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A B S T R A C T

Following the isolation of graphene in the early twenty-first century, research on two-dimensional (2D) materials 
expanded rapidly, establishing a broad platform for chemistry-driven device innovation. These atomically thin 
systems, with exceptionally high surface-to-volume ratios, exhibit distinctive chemical, physical, and mechanical 
responses that are directly relevant to healthcare technologies. Their integration into smart textiles offers a 
promising route towards unobtrusive, continuous physiological monitoring and personalised interventions 
informed by real-time data analytics.

This review systematically examines recent and representative applications of 2D materials in health-oriented 
smart textiles. First, the intrinsic properties that make these materials suitable for wearable health devices are 
outlined, followed by the analysis of the structural characteristics and transduction mechanisms relevant to 
textile embodiments. Particular focus is placed on methods for integrating sensors and electronics into everyday 
clothing, enabling early detection of health issues with minimal disruption to daily routines. The review also 
assesses current challenges, including the scalability of synthesis, long-term durability, biocompatibility, and 
regulatory acceptance, and outlines future research directions to facilitate the clinical adoption of this 
technology.

1. Introduction to the role of smart textiles in advancing 
healthcare

Chronic and age-related conditions are increasing worldwide and are 
in dire need of longitudinal measurements beyond clinical settings [1]. 
Because of that, wearable platforms capable of operating in daily life 
with minimal user intervention are gaining popularity and attention. For 
healthcare wearables, the substrate is required to maintain stable signal 
quality while remaining breathable and comfortable during prolonged 
skin contact. It must also withstand exposure to sweat, cyclic deforma
tion, and laundering [1,2]. Conventional polymer films and rigid device 
substrates often struggle to simultaneously provide conformability, 
breathability, and durability at the garment level. By contrast, textiles 
are intrinsically porous, drapable, and washable, making them a natural 
host for continuous monitoring and therapy delivery, provided that 
functional elements can be integrated without compromising hand feel 
and wearability [1].

In the present review, the term “smart textiles” is used in line with 
standard definitions that distinguish predefined functional finishes from 
textiles exhibiting stimulus–response behaviour enabled by integrated 
sensing and/or actuation. For healthcare implementations, the domi
nant integration route is surface finishing, via coating, printing, or fibre/ 
yarn modification, because it enables added functionality while pre
serving textile mechanics [1,3].

This review focuses specifically on two-dimensional (2D) materials 
as textile-finishing platforms for healthcare, applied to yarns and fabrics 
to enable biosignal acquisition (ECG/EMG/EEG), biomechanical and 
biochemical sensing, thermotherapy/photothermal management, 
wound care, and antimicrobial protection. Existing reviews have pro
vided valuable overviews of: (i) healthcare e-textile systems at the 
platform level [1] and (ii) 2D materials for smart textiles more broadly 
[3], including MXene-enabled smart-textile interfaces [4]. In contrast, 
the present review places primary emphasis on: (i) fibre–2D material 
interfacial chemistry and adhesion, (ii) finishing-process compatibility 
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and wash/mechanical durability, (iii) skin-contact performance 
(breathability, irritation risk, and skin–electrode impedance stability), 
and (iv) the way in which these interfacial and process choices translate 
into healthcare-relevant metrics (e.g., signal-to-noise for biopotentials, 
gauge factor and hysteresis for strain sensing, stability of skin–electrode 
impedance, and wash durability) (Fig. 1). Collectively, these consider
ations define the application-driven trade-offs that guide 2D-material 
selection for specific healthcare functions [1,3].

Within the broader toolbox of finishing materials (conductive poly
mers, metal/oxide nanostructures, hydrogels, and hybrids), 2D mate
rials have been repeatedly highlighted as particularly attractive for e- 
textiles due to (i) high in-plane electrical and thermal transport, (ii) 
large accessible surface area for mechano-chemo-transduction, and (iii) 
chemically addressable surfaces/terminations that govern dispersion, 
fibre adhesion, and stability [3,4]. These attributes are pivotal for con
structing percolated networks at low add-on, tailoring skin–electrode 
interfaces, and coupling textiles to physiological stimuli [3,4]. Accord
ing to this definition, electronic textiles [1] represent a major subset of 
smart textiles, integrating elements such as conductive fibres, graphene 
coatings, and printed metallic traces. When used solely for signal 
acquisition, these constructs act as passive systems. Adding stretchable 
batteries, electrochromic layers, or thin-film heaters upgrades them to 
active systems, and embedding low-power microcontrollers, edge AI 
processors, and wireless transceivers (such as Bluetooth or NFC) trans
forms them into ultra-smart platforms [5–9]. Importantly, these en
hancements are implemented without compromising drape, 
breathability, or washability, attributes essential for prolonged wear.

Healthcare-oriented e-textile systems combine textile-native trans
ducers (e.g., dry bioelectrodes; resistive/triboelectric/piezoresistive 
sensors; conductive yarns) with miniaturised electronics for signal 
conditioning, embedded processing, wireless communication, and 
power management. System architectures are most successful when they 
preserve drape and air permeability while maintaining stable 
skin–textile contact during motion and after laundering. Reliability is 
therefore increasingly assessed via defined wear and washing protocols, 
rather than by single-point laboratory measurements [1].

The global demographic shift towards aging presents substantial 
opportunities for smart textiles in healthcare, as individuals increasingly 

pursue proactive self-care. Increased mobile connectivity (5G) and edge 
AI platforms are further lowering the barriers to adopting these tech
nologies in home health environments [10,11]. The other key sectors 
include personal protective equipment, defence, sports/leisure, and 
fashion, as shown in Fig. 2 [6,12,13].

Within healthcare, e-textile platforms can be grouped into moni
toring systems (e.g., ECG and movement/respiration sensing using 
textile electrodes and fibre/yarn transducers) and therapeutic/protec
tive systems (e.g., phototherapy/photothermal textiles, thermal/ 
compression therapy, and wound-care interfaces). This categorisation 
clarifies which metrics should be prioritised: signal stability and motion- 
artefact resilience for monitoring, versus dose/temperature homogene
ity and safety for therapy. The same distinction is used to structure 
Sections 3–4 and to define the comparative tables [1,3].

Smart textiles that combine ECG electrodes, Bluetooth® trans
mitters, and cloud connectivity enable out-of-clinic monitoring with 
minimal user intervention, provided that signal quality, skin compati
bility, and data security are maintained over extended wear [14,15].

However, laundering durability is highly dependent on substrate, 
binder/encapsulation chemistry, and the wash test programme, and it 
varies widely across reports. Machine-washable graphene e-textiles 
produced by scalable pad–dry–cure approaches have been reported to 
retain high conductivity after home-laundry cycles when suitable 
compression/encapsulation strategies are used [16]. Polymer-protected 
MXene-coated cotton has been reported to remain electroconductive 
even after 20 laundering cycles under defined conditions, highlighting 
the critical role of protective topcoats in suppressing wash-off and 
oxidation [17].

These advances support the transition from lab prototypes to user- 
ready systems compatible with the Internet of Things (IoT) for 
ongoing out-of-clinic monitoring.

The field of healthcare-oriented smart textiles is characterised by 
surface-finishing treatments that enable sensing, therapeutic, or pro
tective functions without compromising the wearability of the textiles. 
In this framework, it is useful to distinguish the principal categories of 
surface finishing treatments that are most frequently applied to confer 
such capabilities to textile substrates: 

Fig. 1. Conceptual framework for 2D-material-enabled healthcare textiles. The schematic links (1) textile substrate selection and 2D-material ink/coating formu
lation (e.g.: graphene, MXene, transition metal dichalcogenides (TMDs)), (2) finishing route (dip–pad–dry, spray/knife coating, printing inkjet), (3) interfacial 
deposition, to (4) integration and data processing and (5) healthcare applications (e.g.: heart/respiration rate, temperature control and sweat analysis). Concepts 
consolidated from representative e-textile and 2D-smart-textile literature [1,3,4].

R. Ben Debabis et al.                                                                                                                                                                                                                           FlatChem 57 (2026) 101041 

2 



• Metal nanoparticles (Ag, Cu) for antimicrobial effects [18] and 
electrical conductivity [19];

• Metal-oxide nanofilms (ZnO, TiO₂) for UV protection, piezoelectric 
sensing, and photocatalytic sterilization [20,21];

• Conductive polymers (PEDOT:PSS, polyaniline) for flexible elec
trophysiology [22];

• Carbon nanostructures (carbon nanotubes, nanodiamonds) for 
strain sensitivity and heat regulation [23];

• Hybrid coatings (metal–organic frameworks, hydrogels, phase- 
change microcapsules) for controlled drug delivery or temperature 
regulation [24,25].

At the nanoscale, reduced dimensionality increases accessible sur
face area at low mass loading, thereby amplifying interfacial phenomena 
that govern transduction in wearable textiles. Atomically thin 2D coat
ings can conform to fibres while preserving textile drape and air 
permeability, enabling functional finishes that are compatible with 
garment-level comfort constraints. The practical relevance of 2D mate
rials in healthcare textiles thus depends less on general “material su
periority” and more on finish-specific factors, such as ink/coating 
processability, fibre adhesion, stability under sweat or humidity, resis
tance to fatigue and laundering, and the stability of the skin-contact 
interface (especially for bioelectrodes). This review explores these 
constraints in the next sections [1,3,4].

These attributes have enabled textile-integrated demonstrations in 
which 2D coatings operate as functional finishes rather than as stand- 
alone materials. For example, graphene-based textile ECG electrodes 
have been reported to yield biosignals comparable to conventional gel 
electrodes under controlled conditions, including high correlation in 
textile-printed implementations [26,27]. In MXene-coated or MXene-ink 
textile sensors, high conductivity allows operation at low driving volt
ages/currents in resistive sensing geometries, while durability depends 
strongly on oxidation control and interfacial stabilisation [17].

Therefore, this review synthesises the latest advancements and 
identifies the research priorities and overarching strategies required to 
accelerate progress. These textiles must meet strict performance, reli
ability, and safety standards for deployment in healthcare, reflecting 
progress from fundamental material research to the integration of smart 
textile systems.

2. 2D material families and chemistry relevant to healthcare 
textile finishing

Two-dimensional (2D) materials consist of atomically thin crystals 

with strong in-plane covalent bonding and weak out-of-plane van der 
Waals (vdW) interactions. This anisotropy enables exfoliation of the 
monolayer limits and the stacking of vdW heterostructures without 
conventional lattice-matching constraints [28]. For wearable health
care, Å-scale thickness, high specific surface area, and chemically 
addressable surfaces favour intimate fibre interfaces, efficient trans
duction, and, when appropriately engineered, improved selectivity to 
target analytes [29,30].

Although 2D materials are often classified by crystal structure and 
electronic band character, for healthcare textile finishing, the most 
practical taxonomy is governed by surface chemistry and environmental 
stability [3,31]. The key descriptors are: (i) conductivity (and its evo
lution upon hydration/oxidation) [4,32], (ii) functional groups or sur
face terminations that control aqueous/solvent dispersibility and enable 
hydrogen bonding or covalent coupling to common fibres (cellulosics, 
polyamides, polyesters) [3,4,31], (iii) the propensity to form stable 
percolated networks on fibrous substrates rather than restacking into 
brittle films [3,4], and (iv) stability under sweat constituents, de
tergents, mechanical fatigue, and laundering [1,3]. In the following 
sections, major 2D families are therefore summarised by highlighting 
the chemical features that determine (a) processability into textile- 
compatible coatings/inks and (b) fitness for specific healthcare func
tions (bioelectrodes, mechanical/biochemical sensing, thermal man
agement, wound care, and antimicrobial barriers) [1,3,4].

Nevertheless, detailed treatments of electronic band structure, 
growth science (e.g., CVD), and solid-state doping/intercalation are 
widely available elsewhere and are therefore kept concise here 
[28,33,34].

The most used 2D materials are summarised below: 

- Graphene/Graphene oxide (GO): features a robust sp2 carbon 
network with high carrier mobility and chemical tolerance; 
oxygenated groups in GO (carboxyl, epoxide, hydroxyl) enable co
valent/noncovalent coupling that improves dispersion, functionali
sation, and adhesion to fibres [35,36];

- Black phosphorus (BP): exhibits directional P–P covalent bonding 
and a thickness-dependent direct bandgap; surface lone pairs drive 
ambient reactivity, motivating passivation/encapsulation strategies 
that affect dispersion stability and interfacial coupling on textiles 
[37];

- Transition-metal dichalcogenides (TMDs): layered M–X bonding 
with 2H/1 T/1 T′ polymorphism and strong spin–orbit coupling; 
chalcogen vacancies and phase control provide surface/reactivity 
handles that can be leveraged for solution processing, 

Fig. 2. Schematic illustration of a pathway for e-textile applications across various fields. Reprinted with permission [13].
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functionalisation, and fibre adhesion, alongside excitonic/valley ef
fects in 2H monolayers [31,38];

- MXenes: 2D carbides/nitrides with the general formula Mn+1XnTx, 
where n = 1–3 and Tx represent surface terminations (–O/–OH/–F, 
sometimes –Cl). The latter dictates electronic character, hydrophi
licity, redox behaviour and adhesion; hydrophilic terminations sup
port aqueous inks, ion intercalation and strong fabric binding for 
heating, EMI shielding and sensing [4,39]

- Hexagonal boron nitride (h-BN): a chemically robust, wide-bandgap 
2D insulator that provides atomically flat dielectric and barrier 
layers; functionalisation is accessible primarily at defect and edge 
sites and at interfaces, influencing multilayer encapsulation and 
adhesion within textile stacks [35,36];

- Nanostructured carbon nitrides (CNs): sp2 C–N (tri-s-triazine) net
works with tunable band gaps and catalytic sites; heteroatom doping 
and controlled defect formation modulate surface chemistry, 
dispersion, and coupling to polymer binders/fibres for photo
catalytic/antimicrobial or sensing functions [40].

