is also a research gap. Very few
studies have performed a full life cycle assessment (LCA) or techno-economic analysis
of textile-based supercapacitors [118]. Sustainable innovation in the sportswear industry
requires evaluating material extraction, fabrication energy consumption, washing impact,
and disposal phase from a holistic perspective. Future frameworks may benefit from
incorporating eco-design principles from the early design stage. Multifunctional structures
are considered to be more promising in the context of future textile architecture. Next-
generation sportswear e-textiles could integrate energy storage, sensing, communication,
and comfort management on a single textile platform [119]. Hybrid textile architectures,
where conductive yarns, breathable layers, and protective encapsulation are combined,
can provide more balanced performance. This approach can not only improve energy
storage but also maintain garment comfort and durability. Artificial intelligence and data-
driven textile design can also play an important role in the future framework. Smart
sportswear systems can provide adaptive performance based on collected physiological
data (body temperature regulation or activity-based sensing optimization) [120,121]. For
this, textile-integrated supercapacitors can be used as self-powered systems, reducing
external battery dependency.

7. Conclusions

This review demonstrates that textile-based supercapacitors are a promising energy
storage solution for sports e-textiles, offering superior flexibility, wearability, and seamless
integration. Key conclusions are drawn below:

e Knitted and conductive yarn-based textile architectures provide the best overall per-
formance for sportswear applications by combining high stretchability, breathability,
mechanical durability, and stable electrical performance under repeated deformation.

o  Carbon-based electrode materials, particularly graphene, CNTs, activated carbon,
and conductive polymer composites, exhibit excellent electrochemical performance,
capacitance retention, and mechanical stability, making them attractive candidates for
wearable energy storage.

e  Long-term durability remains a critical challenge. Washability, cyclic stretching, sweat
resistance, and conductive layer adhesion largely determine the practical reliability of
textile supercapacitors for everyday sportswear applications.

e  Textile-integrated supercapacitors enable self-powered wearable systems for applica-
tions, e.g., physiological monitoring, motion sensing, posture analysis, and wireless
communication while reducing dependence on external batteries.

e  Sustainable material selection, recyclable textile architectures, eco-friendly fabrication
processes, and end-of-life management are essential for minimizing the environmental
impact of future wearable electronics.

Despite significant progress, further research is needed to improve large-scale man-
ufacturing, reduce production costs, establish standardized testing protocols, enhance
long-term reliability, and accelerate the commercial deployment of textile-based superca-
pacitors in intelligent sportswear.
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