Graphene and graphene oxide provide extended π–π frameworks, 
together with oxygenated functionalities (carboxyl, epoxide, hydroxyl) 
that support both covalent and noncovalent grafting to fibres and 
polymer binders, promoting durable electrical pathways and bio
interfaces on fabrics [34,35]. MXenes exhibit hydrophilic terminations 
(–O/–OH/–F) inherited from top-down synthesis; these groups enable 
aqueous processing into stable inks, accommodate ion intercalation, and 
foster strong interactions with cellulose- and protein-based fibres, 
providing advantages for Joule heating, EMI shielding, and electro
chemical transduction on garments [4]. In contrast, h-BN is chemically 
resilient and electrically insulating, yet defects and edge sites can be 
leveraged for functionalisation or used as dielectric/barrier layers 
within multilayer textile architectures [35]. Collectively, these chemis
tries underpin stable colloidal dispersions, controlled anchoring to yarns 
and fabrics, and post-deposition reactivity or passivation capabilities, 
which are required for wash-durable, skin-compatible healthcare tex
tiles [3,4]. Since their lateral dimensions remain micrometre-scale, 2D 
nanosheets conform readily to curved or stretchable substrates, an 
attribute that is beneficial for flexible and wearable sensing applications 
[3,4,28]. A key design principle is band structure tunability, which is 
achieved by controlling layer number, stacking/twist, strain, alloying, 
substitutional doping, intercalation, and the dielectric environment. 
These levers permit precise adjustment of quasiparticle and optical gaps, 
band alignment, and interlayer coupling, including interlayer excitons 
and tunnelling in vdW heterostructures, capabilities that are difficult to 
access in conventional heteroepitaxy [36,38].

From a textile-finishing perspective, scalable liquid-phase routes are 
the most relevant, in which exfoliated or chemically derived nanosheets 
are dispersed in water/solvent formulations using surfactants, polymers, 
and/or binders, and subsequently immobilised on fibres by drying/ 
curing, in situ polymerisation, crosslinking, or multilayer (e.g., layer-by- 
layer) assembly [3,4]. Property tuning is commonly implemented 
through chemistry that directly impacts textile-level performance, 
including controlling oxidation state and functional-group density (e.g., 
GO reduction), tailoring surface termination chemistry (e.g., MXene Tx 
groups), and noncovalent/covalent grafting of polymers or biomolecules 
to enhance fibre adhesion, mitigate degradation pathways, and stabilise 
the skin-contact interface [1,4,31].

Three main strategies are used: (i) substitutional doping, which in
volves incorporating heteroatoms into the lattice via CVD/CVT growth, 
electrochemical or thermal substitution, hydrothermal routes, or ion 
exchange; (ii) intercalation, involving the insertion of atoms, ions, or 
molecules into vdW gaps using liquid, electrochemical, or solvent-free 
methods; and (iii) surface functionalisation, involving charge-transfer 
or covalent chemistry at basal diffusion planes or edges that minimises 
bulk diffusion. These approaches enable control over carrier density and 
Fermi-level position, which can influence excitonic dynamics and, 

where demonstrated, magnetic responses. They also support band- 
structure engineering in vdW heterostructures [38]. However, trade- 
offs related to uniformity, reversibility, defect generation, and envi
ronmental stability should be clearly evaluated [31]. Beyond chemical 
modification, control of the dielectric environment and encapsulation 
are equally decisive for device performance. Given the high surface-to- 
volume ratio in two dimensions, interfacial dielectrics and passivation 
layers strongly influence charge scattering, phonon coupling, and sta
bility. Black phosphorus exemplifies these issues: photo-assisted oxida
tion and ambient degradation can be mitigated by atomic layer 
deposition (ALD) or full encapsulation, establishing a model case for 
managing air-sensitive 2D semiconductors [37]. Encapsulation with 
hexagonal boron nitride (h-BN) reduces charged-impurity scattering and 
remote phonon coupling, allowing devices to approach intrinsic per
formance limits [36]. Advances in characterisation, including Raman 
and photoluminescence spectroscopy, angle-resolved photoemission 
spectroscopy (ARPES), cathodoluminescence, scanning probe micro
scopy, and high-resolution TEM, now enable correlations between 
atomic-scale chemistry and macroscopic device performance [41]. Such 
multimodal metrology is essential for process optimisation, where low 
disorder and clean interfaces are critical [35]. Device-level studies have 
further clarified how contact geometry, phase-engineered contacts, and 
dielectric choice mitigate Schottky barriers, hysteresis, and electrical 
noise, translating chemical control into circuit-relevant improvements 
[36]. Despite substantial progress, several chemically rooted challenges 
remain. First, synthesis must achieve atomic-scale uniformity in 
composition, phase, and defect density over large areas, including 
controllable alloying and sharply defined lateral/vertical hetero
junctions [28]. Second, operational stability under realistic environ
ments requires effective passivation chemistries and benign 
encapsulants that are compatible with flexible substrates [37]. Third, 
defect and dopant metrology must resolve spatial inhomogeneity arising 
from certain doping and intercalation routes to ensure reproducible, 
high-yield fabrication [31]. Integration approaches, ranging from direct 
growth of 2D materials to transfer methods that minimize contamina
tion, must be further optimised to achieve high throughput and reli
ability, supporting the large-scale adoption of 2D heterostructures in 
electronic and optoelectronic technologies [36]. The following sub
sections provide a detailed exploration of specific families of 2D mate
rials, including graphene, black phosphorus, transition-metal 
dichalcogenides, MXenes, hexagonal boron nitride, and carbon nitrides, 
highlighting their synthesis, intrinsic properties, and potential applica
tions in textile integration for biomedical monitoring [3].

2.1. Graphene

Graphene and its derivatives (graphene nanoplatelets, graphene 
inks, graphene oxide (GO) and reduced GO) are among the most widely 
adopted 2D materials in healthcare textiles because they can form me
chanically compliant, electrically percolated networks on fibrous sub
strates at low add-on while remaining compatible with scalable liquid- 
phase finishing (padding/coating/printing) [1,3]. There are many 
works in the literature that discuss in great detail the graphene band 
structure and the film quality [28,34]. Instead, in this review, emphasis 
is placed on the parameters that govern textile performance and trans
lation, including dispersibility, fibre adhesion (binder/crosslinking 
strategies), crack tolerance under cyclic deformation, and retention of 
conductivity/signal quality after sweat exposure and laundering [1,3].

For textile finishing, the most relevant graphene routes are those 
enabling stable liquid-phase formulations (e.g., graphene nanoplatelets, 
graphene inks, GO and reduced-GO dispersions) compatible with 
coating, padding, and printing [3]. While CVD growth can yield high- 
quality continuous films for electronics, such approaches are generally 
less consistent with scalable garment finishing than solution-processed 
coatings that can be immobilised using binders, crosslinking, and 
encapsulation strategies tailored to wash durability and mechanical 
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fatigue resistance [1,3].
Chemical modification. The delocalised π-electron system of graphene 

enables both covalent and noncovalent approaches to tune its electronic 
structure. Covalent functionalisation, such as radical addition or 
diazonium-based reactions and grafting at lattice vacancies, locally 
converts sp2 carbon to sp3, thereby opening transport gaps or creating 
robust anchoring sites. While these modifications expand graphene's 
capabilities for sensing and interfacial applications, they also introduce 
additional scattering centres, necessitating careful quantification of 
mobility–noise trade-offs [35]. Noncovalent modification strategies, 
including charge-transfer doping, π–π stacking interactions, and coor
dination with molecular adsorbates, shift the Fermi level without sig
nificant lattice disruption. However, issues such as dopant desorption 
and temporal drift motivate the use of encapsulation strategies and in 
situ metrology for stability assessment [31]. Intercalation, whether be
tween graphene and its supporting substrate or between layers in 
multilayer graphene stacks, provides reversible control over carrier 
density and screening effects, complementing electrostatic gating in 
device architectures [31].

Outlook. For healthcare textiles, the most impactful graphene-related 
research directions concern formulation and interface engineering 
rather than incremental advances in film-quality growth: robust ink/ 
coating chemistries, scalable immobilisation routes on diverse fibres, 
and protective architectures that preserve breathability while improving 
fatigue and laundering durability [1,3].

2.2. Black phosphorus

The isolation of phosphorene, the monolayer form of black phos
phorus (BP), via mechanical exfoliation in 2014 [28], catalysed the 
rapid expansion of research on this anisotropic 2D material. Like other 
layered materials, BP consists of sheets held together by van der Waals 
forces, allowing exfoliation methods similar to those for graphene 
(Fig. 3) [3]. Unlike graphene's planar sp2 bonding, BP adopts sp3 

hybridisation in a puckered lattice with a buckled armchair direction 
and a bilayer zigzag configuration [42]. Each phosphorus atom forms 
three covalent bonds, two in-plane and one out-of-plane, with slightly 
shorter P–P distances within a layer than across layers; the character
istic bond angles are 96.16◦ (in-plane) and 102.42◦ (out-of-plane) 
[42,43].

This anisotropic lattice gives rise to pronounced in-plane anisotropy 
in electrical, optical, and mechanical properties [44,45].

BP's band gap is thickness-dependent, ranging from ~1.5 eV 
(monolayer) to ~0.3 eV (bulk), and its hole mobility can exceed 1000 
cm2 V-1 s-1 [46]. However, BP is chemically unstable under ambient 
oxygen, moisture, and light, undergoing rapid photooxidation. Passiv
ation strategies include encapsulation with h-BN, polymer coatings, or 
thin oxides, although such barriers may compromise sensing effective
ness [37]. Large-scale synthesis is currently hindered by cost, complex 
reaction conditions, and safety concerns due to the reactivity, toxicity, 
and flammability of BP.

Chemical modification. Chemical modification offers pathways to 
enhance BP's stability, tailor its electronic properties, and broaden its 
range of applications. Covalent functionalisation, such as aryl diazo
nium chemistry, reacts preferentially at defect and edge sites, enabling 
passivation while modulating conductivity [47]. Noncovalent strategies, 
such as charge-transfer dopants, surfactants, or molecular adsorption, 
offer tunability with minimal lattice disruption. However, dopant 
desorption and instability necessitate encapsulation for long-term use 
[31,48]. Intercalation of small molecules or metal ions between BP 
layers can adjust interlayer spacing, alter the band gap, and modify 
transport properties without bulk substitution [37].

Functional composites represent another route to enhancing stability 
and diversifying performance. Li et al. developed a multifunctional 
cotton fabric for electromagnetic interference (EMI) shielding and fire 
safety by blade-coating phosphorene/MXene (Ti₃C₂Tₓ)/sodium alginate 
inks, followed by polydimethylsiloxane treatment to improve wash 
durability [49]. The effectiveness of EMI shielding was tunable between 
17 and 53 dB by adjusting the coating density, with hydrophobicity up 
to 125.9◦ and rapid thermal recovery within 10 s. Increasing the coating 
weight reduced both the peak and total heat release, attributed to 
Ti₃C₂Tₓ forming a conductive 3D network [49].

Outlook. For BP-enabled textiles, environmental stability is the 
dominant translation barrier; encapsulation and passivation strategies 
must be compatible with flexible, breathable substrates and withstand 
sweat/humidity and laundering. Accordingly, finishing architectures 
that preserve function while limiting ambient degradation should be 
prioritised over extended fundamental growth narratives within a 
textile-focused review [1,37].

2.3. Transition-metal dichalcogenides (TMDs)

Transition-metal dichalcogenides (TMDs) are compounds of the 
general formula MX₂, where M is a transition metal and X is a chalcogen 
[31]. Representative examples include MoS₂, VS₂, WS₂, and WSe₂, which 
exhibit wide band gaps (> 1 eV) alongside favourable electrical and 
mechanical properties, making them highly relevant for wearable 
sensing applications [50]. In particular, monolayer MoS₂ nanosheets 
combine high flexibility with biocompatibility, and TMD-based com
posites can enhance quantum yield, selectivity, and sensitivity in flexible 
sensors [51].

In the bulk state, TMDs are formed by layers of transition-metal 
atoms sandwiched between two layers of chalcogen atoms, with six 
chalcogen atoms coordinating each metal atom. These layers are bound 
by van der Waals forces, enabling mechanical or chemical exfoliation. 
MoS₂ exists in several polymorphs, including the thermodynamically 
stable 2H phase and the metastable 1 T and 3R phases, which can be 
derived from 2H under suitable chemical or electrochemical conditions 
[52]. In the 2H phase, the layers adopt trigonal-prismatic coordination 
(a = 3.15 Å, c = 12.30 Å; space group P6₃/mmc) [53].

From a textile-finishing perspective, the primary relevance of TMD 
synthesis and phase/defect chemistry lies in their effects on 

Fig. 3. Crystal and electronic structures of few-layer phosphorene: (a) side-view representation highlighting the layered arrangement and (b) side and top per
spectives of few-layer phosphorene. Reprinted with permission [3].
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dispersibility, fibre-network formation, and environmental stability 
under humidity/sweat and repeated deformation [3,37]. Although CVD 
and intercalation-enabled phase control are central to device-grade 
films, textile implementations more often depend on coating or print
ing formulations (frequently as hybrids), where interfacial adhesion, 
crack tolerance, and wash-off resistance become the main performance 
factors [1,3].

In healthcare textile finishing, TMDs are primarily applied through 
solution-processable flakes and hybrid coatings, where their functional 
performance depends on network formation on fibres, interfacial 
adhesion, and environmental stability rather than on device-grade films 
quality [1,3]. While phase and defect engineering, as well as CVD 
growth, are central to the broader field of TMD electronics, their rele
vance in textile applications is more often indirect. In healthcare textiles, 
their importance lies mainly in how they influence dispersibility, con
ductivity, and resistance to degradation under humidity, sweat expo
sure, and repeated mechanical deformation [37]. Accordingly, the 
discussion prioritises textile-compatible processing and the trade-offs 
most frequently encountered in wearables (signal level versus mechan
ical robustness; sensitivity versus stability; and performance retention 
after laundering), rather than providing an exhaustive survey of growth 

and electronic-structure studies [1,3].
Chemical modification. Heterostructure engineering has been widely 

applied to TMDs to enhance performance. Park et al. employed laser- 
beam annealing to selectively grow WS₂ on top of MoS₂, creating a 
WS₂/MoS₂ heterojunction strain sensor capable of stable wrist-motion 
monitoring [54]. Lee et al. designed a high-performance strain sensor 
based on a MoS₂/graphene heterostructure, in which piezoelectric 
charges in MoS₂ shifted the graphene Fermi level under strain, modu
lating the Schottky barrier. This approach achieved an exceptionally 
high gauge factor of 5.8 × 105, approximately 500 times greater than 
conventional metal/MoS₂ sensors [54].

Outlook. In textile implementations of TMDs, the most impactful 
advances are expected from coating/printing-compatible formulations 
and hybrid architectures that deliver stable, repeatable performance 
under deformation and washing. More information about the topics, 
such as wafer-scale growth and band-structure optimisation, can be 
found in the literature [3,28,37].

2.4. Transition-metal carbides/nitrides (MXenes)

Since first being reported on in 2011, transition-metal carbides, 

Fig. 4. From MAX phases to MXenes: schematic of selective etching routes and surface terminations (Tₓ = –O/–OH/–F/–Cl) that govern inkability, hydrophilicity, 
and electronic behaviour. (a) Periodic table of the elements showing the updated MAX phase compositions, including the recently reported novel MAX phases with A 
= Co, Ni, Cu, Zn, and so on; Mn and Fe may appear in either the M or A positions. (b) Schematic representation of the selective etching process converting Ti₃AlC₂ 
MAX phase precursor into Ti₃C₂Tₓ MXene. Reprinted with permission [4]. (c) Etching with molten salt. Reprinted with permission [58].
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nitrides, and carbonitrides, collectively known as MXenes, have 
emerged as a significant class of 2D materials with promising photo
catalytic, electronic, and electrochemical properties [55]. MXenes adopt 
general formulas Mₙ₊₁Xₙ or Mₙ₊₁XₙTₓ (n = 1–3), where M denotes an 
early transition metal (e.g., Ti, Zr, V, Nb, Mo), X is carbon or nitrogen, 
and Tₓ represents surface terminations, such as –OH, –O, or –F [56]. 
These terminations significantly influence hydrophilicity, conductivity, 
and electrochemical behaviour. Fig. 4 schematically traces MAX-to- 
MXene conversion routes and highlights how surface terminations (Tₓ 
= –O/–OH/–F/–Cl) govern inkability, hydrophilicity, and interfacial 
adhesion on fibres [4,57]. Updated MAX phase compositions across the 
periodic table are presented in Fig. 4a [57]. The schematic of MAX phase 
exfoliation and MXene formation is shown in Fig. 4b [57], and the 
alternative moulten salt etching approach is illustrated in Fig. 8c [58].

MXenes exhibit metallic-level conductivity (up to ~105 S cm-1), 
substantial volumetric pseudocapacitance (up to 1600 F cm-3), robust 
mechanical properties, and excellent dispersibility in aqueous media, 
making them promising for wearable energy storage, sensing, and 
flexible electronics [52]. However, achieving simultaneous optimisation 
of electrical, electrochemical, and mechanical performance remains 
challenging due to weak interlayer interactions, small flake size, and a 
tendency to restack [59].

Chemical modification. Surface functionalisation and composite en
gineering offer effective routes for enhancing MXene performance. 
Zhang et al. [60] developed a self-healing Ti₃C₂Tₓ MXene/poly
dimethylsiloxane (PDMS) supramolecular elastomer, in which hydrogen 
bonding and dynamic imine linkages enable room-temperature self- 
healing. The material retained nearly full mechanical integrity and 
conductivity after damage, with uniform MXene dispersion ensuring 
high electrical sensitivity for monitoring large-amplitude and subtle 
muscle motions (Fig. 5a) [60].

Ren et al. [61] demonstrated a highly sensitive MXene–perovskite 
image sensor array (1250 pixels), where synergistic energy-level align
ment and near-infrared resonance between Ti₃C₂Tₓ and the perovskite 
absorber produced a responsivity of 84.77 A W-1, detectivity of 3.22 ×
1012 Jones, and a linear dynamic range up to 82 dB across the visi
ble–NIR spectrum (Fig. 5b, c) [61].

MXene-based composites further expand the range of applications. 
Chao et al. [62] fabricated a wearable MXene/polyaniline fibre (PANIF) 
strain sensor on an elastic rubber substrate. This laminated architecture 
exhibited a low strain detection limit (0.1538%), high sensitivity (gauge 
factor up to 2369.1), and excellent durability, with reliable detection of 
human motions up to 80% strain (Fig. 6). Li et al. [63] produced pure 
Ti₃C₂Tₓ MXene aerogel fibres via dynamic sol–gel spinning and super
critical CO₂ drying, yielding oriented mesopores and high conductivity 
for dual electrothermal and photothermal actuation, features attractive 
for smart textiles and portable devices.

Outlook. For MXene textiles, oxidation and humidity-driven drift 
frequently limit long-wear reliability, therefore, paying attention to 

surface chemistry during manufacturing, reducing surface defects, and 
adding coatings that protect without sealing the material too much are 
key ways to expand its adoption. Comparative evaluation should pri
oritise stability retention (sweat/humidity aging, fatigue, laundering) 
alongside sensitivity and low-voltage operation [1,3,4].

2.5. Boron nitride (BN)

As shown in Fig. 7a, hexagonal boron nitride (h-BN) provides an 
atomically flat dielectric platform. Its diagnostic Raman E2g mode ap
pears near 1366 cm-1 in bulk, and blue-shifts by ~4 cm-1 in monolayers 
due to phonon hardening upon removal of interlayer coupling (Fig. 7c). 
Small red-shifts (~1–2 cm-1) are frequently observed in few-layer sam
ples, reflecting random strain introduced during exfoliation [64]. 
Thickness identification, often challenging by conventional microscopy, 
can be aided by monochromatic-light optical contrast (Fig. 7b) and by 
the decrease of E2g intensity with decreasing thickness, noting that 
absolute intensities are sensitive to interference and instrumental con
ditions [64].

In h-BN and r-BN, boron, and nitrogen atoms adopt sp2 hybrid
isation, forming layered structures, whereas in c-BN and w-BN, they 
exhibit sp3 hybridisation. Differences in stacking sequences along the c- 
axis result in ABA–BAB or ABC arrangements. Under ambient condi
tions, h-BN is the most thermodynamically stable phase, while c-BN is 
notable for its extreme hardness and wear resistance. The weak inter
layer forces in h-BN facilitate exfoliation from bulk-layered crystals into 

Fig. 5. (a) SEM micrograph of multilayer-stacked Ti₃C₂Tₓ MXene (A-MXene) sheets, illustrating their characteristic layered structure. Reprinted with permission 
[60]. (b) Bright-field TEM image of thin Ti₃C₂Tₓ MXene nanosheets, evidencing their few-layer and transparent morphology (scale bar: 300 nm). (c) Optical image of 
a single pixel from an MXene–perovskite image sensor array, where Ti₃C₂Tₓ MXene functions as the electrode and perovskite forms the photoactive layer; the channel 
width of the MXene electrodes d is 120 μm (scale bar: 200 μm). Reprinted with permission [61].

Fig. 6. SEM image of a wearable strain sensor based on MXene nanocomposites 
with a tile-like stacked hierarchical microstructure. Adapted with permis
sion [62].
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nanosheets, nanoribbons (BNNRs), and multiwall BN nanotubes 
(MWBNNTs) [42]. Due to its high biocompatibility, wide band gap 
(~5.9 eV), high thermal conductivity, and large specific surface area, h- 
BN is an attractive candidate for wearable sensing and optoelectronic 
applications [50].

Chemical modification. Heterostructuring and surface functionalisa
tion have expanded the applicability of h-BN in flexible electronics. De 
Souza et al. [66] demonstrated a flexible NO/NO₂ gas sensor based on an 
h-BN/graphene heterostructure, achieving high selectivity and sensi
tivity, with stable electronic transport geometry. As shown in Fig. 8a, the 
device consists of CN and CB interfaces connected by a central graphene 
channel, while Fig. 8b depicts the most stable adsorption geometries of 
gas molecules after full relaxation. This performance was attributed to h- 
BN's atomically smooth, dangling, bond-free surface, which preserves 
graphene's high carrier mobility while providing chemical robustness.

The pre-oriented h-BN guides the nucleation, alignment, and stress 
relief of ZnO nanocolumn arrays, yielding highly uniform morphologies 
(Fig. 9a) [67]. The corresponding schematic (Fig. 9b) illustrates the 
vertically aligned ZnO nanoarrays grown on the h-BN/Cu paper sub
strate, highlighting the role of the h-BN layer in directing ZnO growth 
and ensuring structural uniformity [67].

Incorporating h-BN into a ZnO nanocolumn/h-BN sandwich struc
ture created a flexible, transparent piezoelectric nanogenerator with a 
monolayer dielectric interface. This device achieved a power-generation 
density of 169 mW cm-2 and successfully harvested mechanical energy 

from human motion, demonstrating its suitability for powering smart, 
portable chargers.

Outlook. In healthcare textiles, h-BN is most relevant as a chemically 
robust dielectric, barrier, and encapsulation/interlayer material that can 
improve the environmental stability of conductive 2D coatings and 
mitigate degradation pathways without sacrificing flexibility [3]. 
Accordingly, for the next step in textile deployment, the research should 
be focused on large-area, textile-compatible deposition/lamination 
strategies and interface engineering that preserve breathability while 
improving wash durability and mechanical fatigue resistance in multi
layer stacks [1].

2.6. Nanostructured carbon nitrides (CNs)

Nanostructured carbon nitrides (CNs) encompass a family of poly
meric materials derived from nitrogen-rich precursors, with structural 
diversity arising from their degree of condensation. Linear ‘melon-like’ 
polymers consist of s-triazine units connected via secondary nitrogen 
linkages, whereas graphitic carbon nitride (g-C₃N₄) forms stacked 2D 
sheets of tristriazine units linked by planar tertiary amines. Among 
these, g-C₃N₄ is generally the most thermodynamically stable, exhibiting 
high hardness, chemical inertness, and distinctive lamellar morphology 
[68–70].

The high nitrogen content and intrinsic chemical/thermal stability, 
combined with a band gap of ~2.7 eV and conduction/valence band 

Fig. 7. Hexagonal boron nitride (h-BN): (a) h- BN flat structure diagram (blue on behalf of nitrogen atoms and pink on behalf of boron atoms, respectively) [64]. (b) 
Difference in optical contrast of mono- and bilayer h-BN with respect to wavelength of light. Reprinted with permission [65]. (c) Raman spectra of 2D h-BN [64]. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 8. The G-hBN sensing device corresponds to electronic transport. This chart illustrates the stable geometric structure. (a) Top view of the designed G–hBN sensor 
within the electronic transport framework, consisting of the scattering region and left/right electrodes. Adsorption sites for gas molecules are labelled 1–6, while the 
two interface types are marked as CB and CN. (b) Optimised configurations of NO, NO₂, NH₃, and CO₂ on their most favourable adsorption sites, illustrated in both the 
top and side views. Atom types are distinguished using the colour code provided in the legend [66].
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positions compatible with visible-light-driven photocatalysis, make g- 
C₃N₄ attractive for a wide range of applications, including catalysis, 
hydrogen storage, photocatalysis, biomedical devices, water purifica
tion, and energy conversion [71–75]. Its structure is proposed to derive 
from either condensed s-triazine units (with periodic carbon vacancies) 
or tristriazine subunits (with greater local stability), the latter often 
being favoured in experimental reports [76]. The most common syn
thesis method involves pyrolysing inexpensive precursors such as mel
amine, urea, thiourea, dicyandiamide (DCDA), or cyanamide. Precursor 
chemistry, heating rate, and pyrolysis temperature significantly affect 
crystallinity, electronic structure, and band gap [77–79].

Chemical modification. Recent work has expanded the functional 
scope of g-C₃N₄ in smart textile applications, particularly in energy 
harvesting and sensing. Bayan et al. [80] developed a triboelectric 
nanogenerator (TENG) by loading Ag nanoparticles onto g-C₃N₄ nano
sheets supported on carbon fibres. An interfacial nylon layer between 
the triboelectric g-C₃N₄ and the carbon cloth optimised charge separa
tion and improved device output. When paired with Teflon and me
chanical agitation, the bi-layer AgCN/nylon TENG produced an open- 
circuit voltage of ~200 V and charged a commercial capacitor to ~85 
V within 30 s. Integrated into garments, it harvested energy from various 
human motions, including hand, finger, and wrist movements.

In another example, Mohammad et al. [81] fabricated flexible elec
trodes on carbon cloth modified with spherical Al₂O₃ and Al₂O₃/g-C₃N₄ 
composites via hydrothermal synthesis for non-enzymatic H₂O₂ detec
tion. Al₂O₃/CC electrodes exhibited a detection limit of 1.1 × 10-4 M and 
sensitivity of 58 μA mM-1 cm-2, whereas Al₂O₃/g-C₃N₄/CC electrodes 
achieved a detection limit of 1.6 × 10-4 M with significantly higher 
sensitivity (108 μA mM-1 cm-2). Both systems demonstrated excellent 
reproducibility, repeatability, and stability [81].

Outlook. For CN-based textile finishes, their application depends on 
immobilisation strategies that prevent wash-off and maintain mechan
ical integrity, while tailoring functional performance through controlled 
hybridisation where conductivity is required. Future analysis should 
therefore focus textile-level durability and exposure-relevant stability in 
addition to functional demonstrations [3,31].

2.7. Fibre–2D material interfacial chemistry, adhesion, and degradation 
mechanisms: Textile-finishing perspective

In textile finishing, poor interfacial performance is the most common 
cause of problems. Fibre chemistry governs initial adhesion and dura
bility: cellulose-based materials provide hydroxyl-rich surfaces that can 
support hydrogen bonding and electrostatic interactions with oxygen
ated or terminated 2D surfaces, whereas synthetic fibres (e.g., poly
esters) often require surface activation or primer/binder strategies to 
achieve robust anchoring [3,4]. Practical immobilisation commonly 
relies on polymeric binders/crosslinkers and multilayer structures that 

stabilise percolated networks against delamination, cracking, and wash- 
off, but these approaches can introduce trade-offs in breathability, hand 
feel, and strain-transfer efficiency [1,3].

Degradation under realistic wear is typically multifactorial: cyclic 
deformation can drive network fragmentation and interfacial debond
ing, laundering introduces mechanical abrasion and detergent-mediated 
extraction, and sweat/humidity can accelerate oxidation or conductivity 
drift in susceptible 2D systems. These mechanisms explain why “high 
sensitivity” reported in static tests may not translate into stable garment 
performance without explicit strategies for interfacial stabilisation and 
environmental protection [1,3,4].

3. Integration of 2D materials into smart textiles for healthcare 
applications

This section evaluates strategies for integrating 2D materials into 
smart textiles, with a focus on healthcare-relevant performance, 
compatibility with standard textile processing, and durability. Particular 
emphasis is placed on embedding routes that enable passive diagnostics 
and the continuous monitoring of vital signs directly on garments [1,3]. 
Piezoresistive strain sensors are essential for wearables, but conven
tional designs rarely provide both a wide operating range and high 
sensitivity. Layered 2D structures can increase gauge factors and detect 
subtle physiological movements. Techniques such as porosity adjust
ment, aerogel networks, and micro/meso-patterning further enhance 
amplitude, linearity, and noise resistance in flexible and textile appli
cations [3,82].

Among 2D materials, graphene and its derivatives have been widely 
explored in textile formats owing to their high conductivity, chemical 
stability, and mechanical compliance, enabling conformal strain sensors 
and bioelectrodes that tolerate repeated deformation and home laun
dering [16]. Selected transition-metal dichalcogenides (TMDs), such as 
MoS₂ and WS₂, exhibit semiconducting properties and monolayer 
piezoelectricity, enabling multifunctional sensing of strain and pressure 
as well as coupling to mechano-electrical transduction [83]. MXenes (e. 
g., Ti₃C₂Tₓ) combine near-metallic conductivity with hydrophilicity and 
surface terminations conducive to stable coatings/inks, delivering 
textile electrodes, strain/pressure sensors, and energy modules via 
aqueous processing [4]. Hexagonal boron nitride (h-BN) functions as a 
chemically robust, electrically insulating interlayer that helps preserve 
device performance and longevity without sacrificing flexibility [84]. 
Graphitic carbon nitride (g-C₃N₄) provides a metal-free, photocatalytic 
platform for light-assisted biosensing and self-cleaning/antimicrobial 
textile finishes [40]. Leveraging these material attributes, such as con
ductivity, flexibility, chemical stability, and tunable electronic struc
ture, has enabled the development of textile devices with enhanced 
sensitivity, faster responses, and improved environmental stability. The 
following sections analyse fabrication routes, application-specific 

Fig. 9. (a) Magnified SEM image revealing the structural morphology of the ZnO nanoarray. (b) Schematic illustration of vertically aligned ZnO nanoarrays grown on 
h-BN/Cu paper substrate. Reprinted with permission [67].
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architectures, and performance metrics for 2D-enabled textile systems in 
real-time healthcare monitoring, with an emphasis on wash durability 
and skin compatibility [1,3].

Using cross-study comparison, the following subsections examine 
material systems and textile implementations within a common 
comparative framework. For each healthcare function, performance is 
discussed using broadly aligned descriptors that capture electrical 
behaviour, sensing or transduction characteristics, and operational 
reliability. These include parameters such as sheet resistance and 
operating voltage/current for active devices; gauge factor and working 
strain range for motion sensing; skin–electrode impedance and signal- 
quality surrogates for ECG; response and recovery times, as well as dy
namic range, for humidity and respiration sensing; and temperature 
coefficient and resolution for thermometric applications [1,3].

In addition, key textile-level constraints are treated explicitly across 
functions, including (i) mechanical fatigue of percolated 2D networks 
under repeated bending/stretching, (ii) laundering degradation mech
anisms (wash-off, abrasion, and chemistry-driven drift), (iii) environ
mental stability under sweat/humidity, and (iv) interface stability in 
skin-contact measurements (e.g., bioelectrode contact quality and mo
tion artefacts) [1,3,4].

3.1. Garment-level integration metrics: Fatigue, laundering, and 
skin–electrode interface stability

For healthcare wearables, textile prototypes should be interpreted 
using garment-level reliability metrics in addition to headline sensi
tivity. Mechanical fatigue under repeated deformation can introduce 
progressive drift via crack growth, network rearrangement, and inter
facial debonding, while laundering can cause conductivity loss through 
wash-off, abrasion, and binder swelling/extraction [1,3].

For biopotential electrodes (e.g., ECG), stable performance is gov
erned not only by electrode conductivity but also by skin-electrode 
impedance stability, motion artefacts, and comfort during prolonged 
wear. These factors are influenced by textile compliance, surface 
roughness, moisture management, and coating architecture, and they 
motivate the use of interface-stabilising strategies (binder/encapsula
tion design and contact optimisation) when translating 2D coatings into 
clinically credible garments [1,2].

3.2. Human physiological activity (body movement) sensors

Across textile strain/pressure sensing, most 2D-material systems 
operate via piezoresistive percolation networks, so performance is 
governed as much by network architecture and fibre–coating adhesion 
as by intrinsic conductivity. Graphene-based finishes generally provide 
comparatively robust conductivity and chemical stability, supporting 
wearable strain sensing with favourable wash tolerance when adhesion/ 
encapsulation are appropriately engineered. However, sensitivity often 
relies on microstructuring (porosity, cracks, hierarchical roughness) 
rather than intrinsic band effects. MXenes typically enable high signal 
levels at low operating voltages due to near-metallic conductivity and 
hydrophilic terminations that favour aqueous processing and strong 
fibre interactions, but long-term performance can be limited by oxida
tion and environmental instability if passivation is insufficient. Semi
conducting TMDs and black phosphorus can contribute additional 
transduction pathways (e.g., piezoelectric or semiconducting re
sponses), but practical textile deployment frequently requires hybrid
isation or interface engineering to offset lower conductivity and, for BP, 
ambient instability [3,4,37].

Graphene-based fabrics prepared via dip-coating or pad–dry–cure 
routes yield conformal, high-strain piezoresistive sensors on common 
textiles. Repeated dip-coating of cotton with graphene, followed by 
elastomer encapsulation, yields stable devices with high sensitivity and 
long cycling endurance, making them suitable for tracking joint motion, 
speech, and heartbeat [85]. On polyester substrates, multifunctional 

rGO/polyester fabrics combine low sheet resistance with reliable strain 
sensing and rapid electrothermal heating. In contrast, screen-printed 
graphene inks on cotton deliver washable, low-voltage heaters that 
also function as sensitive strain sensors [86,87]. At the system level, 
recent e-textile reviews emphasise scalable processing and the health
care relevance of graphene platforms for biomedical monitoring [13]. 
To improve skin–sensor coupling under dry and wet conditions, octopus- 
sucker-inspired micro-suction patterns were introduced onto graphene- 
coated fabrics (Fig. 10a). The SEM images show the surface morphology 
of PDMS-coated rGO fabric (Fig. 10b) and PDMS-coated rGO fabric with 
octopus-sucker-like micropatterns (Fig. 10c), which markedly enhance 
adhesion, enabling motion, ECG, and voice detection [88].

MXene-based strategies utilise hydrophilic Ti₃C₂Tₓ for effective 
textile integration. Hybrid TOCNF/Ti₃C₂ inks permit 3D-printed fibres 
and fabrics that respond to mechanical and optical stimuli with high 
strain-sensing capabilities [89]. In parallel, highly conductive, machine- 
washable graphene e-textiles produced by industrial pad–dry–cure and 
compression maintain conductivity (~11.9 Ω sq.-1) after repeated 
laundering [4], illustrating practical routes to scalable, affordable 
healthcare wearables [16]. Similarly, flexible Ti₃C₂Tₓ MXene-based 
textile heaters fabricated by electrostatic self-assembly on APTES- 
treated PET fibres (Fig. 11a, c) showed reduced resistance and 
increased surface temperature with longer coating times. When stitched 
onto cotton gloves, they achieved ~53.5 ◦C under applied fields of 
2.0–3.3 V cm-1 (Fig. 11e, f). Knitted MXene fabrics also maintained 
stable heating under deformation and, when worn on the wrist, safely 
elevated body temperature for wearable thermotherapy (Fig. 11g, h) 
[4].

For pressure sensing, electrostatically assembled MXene coatings on 
cotton create air-permeable, quick-response fabrics with a broad dy
namic range, making them suitable for human–machine interfaces [90]. 
Core–shell MXene-based textiles with polydopamine adhesion layers 
and PDMS encapsulation combine super-hydrophobic breathability with 
photo-electro-thermal response and durable strain/temperature sensing 
for rehabilitation and sports feedback [91].

Hybrid architectures further expand functionality. Vapour-phase- 
polymerised PEDOT/MXene fabrics on cotton achieve low sheet resis
tance (≈3.6 Ω sq.-1), high areal capacitance, strong Joule heating, EMI 
shielding (~36.6 dB), and strain sensing [92]. Complementarily, screen- 
printed graphene heaters on cotton operate at a few volts, remain ma
chine washable, and provide strain-sensing capability [86]. Across 
MXene-textile designs, gauge factors span from ~4 in low-strain, dura
ble MXene-containing cotton sensors, to very high values in engineered 
fibre/yarn systems (e.g., coaxial wet-spun MXene/PU fibres reporting 
GF ≈ 12,900 with ≤152% strain), while maintaining stability over 
103–104 cycles; these figures enable detection of both subtle pulses and 
large-amplitude joint movements [93–95].

In sports analytics, wearable sensing platforms have recently lever
aged the versatility of laser-induced graphene (LIG) for precise biome
chanical monitoring. Raza et al. [96] reported the design of flexible and 
skin-conformal, LIG-based strain/pressure sensors integrated into elastic 
cotton sports fabrics through a simple transfer process from polyimide 
(PI) films onto stretchable polydimethylsiloxane (PDMS) (Fig. 12). 
When applied in volleyball, such textile-interfaced sensors demon
strated multifunctionality, enabling the detection of critical perfor
mance parameters, including arm position, ball contact during 
receptions, hitting force during spikes, and blocking events, all with 
real-time, on-body feedback. This multifunctional capability un
derscores the potential of LIG-enabled textile electronics to enhance 
both performance assessment and training strategies while simulta
neously contributing to injury prevention by monitoring excessive joint 
load and impact forces [96].

According to Luo et al. [91] A Ti₃C₂Tₓ MXene-based smart fabric was 
fabricated via a simple dip-coating process. The PM/PDMS textile, 
created as a core− shell structure, was photothermally active and 
exhibited exceptional electrothermal conversion, along with a top-notch 
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thermal coefficient of resistance, as well as strain sensitivity. The con
struction and structural design process is illustrated in Fig. 13a, while 
the device's on-body applications for motion and temperature moni
toring are depicted in Figs. 13b–g. The PM/PDMS textile has great po
tential for health monitoring, rehabilitation, and sports training 
applications due to its flexibility, breathability, and super
hydrophobicity. However, more improvements are required to expand 
its sensing range and fully integrate it with electronic wearable systems.

Recently, MXene-based yarns have emerged as promising candidates 
for wearable strain-sensing applications due to their flexibility and 
electrical conductivity. In one representative example, dip coating is 
employed to fabricate a PU/MXene strain-sensing yarn, which is 

subsequently enhanced via magnetron sputtering and PDMS encapsu
lation [97]. The strain sensor exhibited a wide strain range of 200%, 
demonstrating excellent durability over more than 15,000 cycles and 
outstanding sensitivity, with a gauge factor exceeding 700. These fea
tures enabled reliable detection of both small- and large-scale human 
motion, demonstrating the potential of MXene-based yarns for next- 
generation health monitoring and smart textile applications.

Table 1 uses cross-material comparison to summarise the most 
representative 2D material textile strain/pressure sensors that have been 
discussed in this paragraph.

Across reported textile implementations, sensitivity improvements 
(high gauge factor) are repeatedly achieved through network-level 

Fig. 10. Schematic of octopus-like, micro-suction patterns on rGO/PDMS-coated fabric: (a) Schematic illustration of the octopus-like patterned (OPs), rGO-fabric 
coated with rGO and PDMS. (b) Scanning electron microscope (SEM) images of plain fabric. (c) OP-engraved fabric. Reprinted with permission [88].

Fig. 11. (a) Schematic illustration of the wet-spinning process for MXene/PU fibres, involving extrusion of the spinning formulation into an isopropanol (IPA) 
coagulation bath, followed by fibre collection. (b) Photograph of a continuous ~100 m long MXene/PU fibre obtained via wet spinning. (c) Knitted elbow sleeve 
integrated with MXene/PU fibres, demonstrating flexibility under straight and bent states. (d) Real-time strain-sensing response of the sleeve during repeated elbow 
bending and straightening, highlighting stable voltage signals. (e) Cotton glove stitched with MXene-based fibre heaters. (f) Infrared thermal image of the glove 
showing uniform heat generation under an applied field of 3.3 V cm-1. (g) Woven MXene textile heater, illustrating scalability and integration potential. (h) Infrared 
thermal images of the MXene fabric heater worn on an arm under sub-zero conditions, clearly demonstrating localized heating capability compared to the control 
without a heater. Adapted with permission [4].
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amplification strategies (microcrack engineering, porous/aerogel 
structures, hierarchical coatings), which can introduce trade-offs in 
hysteresis and mechanical robustness. Conversely, designs prioritising 
durability and washability tend to rely on stronger interfacial anchoring 
(binder/crosslinking chemistry) and encapsulation, which can reduce 
breathability and attenuate strain transfer. These observations suggest 
that for low-amplitude physiological signals, stable skin contact and low 
noise can be more decisive than peak sensitivity, whereas for large joint 
motion, mechanical integrity and repeatability under repeated defor
mation and laundering dominate [1,3].

3.3. ECG sensors

Textile-based dry electrodes are a practical alternative to gelled Ag/ 
AgCl for continuous electrocardiography (ECG), enabling long-term, 
unobtrusive monitoring with improved comfort and reduced skin irri
tation. Screen-printed graphene on cotton or pre-treated fabrics achieves 
sheet resistances of ~42–100 Ω sq.-1 and records ECG with high fidelity 
compared to Ag/AgCl (Pearson correlation ≈ 99.47%), while main
taining performance after repeated bending and laundering [27,98].

(see Table 2). Conducting polymer routes complement carbon elec
trodes. Screen-printed PEDOT:PSS on commercial finished textiles (with 
DMSO additive) provides dry-skin ECG with reduced skin–electrode 
impedance across 4–150 Hz, an improved signal-to-noise ratio under 
moisture/sweat conditions, and wash reusability [99]. Hybrid strategies 
in which graphene oxide (GO) underlayers are combined with PEDOT: 
PSS overcoats on knitted fabrics further lower interfacial impedance and 
enhance skin conformity for long-term ECG [100]. In garment-level 
implementations, pad–dry–cure graphene electrodes integrated into a 
washable sports bra demonstrate breathability and stability during 
human-motion monitoring [101].

Beyond single-function electrodes, fully printed graphene e-textiles 
integrate ECG/EEG recording with in-plane energy storage (≈ 3.2 mF 
cm-2, ≥ 10.000 cycles) and remain machine-washable through suitable 
encapsulation schemes compatible with apparel processing [102]. For 
discreet placements, soft graphene textile electrodes positioned behind 
the ear enable ear-ECG suitable for robust HR/HRV extraction in hear
able applications, illustrating unobtrusive form factors for continuous 
outpatient or daily life monitoring [103].

Overall, ECG textile electrodes based on 2D materials combine 
electrical conductivity, flexibility, and washability with high-quality 
biopotential recordings. However, future work should focus on 
improving mechanical–electrical stability over extended wear and 
developing skin–electrode interfaces that maintain low impedance 
under varying humidity and movement conditions. Additionally, real- 
time wireless data transmission and energy-autonomous operation 
remain important targets for next-generation smart textile ECG systems.

Table 2 summarises textile ECG electrodes based on 2D materials 
that have been discussed in this paragraph.

For biopotential electrodes, material selection is governed primarily 
by skin–electrode impedance stability, motion artefacts, comfort under 
prolonged wear, and wash durability rather than by conductivity alone. 
Graphene-based electrodes often provide robust conductive pathways 
and favourable chemical stability, whereas MXene-based electrodes can 
offer high conductivity and easy aqueous processing but may require 
more strict passivation to limit oxidation and performance drift under 
humidity/sweat exposure. Across both classes, the most reliable textile 
electrodes are typically achieved when 2D coatings are paired with 
textile-compatible binders/encapsulation strategies that preserve con
formability and breathability while stabilising the interfacial contact 
over repeated wear and laundering [1,3,4].

3.4. Humidity and respiration sensors

Humidity and respiration sensors based on 2D materials offer high 
sensitivity, short response/recovery times, and seamless integration into 
textiles for on-body monitoring. MXene/AgNW coatings assembled 
layer-by-layer on silk fabric combine very low sheet resistance (~0.8 Ω 
sq.-1), EMI shielding of approximately 54 dB (X-band), super hydro
phobicity, and a pronounced humidity response, yielding breathable, 
multifunctional garments [104].

Graphene oxide (GO) coatings on nonwoven fabrics, prepared via a 
BSA-assisted process, deliver breathable, skin-friendly sensors that 
distinguish between fast and deep breathing, as well as spoken words 
without noticeable drift during prolonged use [105]. Likewise, GO on 
Coolmax® polyester, deposited by pad-dyeing, provides ultrafast hu
midity response and recovery while remaining largely insensitive to 
pressure and temperature fluctuations, which is promising for both ac
tivity and health monitoring [106].

For multifunctional operation, graphene woven fabrics (GWF) ob
tained via CVD and used as flexible conductive networks enable simul
taneous sensing of humidity and temperature, supporting reliable 
physiological readouts in wearable formats [107].

At the fibre scale, Pt-decorated nitrogen-doped rGO (Pt-nRGO) fibres 
exhibit an extended humidity range (RH 6.1–66.4%) and ~ 1.36×
sensitivity enhancement relative to undoped nRGO, offering an efficient 
route to compact, respiration-relevant humidity sensors suitable for 
textile integration and portable modules [108].

Collectively, these studies demonstrate that 2D-material-based hu
midity/respiration sensors can be adapted to diverse textile architec
tures (woven, knitted, nonwoven) and scalable finishing processes while 
preserving breathability, flexibility, and user comfort. Table 3 summa
rises representative examples of such systems, their substrates, fabrica
tion methods, and key performance metrics.

Fig. 12. LIG-textile sensing during volleyball actions (touch/spike) and signal traces. Reprinted with permission [96].
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3.5. Speech vibration/voice recognition sensors

Wearable sensors based on 2D materials can transduce subtle throat 
and facial muscle vibrations associated with speech. A seminal example 
is graphene woven fabrics (GWFs) transferred onto an elastic PDMS film 
to form a crack-mediated piezoresistive network. Under throat motion, 
controlled microcrack formation and propagation modulate resistance, 
enabling the recognition of letters, tones, words, and sentences with 
high separability of waveform signatures [109]. In this study, Wang 
et al. [109] clearly demonstrated throat-mounted GWF-on-PDMS sen
sors and outlined AI/DSP pipelines for speech recognition from muscle 
movement signals, whether or not a sound is produced.

Regarding textile substrates, an rGO-modified cotton pressure sensor 

fabricated by dipping/annealing provides a fully wearable platform that 
can be taped to the throat to capture speech-related muscle movements 
while also monitoring pulse and respiration; it reaches sensitivities up to 
0.21 kPa-1 over a 0–500 kPa range with robust repeatability and attri
butes germane to garment integration and daily use [110].

Comparator devices and textile translations. Beyond conventional 
textile substrates, two wearable exemplars provide mechanistic com
parators for bidirectional voice interfaces. An artificial throat based on 
laser-induced graphene (LIG) patterned on polyimide operates both as a 
piezoresistive detector of laryngeal vibrations and as a thermoacoustic 
emitter driven by Joule heating, enabling on-skin sound sensing and 
generation in a single platform [111]. A complementary skin-like arti
ficial graphene throat (WAGT) formed by laser-scribed graphene on PVA 

Fig. 13. Schematic diagram of fabrication methodology and structure of PM/PDMS textile. (b) Sketch of PM/PDMS textile on body joints for motion detection. (c) 
The PM/PDMS textile exhibits excellent performance as a smart strain sensor for several potential applications. (d) Photograph of a textile sensor worn on the wrist of 
a volunteer and an illustration of a bending textile. The textile sensor captures signals for monitoring (e) elbow bending, (f) fist clenching, and (g) walking and 
running. Adapted with permission [91].
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likewise delivers co-located detection and thermoacoustic emission with 
ultralight, conformal mechanics [112]. These mechanisms map onto 

textile embodiments via (i) lamination of ultrathin PI/PVA–LIG foils 
onto breathable fabric backings; (ii) in situ laser scribing on PI-coated 

Table 1 
Representative 2D material textile strain/pressure sensors (NR = not reported in the original paper).

Material/system 
(2D material 
retained)

Textile substrate 
(fabric/yarn)

Deposition/assembly Binder/ 
encapsulation

Mode (strain/ 
pressure)

Key metrics (units) Operating 
conditions

Durability Ref.

MXene textile 
(PDA/PDMS 
core–shell)

Cotton fabric Dip-coating: PDA 
modification to MXene 
deposition to PDMS 
topcoat (core–shell)

PDA; PDMS Strain (also 
temperature)

Strain and temperature 
sensing indicated; 
quantitative strain 
metrics

NR NR [91]

Graphene ink/ 
cotton

Cotton fabric Facial double-side screen 
printing (graphene ink 
on both sides)

Water-soluble 
polyurethane top 
layer (washability 
aid)

Strain (also 
Joule heating)

Conductivity ≈ 1.18 ×
104 S m− 1; steady-state 
T ≈ 52.6 ◦C at 3 V; 
strain sensing reported

3 V 
(heating); 
strain- 
sensing test 
conditions

NR [86]

MXene@cotton 
textile

Cotton fabric Electrostatic adsorption 
of d-Ti3C2Tx onto cotton 
fibres

NR Strain Gauge factor ≈ 4.11 
(≤15% strain)

NR >500 cycles [93]

Ag/AgNW/ 
MXene 
conductive yarn

Elastic 
polyurethane- 
based yarn

Layered assembly: 
MXene coating to Ag 
nanoparticle sputtering 
to PDMS encapsulation 
(Ag/MXene/PU; PDMS/ 
Ag/MXene/PU)

PDMS 
encapsulation

Strain Working strain up to 
≈200%; GF >700; 
electrothermal 
capability noted

NR >15,000 
cycles

[97]

TOCNF/Ti₃C₂ 
MXene

Cellulose 
nanofibrils

3D printing/smart fibres 
and textiles using 
TOCNF–MXene ink

TOCNF (hybrid- 
ink rheology/ 
bridging 
component)

Strain (smart 
fibres/textiles; 
multi-stimulus)

High-sensitivity strain 
sensing

NR NR [89]

MXene/PU 
coaxial fibres

Polyurethane 
fibres (knittable 
into textiles)

Wet-spinning and 
coaxial wet-spinning 
(MXene/PU sheath with 
PU core)

PU matrix 
(sheath/core 
architecture)

Strain Percolation ≈ 1 wt%; 
GF ≈ 12,900 (≈238 at 
50% strain); sensing 
strain ≈ 152%

NR Knitted 
textile 
stability 
reported in 
source

[94]

LIG (laser- 
induced 
graphene) 
fabric sensor

Textile- 
integrated LIG/ 
PDMS 
(sportswear 
integration)

Laser-induced graphene 
patterning; PDMS 
lamination/ 
encapsulation for strain/ 
pressure modules

PDMS 
(lamination/ 
encapsulation)

Strain/Pressure Multifunctional sports 
monitoring

NR NR [96]

Graphene e- 
textiles

Polyester/cotton Pad− dry− cure method 
with roller compression

Encapsulation of 
graphene flakes

Strain Sheet resistance ≈11.9 
Ω sq-1; conductive after 
multiple home washes;

NR NR [16]

PEDOT/MXene 
on cotton

Cotton fabric Vapour phase 
polymerisation and 
spray-coating

NR Strain Sheet resistance ≈3.6 Ω 
sq.-1; areal capacitance 
~1000 mF cm-2; Joule 
heating ~193 ◦C at12 V; 
EMI SE ~36.6 dB

NR NR [91]

PANI/MXene 
fabric

Polyester fabric Spray coating MXene NR Strain All-solid-state 
supercapacitor 647 mF 
cm-2 (8.08 μWh cm-2); 
GF 435; strain range 
0–40.8%

NR NR [95]

Table 2 
Textile ECG electrodes based on 2D materials.

Material/System Textile substrate (type) Process Key outcomes Ref.

Screen-printed graphene textile 
electrode

Cotton fabric (woven) Screen printing of graphene ink Rs ~ 42 Ω sq-1; ECG comparable to Ag/AgCl (Pearson 
≈99.47%); robust after bending/washing

[27]

Washable screen-printed graphene 
textile electrode

Pre-treated fabric (apparel 
grade) †

Thermal transfer + screen printing Washable, flexible electrode; stable ECG after laundering; 
resistance tunable by print passes

[98]

Fully printed graphene e-textile 
(multifunctional)

Polyester–cotton blended 
fabric

Scalable printing + encapsulation Machine-washable; ECG/EEG; in-plane supercapacitor ≈3.2 
mF cm-2 (≥10,000 cycles)

[102]

Screen-printed PEDOT:PSS textile 
electrodes

Commercial finished textile 
(woven) †

Screen printing (PEDOT:PSS +
DMSO)

Dry-skin ECG; reduced skin–electrode impedance (4–150 Hz); 
washable; SNR improves with moisture

[99]

GO + PEDOT:PSS coated knitted 
fabric

Knitted fabric † Exhaust dyeing (GO) + LbL 
PEDOT:PSS coating

Flexible ECG electrodes; low impedance; improved skin 
conformity for long-term monitoring

[100]

Graphene-coated garment 
electrodes (sports bra)

Polyester knit (garment) Pad–dry–cure (rGO), optional 
PEDOT:PSS over-coat

Highly flexible, breathable, washable; stable ECG during 
motion

[101]

Behind-the-ear graphene textile 
electrodes

Soft textile for hearables † Soft graphene textile electrode 
integration

Discreet ear-ECG; robust HR/HRV extraction for hearables [103]

Abbreviations: Rs, sheet resistance (Ω sq-1); HR/HRV, heart rate/heart-rate variability; ECG/EEG, electrocardiography/electroencephalography.
† Substrate type not explicitly named in the source. Performance values are extracted from the cited sources; because test conditions vary across studies, comparisons 

are qualitative.
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fabrics to form LIG patterns directly on cloth; (iii) transfer printing of 
patterned films onto knitted bases using TPU/PDMS adhesive webs; and 
(iv) modular appliqué patches positioned at the collar/scarf region to 
maintain robust throat contact while preserving washability. In all cases, 
micro-perforated encapsulants and serpentine interconnects help 
maintain drape, air permeability, and electrical insulation under 
repeated use. In summary, 2D-material voice sensors span crack-based 
GWF films, rGO-textile composites, and LIG/WAGT artificial throats, 
covering silent-speech capture, robust waveform discrimination, and 
even sound generation, with clear routes towards textile integration 
(Table 4).

3.6. Body temperature sensors

Textile-based temperature sensors have progressed from bulky, wire- 

based probes to lightweight, flexible, and strain-tolerant architectures 
by leveraging 2D carbons directly on yarns and fabrics. Graphene-coated 
polypropylene (PP) textile fibres display a negative temperature coef
ficient of resistance (TCR) over the 30 ◦C–45 ◦C range and can operate at 
~1 V while maintaining mechanical stability and washability, features 
that support direct garment integration [113]. At the fabric scale, gra
phene/alginate composite nonwoven sensors exhibit high sensitivity 
and strong immunity to strain and humidity interference, with a tem
perature accuracy of around 0.1 ◦C during skin-mounted tests, high
lighting their dependability for everyday use [114].

On the fibre level, a skin–core composite, temperature-sensing fibre, 
PEDOT:PSS core encapsulated by polyurethane/graphene, achieves 
− 1.72% ◦C-1 sensitivity, 0.1 ◦C resolution, ~17 s response, and anti- 
sweat interference; importantly, the fibres are braidable with commer
cial cotton yarns to realise fabric-level, continuous body-temperature 
monitoring [115]. Although not a sensor per se, graphene glass-fibre 
fabric (GGF) heaters offer high emissivity (~0.92) and thermal radia
tion efficiency (~79.4%) with ultrafast heating, providing thermother
apy and thermal management modules that complement textile 
temperature sensing in healthcare wearables [116]. Representative 
systems and metrics are summarised in Table 5.

3.7. Cross-material selection criteria and translation constraints 
(scalability and reproducibility)

A consistent pattern across healthcare e-textiles is that laboratory 
demonstrations often optimize one aspect (e.g., peak sensitivity) while 
under-reporting critical translation parameters (wash protocols, inter- 
batch reproducibility, and stability under sweat/humidity). For textile 
finishing, selection of 2D materials can be guided by four coupled 
criteria: (i) target function and required interface (skin electrode vs 
environmental interface), (ii) processability into stable inks/coatings 
compatible with textile manufacturing, (iii) durability envelope 
(bending/fatigue and laundering) and failure modes (delamination, 
oxidation, network fragmentation), and (iv) user-facing constraints 
(breathability, comfort, and long-term skin-contact stability) [1,3].

From this perspective, graphene-derived finishes are often preferred 
when oxidation tolerance and mechanically stable conductive networks 
are important, whereas MXenes are attractive for low-voltage, high- 
conductivity coatings, provided that environmental stability is achieved 
through termination control, passivation, and encapsulation. Semi
conducting TMDs and BP are most compelling when semiconducting/ 
piezoelectric behaviour is required, but they typically demand addi
tional interface engineering (hybridisation, protective layers) to meet 
garment-level durability targets [3,4,37].

Finally, scalability and reproducibility are treated explicitly as 
translation constraints: textile-relevant routes preferentially rely on 
liquid-phase processing and finishing methods with established indus
trial compatibility, and reported performance is most convincing when 
supported by (a) defined washing standards (programme and number of 
cycles), (b) cyclic fatigue tests under relevant strains, and (c) stability 
tests under humidity/sweat exposure with performance retention met
rics [1,3].

4. Active functionalisation of textiles with 2D materials for 
healthcare applications

Unlike the passive devices discussed in Section 3, which monitor 
physiological signals without influencing the wearer's state, this section 
focuses on active textile systems in which 2D materials enable controlled 
thermal regulation, targeted stimulation, and other on-demand thera
peutic functions. Due to their ultrathin form factor, high electrical and 
thermal conductivity, and tunable optoelectronic properties, 2D mate
rials can be integrated into garments while maintaining drape and 
breathability. This enables thermotherapy modules (Joule/photo
thermal), electro-/thermo-stimulation interfaces, and triggerable 

Table 3 
Humidity and respiration of textile-based sensors.

Material/ 
System

Substrate/ 
Process

Key outcomes Ref.

MXene/AgNW 
on silk

Silk fabric 
(woven). Layer-by- 
layer (LbL) 
assembly

R_s ≈ 0.8 Ω sq-1; EMI SE ≈ 54 dB 
(X-band); superhydrophobic; 
sensitive humidity response; 
breathable

[104]

GO/nonwoven 
(BSA- 
assisted)

Nonwoven fabric 
(NWF)†

BSA-assisted GO 
coating

Breathable, skin-friendly; 
distinguishes fast/deep breathing 
and spoken words; stable over 
prolonged use

[105]

GO/Coolmax® Coolmax® 
polyester (knit/ 
woven). Pad- 
dyeing

Ultrafast response/recovery; 
insensitive to pressure/ 
temperature; activity & health 
monitoring

[106]

Graphene 
woven 
fabric 
(GWF)

Graphene woven 
network (free- 
standing) †

CVD-grown GWF 
used as a flexible 
network

Simultaneous humidity & 
temperature sensing; flexible 
device; low cross-sensitivity

[107]

Pt-nRGO fibre Graphene fibre on 
colorless 
polyimide film †

N-doping + Pt 
anchoring

RH range 6.1–66.4%; ~1.36×
sensitivity gain vs nRGO; breath 
monitoring

[108]

† Substrate not specified verbatim as a conventional textile in the source.

Table 4 
Speech/voice sensors based on 2D material.

Material/System Substrate/Process Key outcomes Ref.

Graphene woven 
fabric (GWF) 
throat sensor

Elastic PDMS film †

CVD-grown GWF 
transferred to PDMS; 
crack-mediated 
piezoresistive sensing

Throat-mounted; 
recognizes letters/tones/ 
words/sentences; 
enables silent-speech 
capture; AI/DSP-ready 
signals

[109]

rGO–cotton 
throat/ 
pressure 
sensor

Cotton fabric (absorbent 
cotton)  

Dip coating in GO 
followed by thermal 
reduction (annealing)

Captures speech-related 
throat motion; also, 
pulse/respiration; 
sensitivity up to 0.21 
kPa-1 (0–2 kPa); range to 
500 kPa

[110]

LIG artificial 
throat (detect 
& emit)

Polyimide (PI) film †

One-step laser-induced 
graphene on PI; 
thermoacoustic emission

Detects laryngeal 
vibrations; generates 
sound (100 Hz–40 kHz); 
wearable patch for 
assistive voice

[111]

Wearable 
skinlike 
artificial 
graphene 
throat (WAGT)

Poly(vinyl alcohol) 
(PVA) film †

Laser-scribed graphene 
on PVA; water-assisted 
transfer; dual-mode 
detection + emission

Ultra-sensitive detection; 
co-located 
thermoacoustic 
emission; conformal & 
ultralight for perithyroid 
placement

[112]
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therapeutic finishes [1,3].
Proof-of-concept studies have already demonstrated low-voltage, 

rapid, and spatially uniform heating on fabrics, e.g., Ti₃C₂Tₓ-MXene 
textiles for healthcare thermotherapy and dual-emitter graphene–glass- 
fibre fabrics for radiant thermal management, highlighting realistic 
pathways to wearable intervention platforms [116,117].

Compared to passive sensors, active garments must satisfy additional 
system-level requirements: (i) power management and thermal dose 
regulation; (ii) safety during prolonged skin contact (temperature limits, 
leakage current, EMI); (iii) resistance to sweat and humidity; and (iv) 
mechanical stability under bending, stretching, and repeated washing. 
The remainder of this section organises the field around three 

application pillars: textile heaters for thermotherapy, active (electro/ 
thermo/opto) stimulation, and on-fabric therapeutic release, with an 
emphasis on material/processing choices, device architectures, dura
bility, and clinical relevance [1,3].

4.1. Wearable thermotherapy

Textile heaters based on 2D materials are increasingly favoured for 
wearable thermotherapy, localized temperature regulation, and reha
bilitation support because they combine low areal weight, high flexi
bility, mechanical durability, and uniform heat distribution with fabric 
breathability. Screen-printed graphene inks on woven cotton produce 

Table 5 
Body temperature textile sensors based on 2D materials, normalized metrics, and test conditions. The GGF entry is retained as a thermal-management comparator for 
healthcare garments (NR = not reported in the original paper).

2D material/system Substrate (fabric/ 
yarn)

Deposition/Assembly Binder Function Key metrics (units) Operating 
conditions

Durability Ref.

Graphene-coated PP 
textile fibres (CVD 
TLG/SEG)

Polypropylene (PP) 
fibres

Coating/lamination; 
carbon-paste contacts

NR Thermistor-like 
(NTC)

Negative TCR 
(30–45 ◦C); operates 
~1 V

Ambient (not 
specified); ~1 
V

Washability 
reported

[113]

Graphene/alginate 
composite 
nonwoven

Nonwoven fabric Composite formation 
+ coating

NR Resistive 
temperature 
sensing

Accuracy ~0.1◦C; anti- 
interference to strain/ 
humidity

Ambient (not 
specified)

NR [114]

PU/graphene- 
encapsulated 
PEDOT:PSS fibre 
(skin–core)

Composite fibre; 
braid-integrated with 
cotton yarns

Wet-spun PEDOT:PSS 
core; PU/graphene 
encapsulation

PU Resistive 
temperature 
sensing

Sensitivity − 1.72% ◦C- 

1; resolution 0.1 ◦C; 
response ~17 s; anti- 
sweat

Ambient (not 
specified)

NR [115]

Graphene glass-fibre 
fabric (GGF)

Glass-fibre fabric 
(woven)

CVD-grown graphene; 
dual-emitter radiant 
heater

NR Radiant heating 
(comparator)

Emissivity ≈ 0.92; 
radiation efficiency ≈
79.4%; ultrafast heating

Electrical bias 
(not specified)

NR [116]

Notes:
1. Metrics are reported as stated in the cited articles; TCR is the temperature coefficient of resistance.
2. Electrical units are normalized as sheet resistance (Ω/□), voltage (V), and time (s); temperature is reported in ◦C.
3. Laundry durability, when available, should specify the test programme (e.g., ISO 6330 or AATCC 135: temperature, time, number of cycles).
4. If only ‘washable’ is reported in the source, it is indicated qualitatively.

Fig. 14. Representative heater architectures and textile integration pathways with 2D materials. (a) Schematic Joule-heating textile; (b) a time-dependent tem
perature profile at a constant potential of 3 V for a silicone-coated MXene textile; (c) Schematic illustration of MXene-coated cotton fabric used in Joule heating; (d) 
XPS spectra of Ti3C2Tx; (e, f) optical microscope and SEM images of 6 wt% MXene-coated cotton fabric; and (g) time − temperature profile of 6 wt% MXene coated 
cotton fabric under 1 to 6 V. Reprinted with permission [4].
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wash-durable heaters that reach ~52.6 ◦C, at ~3 V, while retaining 
strain-sensing capability, attributes essential for thermally active gar
ments that also monitor motion [86]. Laminated PEDOT/MXene textiles 
fabricated by vapour-phase polymerisation (PEDOT) and spray-coating 
of Ti₃C₂Tₓ deliver low sheet resistance (≈3.6 Ω sq.-1), efficient Joule 
heating (≈ 193.1 ◦C at 12 V), and concurrent EMI shielding and strain 
sensing, illustrating multifunctionality on cotton fabrics [92].

Direct functionalisation of fabrics with Ti₃C₂Tₓ MXene by dip-coating 
yields breathable, flexible heater textiles with rapid, spatially uniform 
Joule heating intended for garment-level healthcare and medical ther
apy scenarios [117]. In parallel, graphene glass-fibre fabrics grown by 
CVD act as high-emissivity radiant heaters (ε ≈ 0.92; thermal radiation 
efficiency ≈ 79.4%), with an ultrafast electrothermal response and 
uniform temperature fields, which are useful where radiant, rather than 
purely convective, heating is preferred. A further representative system 
based on PPy-modified MXene on polyester, sealed with a thin silicone 
overcoat, combines water resistance, outstanding EMI shielding, and 
moderate-voltage Joule heating, making it suitable for personal thermal 
management [118]. As shown in Figs. 14a–b) [4], this design had flex
ibility and stable heating to ~79 ◦C, at 4 V [118]. Likewise, MXene- 
coated cotton fabrics (Figs. 14c–g) had strong bonding and tunable 
heating from 29 ◦C to 150 ◦C, at 1–6 V, thus having a huge application in 
wearable heaters [119]. In healthcare, heating performance must be 
balanced with safety. Prolonged skin contact at temperatures around the 
low to mid-40 ◦C range is commonly targeted. Experimental and clinical 
evidence indicate that pain perception begins at temperatures just above 
43 ◦C, and superficial burn injury occurs when the basal epidermis 
reaches ~44 ◦C, underscoring the need for careful control and feedback 
in wearable heaters [120,121].

Table 6 summarises representative heater textiles used in wearable 
healthcare contexts.

4.2. Self-powered and energy-harvesting textile devices based on 2D 
materials for healthcare applications

Functionalising textiles with 2D materials enables self-powered 
platforms that harvest biomechanical or thermal energy while remain
ing lightweight, breathable, and conformal. On the triboelectric side, 
graphitic carbon nitride (g-C₃N₄) nanosheets decorated with Ag nano
particles on carbon-cloth electrodes, separated by a nylon interlayer, 
form a textile triboelectric nanogenerator (T-TENG) that delivers open- 
circuit voltages on the order of ~200 V, charges commercial capacitors, 
and harvests energy from finger, wrist, and hand motions, showing clear 
routes to garment integration [80].

MXene-textile architectures likewise provide effective electrodes for 
cloth-based TENGs. Ti₃C₂Tₓ supported by cotton fabric serves as a flex
ible electrode layer for self-powered sensing, underscoring the value of 
2D metallic carbides/nitrides in wearable harvesters [122]. Within 
graphene platforms, ultrasonic, spray-coated graphene electrodes on 
woven/knit fabrics yield fabric-based TENGs with scalable processing 
and robust motion-sensing/harvesting performance [123].

Beyond triboelectrics, thermoelectric harvesting from low-grade 
body heat has been realised on cloth via pad–dry–cure, layer-by-layer 
coatings of rGO (n-type) and PEDOT: PSS (p-type), producing wear
able textile TEGs that generate tens to >100 mV under realistic ΔT and 
remain compatible with fabric mechanics, promising energy- 
autonomous, health-monitoring nodes [124]. Collectively, these exem
plars demonstrate that 2D material finishes can serve as both functional 
electrodes and active conversion layers on textiles, thereby reducing 
reliance on bulky batteries in wearable healthcare (Table 7).

4.3. Photothermal and photonic functionalities in healthcare textiles 
based on 2D materials

The photothermal and photonic properties of 2D materials are being 
increasingly leveraged to engineer healthcare textiles that provide 
controlled thermal management, light-assisted therapy, and optical 
modulation. Materials such as MXenes, graphene and its derivatives, and 
transition-metal dichalcogenides (TMDs) exhibit strong light–matter 
interaction and efficient light-to-heat conversion, enabling on-garment 
warming, sterilization, and thermal stimulation, while preserving 
breathability and drape. In parallel, electro-optical control of emissivity 
using graphene enables photonic textiles that regulate radiative heat 
exchange or support optical signalling. When integrated onto cotton, 
silk, polyester, and blended fabrics using dip-coating, reduction, or 
lamination, these systems maintain performance under bending and 
laundering, which is essential for repeatable, skin-safe use in daily wear.

Representative examples include: (i) superhydrophobic, breathable 
textiles containing Mxene that demonstrate strong photothermal and 
electrothermal responses on fabric substrates, making them suitable for 
on-body warming and versatile wearable applications [91]; (ii) reduced 
graphene oxide (rGO) on silk fabrics that deliver high solar photo
thermal conversion with durability and washability, illustrating how 
textile architecture (capillarity, permeability) amplifies light-to-heat 
performance [125]; and (iii) MoS₂-modified polycotton fabrics that 
rapidly self-heat under sunlight to enable photothermal disinfection 
while retaining antibacterial efficiency after repeated washing, an 
immediately relevant healthcare function for reusable protective 

Table 6 
Representative textile heaters based on 2D materials for healthcare applications, normalized metrics, and test conditions (NR = not reported in the original paper).

2D material/ 
system

Substrate 
(fabric/yarn)

Deposition/Assembly Function Key metrics (units) Operating 
conditions

Durability Ref.

Graphene/ 
cotton fabric

Woven cotton Double-side screen-printing of 
graphene inks

Joule heating (wash- 
durable)

~52.6◦C @ ~3 V; also 
strain sensing

Electrical bias ~3 V Machine- 
washable

[86]

Ti₃C₂Tₓ MXene 
fabric

Cotton/ 
nonwoven 
fabrics

Dip-coating functionalisation
Joule heating 
(breathable fabric)

Fast, uniform low-voltage 
heating

Low-voltage 
operation (exact V 
not specified)

NR [117]

PEDOT/MXene 
textile

Cotton fabric
Vapour-phase polymerisation 
(PEDOT) + spray-coated MXene 
laminated film

Joule heating + EMI 
shielding + strain 
sensing

R□ ≈ 3.6 Ω/□; T ≈
193.1 ◦C @ 12 V; EMI SE 
≈ 36.6 dB

Electrical bias 12 V NR [92]

Graphene glass- 
fibre (GGF) 
fabric

Glass-fibre 
fabric (woven)

CVD-grown graphene (dual- 
emitter radiant heater)

Radiant heating (high 
emissivity)

Emissivity ≈ 0.92; 
radiation efficiency ≈
79.4%; ultrafast response

Electrical bias (not 
specified) NR [116]

PPy/MXene on 
polyester

Woven 
polyester

In-situ PPy on MXene + thin 
silicone coating

Joule heating + EMI 
shielding

Moderate-voltage heating; 
high EMI shielding

Electrical bias (not 
specified)

Water- 
resistant [118]

Notes:
1. Metrics are reported as stated in the cited articles; temperature rise is reported as surface temperature (◦C), unless otherwise specified.
2. Electrical units are normalized as sheet resistance (Ω/□), voltage (V), and time (s); temperature is reported in ◦C.
3. Laundry durability, when available, should specify the test programme (e.g., ISO 6330 or AATCC 135: temperature, time, number of cycles).
4. If only ‘machine-washable’ or ‘water-resistant’ is reported in the source, this is indicated qualitatively.
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garments [126]. Beyond pure heating, (iv) multilayer-graphene devices 
laminated onto fabrics achieve voltage-tunable infrared emissivity via 
reversible ion intercalation, establishing a photonic textile platform for 
dynamic thermal regulation and IR communication [127]. Finally, (v) 
electrospun membranes incorporating black phosphorus (BP) demon
strate light-responsive wound-care architectures compatible with skin- 
contact dressings and can be translated into textile-adjacent patches 
[128].

Beyond material selection, photothermal/electrothermal textile 
performance is governed by architecture-level choices that determine 
heat localisation, air permeability, and durability under bending and 
laundering. For 2D-material-based heaters, key design variables include: 
nanosheet network topology (sheet size/loading/percolation), the 

binder or crosslinking strategy that anchors coatings to fibres, the degree 
of encapsulation required to suppress oxidation and wash-off while 
preserving breathability, and the placement of conductive pathways 
(surface-coated yarns, coated fabrics, or patterned tracks). Fig. 15
summarises these variables that connect finishing choices to healthcare- 
relevant outcomes such as stable Joule heating under cyclic strain, skin- 
safe temperature control, and repeatability after washing [1,3,4].

An adaptive smart fabric incorporating BaSO₄ particles and rGO- 
wrapped thermochromic microcapsules (G-TM) was identified as a key 
example of photothermal–photonic synergy in 2D material-based tex
tiles. This dual-modal fabric offers consistent thermal comfort across 
different climates by enabling radiative cooling at high temperatures 
and solar heating at low temperatures. Fig. 16 shows how spectrally 

Table 7 
Representative self-powered and energy-harvesting textile devices using 2D materials for healthcare applications, normalized metrics, and test conditions (NR = not 
reported in the original paper).

2D material/system Substrate 
(fabric/yarn)

Deposition/Assembly Function Key metrics (units) Operating 
conditions

Durability Ref.

g-C₃N₄/AgNPs TTENG 
(with nylon 
interlayer)

Carbon cloth Dip-coated g-C₃N₄ 
nanosheets + AgNPs; nylon 
interlayer

Triboelectric 
nanogenerator (textile 
T-TENG)

Open circuit ~200 V; charges 
commercial capacitors; 
harvests finger/wrist/hand 
motions

Human motion; 
ambient

NR [80]

Ti₃C₂Tₓ MXene fabric 
electrode for TENG

Cotton fabric MXene-coated/support 
electrode

Triboelectric 
nanogenerator (textile 
electrode)

Flexible textile TENG; self- 
powered sensing; stable cloth- 
based electrode performance

Human motion; 
ambient

NR [122]

Graphene-electrode 
fabric TENG

Woven/knit 
fabrics

Ultrasonic spray-coated 
graphene electrodes

Triboelectric 
nanogenerator (fabric- 
based)

Scalable fabric-based TENG; 
wearable energy harvesting and 
motion sensing

Human motion; 
ambient

NR [123]

rGO/PEDOT:PSS 
thermoelectric 
textile (TEG)

Cotton fabric Pad–dry–cure layer-by-layer 
coatings (rGO n-type, 
PEDOT:PSS p-type)

Thermoelectric 
generator (TEG)

Generates tens to >100 mV 
under realistic ΔT; fabric- 
compatible and flexible

Low-grade body 
heat; ΔT across 
cloth

NR [124]

Notes:
1. Metrics are reported as stated in the cited articles. For triboelectrics (TENGs), open-circuit voltage (V_oc) and qualitative output descriptors are used when detailed 
values are not reported in the manuscript.
2. For thermoelectrics (TEGs), voltage is reported under realistic temperature gradients (ΔT) across textiles.
3. Electrical units are normalized as voltage (V) and time (s), where applicable. If laundry durability is stated qualitatively in the source, it is indicated as such.

Fig. 15. Schematic overview of (I) finishing routes and coating architectures (yarn/fabric; patterned vs full-area), (II) interfacial stabilisation strategies (binder/ 
crosslinking/encapsulation) governing wash durability and mechanical fatigue resistance, and (III) multifunctional applications (antibacterial activity, physiological 
monitoring, photothermal therapy, wound dressing) [1,3].
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selective components and 2D-material coatings can be integrated as 
textile-compatible layers without compromising wear comfort [3].

Such temperature-adaptive textiles showcase the potential of 2D-ma
terial-enhanced fabrics for healthcare applications that require precise 
thermal management and user comfort [129].

Collectively, these demonstrations indicate that the photothermal 
and photonic functions of 2D materials can be integrated through con
ventional textile processing to yield garments with self-heating, self- 
disinfecting, and emissivity-modulated properties for therapeutic ap
plications and continuous monitoring (Table 8).

4.4. Triboelectric and piezoelectric textile sensors based on 2D materials 
for self-powered healthcare applications

Self-powered textile sensors integrate energy harvesting and active 
sensing into a single platform, enabling continuous physiological 
monitoring without the need for external power packs. In healthcare, 
such systems are attractive for long-term ambulatory tracking, rehabil
itation feedback, cardiorespiratory surveillance, and fall-risk alerts. 
Two-dimensional materials, most notably MXenes, graphene, and MoS₂, 
provide high surface area, tunable surface chemistry, and mechanical 
compliance, thereby enhancing both triboelectric output and sensing 
responsivity when applied to cotton, silk, or synthetic fibres via dip- 
coating, printing, electrospinning, or in situ polymerisation.

Fig. 16. Schematic representation of dual-mode thermoregulatory textiles relevant to healthcare wear. The schematic highlights the functional principle (heating vs 
cooling via spectral selectivity) and the corresponding textile-integration levers (layer placement, encapsulation for durability, and comfort constraints), as sum
merised from recent smart-textile literature [1,3].

Table 8 
Representative photothermal and photonic healthcare textile devices based on 2D materials (NR = not reported in the original paper).

2D material/ 
system

Substrate 
(fabric/yarn)

Deposition/Assembly Binder Function Key metrics (units) Operating 
conditions

Durability Ref.

Ti₃C₂Tₓ MXene 
textile

Cotton/ 
breathable 
fabric

PDA adhesion layer +
MXene decoration; 
multi core–shell 
architecture

PDA Electro-/ 
photothermal 
warming

Breathable, 
superhydrophobic; 
stable electro-/ 
photothermal response

Ambient; 
electrical bias 
and/or sunlight

NR [91]

rGO–silk 
photothermal 
fabric

Silk fabric 
(woven)

Graphene oxide coating 
+ chemical reduction 
(rGO)

NR Solar 
photothermal 
heating

High solar photothermal 
conversion (1 sun); 
flexible platform

Sunlight Durable, 
washable 
(qualitative)

[125]

MoS₂-modified 
antibacterial 
fabric

Polycotton 
fabric

MoS₂ nanosheet 
finishing/coating

NR Photothermal 
self-disinfection

Sunlight-driven rapid 
heating enabling 
photothermal self- 
disinfection

Sunlight Antibacterial 
efficacy retained 
after washing 
(qualitative)

[126]

Graphene 
adaptive IR 
textile 
(emissivity- 
tunable)

Textile backing 
with laminated 
multilayer 
graphene

Lamination +
electrolytic gating for 
voltage-tunable IR 
emissivity

NR Photonic textile 
(IR emissivity 
modulation)

Dynamic thermal 
regulation and IR 
signalling on fabric

Voltage- 
controlled 
emissivity 
(ambient)

NR [127]

BP-containing 
electrospun 
membrane 
(textile- 
adjacent)

Electrospun 
asymmetric 
wettable 
membrane

Electrospinning with 
black phosphorus (BP) 
and Rg1; surface design 
for wound contact

NR Light-responsive 
wound-care 
patch

Enhanced infected- 
wound healing; 
compatible with textile- 
adjacent use

Light 
stimulation; 
wound-contact 
environment

NR [128]

Notes:
1. Photothermal metrics refer to solar illumination at 1 sun when stated by the source; IR-photonic performance is described via emissivity modulation (dimensionless).
2. Electrical/thermal units are reported as stated in the cited articles; temperature is in ◦C. If laundry durability is stated qualitatively in the source, it is indicated as 
such.
3. Textile-adjacent wearable patches rather than conventional fabrics; included to illustrate mechanisms and translation pathways towards textile embodiments
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Using Ti₃C₂Tₓ MXene supported on cotton fabric as the electrode 
layer, textile-based triboelectric nanogenerator (TENGs) achieve robust 
outputs suitable for self-powered motion sensing, demonstrating clear 
detectability of large-amplitude limb movements, as well as subtle 
biomechanical cues (e.g., gait phases) in wearable form factors [122]. 
Within graphene platforms, ultrasonic spray-coated graphene electrodes 
on woven/knit fabrics provide scalable, conformable TENGs that har
vest energy from joint bending and steps while serving as motion sensors 
for rehabilitation analytics [123].

Furthermore, incorporating 2D fillers into PVDF transducers can 
enhance low-frequency physiological sensing (e.g., breathing and 
plantar pressure). MoS₂-embedded PVDF hybrid films, made by bar- 
printing and self-poling, enhance triboelectric performance in flexible 
wearables and can be integrated into textiles via coating or lamination 
onto fabric backings [130]. In parallel, hexagonal boron-nitride (h-BN) 
nanosheets blended into PVDF nanofibre mats yield high-output piezo
electric nanogenerators (PENGs) that are compatible with low-cost 
fabrication. These mats are readily mounted onto garments or inte
grated into multilayer textile patches for pressure/strain sensing [131]. 
Collectively, 2D material finishes enable battery-lean health wearables 
in which the same textile architecture can both harvest energy and sense 
movement (Table 9).

In wearable healthcare textiles, triboelectric nanogenerators 
(TENGs) have shown great promise as self-powered sensing and energy 
harvesting devices. Because of their high conductivity, electronega
tivity, and flexibility, MXenes, especially those based on Ti₃C₂, can be 
integrated into a variety of TENG components (Fig. 17). MXenes' 
versatility and potential for developing multifunctional, photothermal, 
and photonic healthcare textiles are demonstrated by their use as 
conductive films, triboelectric layers, polymer fillers, and charge- 
trapping interfaces [132].

5. Outlook and future perspectives

The integration of two-dimensional (2D) materials into textile plat
forms for healthcare has progressed rapidly, yielding flexible, light
weight devices capable of real-time physiological monitoring and, 
increasingly, on-garment actuation. As summarised in this review, gra
phene derivatives, MXenes, transition-metal dichalcogenides (TMDs), h- 
BN, and related 2D systems can be processed in a compatible manner on 
cotton, polyester, silk, and blended fabrics via dip-coating, pad–
dry–cure, printing, electrospinning, and hybrid assembly strategies. 
These approaches underpin wearables for strain/pressure sensing, ECG, 

respiration/humidity, temperature monitoring, and self-powered oper
ation. Looking ahead, several scientific and translational priorities merit 
focused attention. Accordingly, six interdependent priorities can be 
delineated, such as scalable synthesis with atomic-level control; envi
ronmental stability and passivation; rational chemical modification; 
metrology, reliability, and washability standards; manufacturing and 
system integration; and safety, biocompatibility, and data stewardship, 
as detailed in points (i)–(vi) below.

(i) Scalable synthesis with atomic-level control. For clinical-grade e- 
textiles, it is essential to achieve wafer- or roll-scale 2D films and inks 
with uniform composition, phase, and defect density, as well as deter
ministic control of alloying and sharply defined lateral/vertical heter
ojunctions. Comprehensive roadmaps and perspectives emphasise that 
advancing chemical vapour deposition (CVD/ALD/MBE), solution 
growth, and deterministic transfer must go hand-in-hand with 
contamination-minimising, roll-to-roll-compatible integration to ensure 
reproducibility and yield [28,35,36].

(ii) Environmental stability and passivation. Air- and moisture- 
sensitive materials (e.g., black phosphorus) demand robust passiv
ation. In situ and plasma-enhanced ALD studies of Al₂O₃ on BP clarify 
nucleation chemistry and demonstrate effective degradation suppres
sion under ambient conditions; complementary work details oxidation 
pathways and long-term stabilisation strategies (e.g., ionic-liquid/ 
encapsulation routes) [133]. For MXenes, surface terminations (–O/ 
–OH/–F, occasionally –Cl) and oxidation kinetics critically govern hy
drophilicity, electronic transport, and redox behaviour; authoritative 
overviews and textile-focused reviews outline routes to control termi
nations and preserve conductivity in fabrics [4,134].

(iii) Rational chemical modification. Heteroatom doping, intercala
tion, and targeted surface functionalisation remain powerful tools for 
tuning carrier density, Fermi-level position, excitonic interactions, and 
catalytic activity, while improving dispersion stability and fibre adhe
sion. A broad materials-palette perspective details these levers across 2D 
families and highlights their implications for device performance and 
durability, principles directly translatable to textile finishes and inks 
[31].

(iv) Metrology, reliability, and washability standards. Closing the 
lab-to-clinic gap requires traceable metrology for defects, dopants/ 
intercalants, interfaces, and contact resistance correlated to drift, hys
teresis, and noise in textile device operation. Field-spanning reviews 
stress the need for multimodal characterisation linked to performance 
metrics [35]. In parallel, realistic laundering, perspiration, abrasion, 
and flex-fatigue protocols should align with textile standards; the 

Table 9 
Triboelectric and piezoelectric textile sensors based on 2D materials, normalized metrics, and test conditions (NR = not reported in the original paper).

2D material/system Substrate 
(fabric/yarn)

Deposition/Assembly Function Key metrics (units) Operating 
conditions

Durability Ref

Ti₃C₂Tₓ 
MXene–cotton 
TENG

Cotton fabric MXene supported/coated 
electrode; fabric TENG 
assembly

Triboelectric 
nanogenerator 
(TENG)

Flexible, self-powered sensing; 
detects subtle and large 
biomechanical motions; gait-phase 
monitoring

Human motion; 
ambient

NR [123]

Graphene-electrode 
fabric TENG

Woven/knit 
fabrics

Ultrasonic spray-coated 
graphene electrodes

Triboelectric 
nanogenerator 
(TENG)

Scalable fabric-based TENG; energy 
harvesting from joint bending and 
steps; wearable motion sensing

Human motion; 
ambient

NR [123]

MoS₂@PVDF 
hybrid (bar- 
printed) †

Flexible film 
(textile-adjacent)

MoS₂ embedded in PVDF; 
bar-printed; self-poled

Triboelectric 
nanogenerator 
(TENG)

Enhanced triboelectric output; 
integration via lamination/coating 
onto fabrics

Human motion/ 
light contact; 
ambient

NR [130]

h-BN/PVDF 
nanofibre PENG †

Electrospun 
PVDF nanofibre 
mat

Electrospinning of PVDF 
with h-BN nanosheets

Piezoelectric 
nanogenerator 
(PENG)

High-output PENG; garment- 
mounted patch for pressure/strain 
sensing

Human motion/ 
pressure; 
ambient

NR [131]

Notes:
1. TENG = triboelectric nanogenerator; PENG = piezoelectric nanogenerator. Human-motion operation implies on-body or bench-simulated joint/finger/wrist/step 
actuation.
2. Electrical/energy outputs are summarised qualitatively, and numerical values are not reported in the manuscript text.
3. Textile-adjacent devices (films/mats) are included as mechanistic comparators with plausible textile embodiments (lamination, adhesive webs, or encapsulated 
appliqués).
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washability review literature underscores the need for harmonised 
testing beyond ad hoc ‘home wash’ trials [135].

(v) Manufacturing and system integration. To reach scalable 
deployment, materials and processes must dovetail with textile pro
duction lines (printing, coating, lamination) and support modular, 
repairable architectures. Direct growth/transfer strategies, as well as 2D 
heterostructure manufacturing pathways, provide practical guidance for 
building multilayer stacks with clean interfaces while preserving 
breathability and drape [28,36].

(vi) Safety, biocompatibility, regulatory translation, and data stew
ardship. Translation of healthcare e-textiles from laboratory prototypes 
to clinically credible products requires early alignment with medical- 
device expectations, because regulatory obligations are driven primar
ily by intended use, clinical claims, and user population, rather than by 
the wearable form factor alone. In the European context, devices 
intended for diagnosis, monitoring, prediction, or treatment fall under 
the Medical Device Regulation framework (EU MDR 2017/745), 
whereas in the United States, analogous pathways are governed by FDA 
device classification and pre-/post-market requirements; consequently, 
garment-integrated systems are best designed with a “regulatory-by- 
design” mindset from the outset [136].

For textile finishes that are intended for prolonged skin contact, a 
structured biological evaluation is required. In practice, this is 
commonly framed through the ISO 10993 series (risk-based biological 
evaluation and endpoint selection), with particular emphasis on end
points relevant to skin-contact wearables (e.g., irritation and sensitisa
tion) and on the assessment of finished, processed devices rather than 
raw materials [137]. In addition to classical biocompatibility endpoints, 
2D-material-enabled textiles warrant explicit consideration of leach
ables/extractables and particulate release under realistic wear and care 
conditions. Systematic evidence shows that nanomaterial-treated tex
tiles can release particulate matter during use and washing, and the 
magnitude and form of release depend strongly on finishing chemistry, 
mechanical abrasion, and laundering protocol [138,139]. For emerging 
2D materials, safety assessment is further complicated by the strong 
dependence of biological interactions on size, surface chemistry, and 

transformation/aging, harmonised test protocols and exposure-relevant 
measurements are therefore central to credible risk evaluation for on- 
skin applications [140].

Clinical adoption also requires evidence beyond bench characteri
sation. For wearable diagnostics, validation typically involves compar
ison against medical-grade reference methods under defined endpoints, 
with attention to confounders such as motion artefacts, sweat/humidity, 
and long-duration wear [136]. Although much of the clinical-validation 
literature concerns non-textile wearables, systematic reviews and meta- 
analyses illustrate the evidentiary standard expected for diagnostic 
claims (e.g., pooled sensitivity/specificity against clinical references), 
underscoring the need for appropriately powered studies and trans
parent reporting [141]. In the specific case of textile bioelectrodes (e.g., 
ECG), the stability of the skin–electrode interface (impedance stability 
and motion artefact susceptibility) should be treated as a first-order 
translational metric, alongside wash durability and long-term comfort 
[1].

Finally, because healthcare e-textiles generate sensitive physiolog
ical data and increasingly incorporate wireless transmission and 
embedded analytics, data security, privacy, and integrity constitute 
essential components of clinical credibility. Surveys and recent analyses 
of wearable-health monitoring security highlight recurrent vulnerabil
ities spanning device firmware, wireless links, and data handling; 
accordingly, secure-by-design architectures (encryption, authentication, 
secure update mechanisms, and integrity monitoring) should be co- 
developed with low-power electronics and textile constraints [142]
[143].

For clarity, Table 10 summarises a 2D-material-specific translation 
checklist that links finishing and process options to interface stability, 
durability, and exposure-related considerations for healthcare textiles.

In summary, maturing synthesis, passivation, and chemical modifi
cation, coupled with standardised durability testing and manufacturing- 
aware integration, position 2D materials as modular building blocks for 
multifunctional, wash-durable healthcare textiles that integrate sensing, 
actuation, energy harvesting, and secure data handling [3,35]. Coordi
nated efforts among materials chemists, textile engineers, and 

Fig. 17. Schematic of MXene-enabled triboelectric textile architectures. The figure summarises MXene placement options (electrode/tribolayer/filler/interlayer), 
associated textile-finishing routes, and typical stability constraints relevant to skin-contact wearables (breathability, wash-off, mechanical fatigue) [3,4].
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biomedical researchers will be decisive in translating prototype gar
ments into clinically validated, commercially viable solutions.

6. Conclusions

Two-dimensional (2D) materials have advanced healthcare textiles 
from proof-of-concept devices to credible, application-oriented plat
forms. Across graphene and its derivatives, MXenes, TMDs, h-BN, and 
carbon nitrides, the combination of high surface area, tunable interfacial 
chemistry, and mechanical compliance has enabled finishes and coat
ings that preserve fabric handle and breathability while delivering 
robust electrical, thermal, and photonic functionality. As outlined 
throughout this review, scalable textile processes, such as pad-dry-cure, 
dip-coating, printing, electrospinning, and lamination, now support a 
wide range of functional options. These include strain/pressure and ECG 
sensing; respiration and humidity monitoring; body temperature 
readout with localized thermotherapy; self-powered operation through 
tribo-, piezo-, or thermoelectric conversion; and light-mediated func
tions ranging from photothermal disinfection to emissivity control.

The field's maturity is clear in its wash-durable performance, low- 
voltage operation, and the integration of multiple functions (e.g., 

heating plus sensing or harvesting plus sensing) within a single fabric 
design. Equally important, chemistry-centric levers, surface termina
tions, defect engineering, doping/intercalation, and tailored binders 
have emerged as the bridge between material physics and textile-level 
reliability, anchoring coatings to fibres, stabilising colloids/inks, and 
managing environmental reactivity.

At the same time, translation to clinical and everyday use will 
depend on solving a defined set of challenges: (i) reproducible, large- 
area synthesis and transfer with atomic-level control of phase, thermal 
composition, and defects; (ii) environmental privacy, stability, and 
benign encapsulation compatible with skin contact and laundering; (iii) 
traceable metrology that links nanoscale chemistry to device drift, 
hysteresis, and noise; (iv) roll-to-roll, standards-aligned manufacturing 
and test protocols (including realistic laundry, sweat, abrasion, and flex 
fatigue); and (v) an end-to-end system design that integrates low-power 
electronics, secure wireless links, and data privacy with biocompatible 
materials and safe thermal/electrical operating windows.

Looking forward, the most immediate opportunities lie in applica
tions where textiles' intrinsic advantages, such as comfort, coverage, and 
continuous wear, are decisive: long-term cardiorespiratory monitoring, 
rehabilitation feedback, thermal therapy with closed-loop control, and 

Table 10 
2D-material-specific translation checklist for healthcare textile finishing.

2D-material translation aspect 
(textile finishing)

What should be defined/reported Why does it matter? Evidence/metrics expected Ref.

Ink/coating processability and 
formulation stability

Nanosheet type (e.g., GO/rGO, Ti₃C₂Tₓ), 
lateral size/thickness where available, 
solvent system, dispersant/binder, solids 
loading, rheology (for printing), add-on

Determines coatability/printability, 
network formation on fibres, and 
reproducibility of electrical/functional 
response

Viscosity window for printing; add- 
on mass (mg cm-2); uniformity 
mapping; batch-to-batch variance

[3,4]

Fibre–2D interfacial chemistry 
and adhesion

Fibre type (cellulosic/polyamide/ 
polyester), pre-treatments, binder/ 
crosslinker chemistry, encapsulation/ 
topcoat, peel/abrasion tests

Many failures are interfacial 
(delamination/wash-off) rather than 
intrinsic; adhesion controls durability 
and signal drift

Adhesion/abrasion tests; resistance 
retention after bending/abrasion; 
microscopy of coating continuity

[1,3]

Percolation network integrity 
under deformation (fatigue)

Working strain range, cyclic protocol, 
mechanical mode (bend/stretch/twist), 
network design (porous/cracked/ 
hierarchical)

2D networks are sensitive to crack growth 
and network rearrangement; fatigue 
drives drift/hysteresis

ΔR/R drift vs cycles; hysteresis; 
baseline recovery; failure-mode 
description

[1,3]

Laundering durability and 
degradation mechanism

Wash protocol (programme, detergent, 
cycles), drying method, encapsulation 
strategy; identify degradation pathway 
(wash-off vs oxidation vs cracking)

“Washable” claims are non-comparable 
without protocols; 2D coatings can lose 
conductivity by wash-off or chemical 
change

Resistance/signal retention after N 
washes; mass loss/add-on loss; 
microscopy pre/post wash

[1,3]

Environmental stability 
(humidity/sweat/oxygen) and 
transformation

Humidity/sweat exposure protocol, 
oxidation/passivation strategy (esp. 
MXenes, BP), termination chemistry where 
relevant

Several 2D families show performance 
drift via oxidation/hydration; stability is 
decisive for on-body wear

Retained conductivity/sensitivity 
after humidity/sweat aging; 
chemical signatures of 
transformation; time-to-failure

[4,37]

Dermal exposure relevance: 
Leachables/extractables and 
particulate release from 2D 
finishes

Release during wear/care (abrasion, flexing, 
washing), extractables, particle/fragment 
form (when available), dependence on 
binder/encapsulation

Clinical adoption for skin-contact textiles 
requires explicit control of release; 
finishing chemistry governs exposure

Release quantification under 
realistic wear/wash; correlation to 
finishing architecture

[138,139]

2D-material safety is surface- 
chemistry dependent (size/ 
functionalisation/aging)

Surface chemistry/terminations, size 
distribution, aging/oxidation state; 
relevance of testing pristine powder vs 
immobilised textile coating

Biological interactions depend strongly 
on surface chemistry and 
transformations; risk cannot be inferred 
from “2D” label alone

Exposure-relevant characterisation; 
transformation-aware safety logic; 
harmonised reporting of key 
descriptors

[140]

Skin–electrode interface stability 
as a 2D-coating design output 
(ECG/EMG/EEG)

Electrode architecture (coating vs printed), 
surface roughness/porosity, moisture 
management, encapsulation at the interface

For textile bioelectrodes, interface 
stability (motion artefacts, contact 
stability) depends on coating architecture 
and finishing

Skin–electrode impedance stability; 
motion artefact assessment; wear- 
time stability

[1]

Family-specific constraints: 
Graphene/GO/rGO

Oxidation state (GO vs rGO), reduction 
strategy if any, binder/encapsulation choice

Trade-off between processability/ 
adhesion (GO) and conductivity (rGO/ 
graphene); network robustness vs 
sensitivity tuning

Conductivity vs stability; wash/ 
fatigue retention; reporting of 
oxidation state

[3]

Family-specific constraints: 
MXenes (e.g., Ti₃C₂Tₓ)

Termination chemistry (Tx), oxidation 
mitigation/passivation, humidity sensitivity 
management

High conductivity and aqueous 
processability, but environmental 
instability can dominate unless protected

Conductivity drift under humidity/ 
sweat; retention after washing with 
protective layers

[3,4]

Family-specific constraints: 
TMDs and BP

Need for hybridisation for conductivity 
(TMDs), encapsulation for ambient stability 
(BP), defect/phase effects only insofar as 
they affect coatings

Semiconducting behaviour can add 
functionality but often requires interface 
engineering; BP is particularly sensitive 
to ambient degradation

Retention under ambient/sweat; 
hybrid network stability; practical 
coating strategies

[3,37]

Family-specific constraints: h- 
BN and carbon nitrides

Role definition (dielectric/barrier/ 
interlayer; photo/antimicrobial concept), 
immobilisation to prevent release

Often used as barriers/interlayers or 
functional additives; translation requires 
stable immobilisation and comfort- 
preserving architectures

Layer integrity after washing/ 
fatigue; release control in finished 
textiles

[3,31]
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infection-control garments with on-demand photothermal disinfection. 
Mid-term, modular ‘stacked’ finishes (e.g., sensing, actuation, and en
ergy harvesting) and voltage-programmable photonic/thermal re
sponses can produce self-adaptive garments that personalise function to 
the wearer and context. Real-world deployment will benefit from 
converging progress in three areas: (i) chemistry and inks that remain 
stable through storage and laundering; (ii) textile manufacturing routes 
that preserve drape while ensuring uniform coverage and inter-yarn 
percolation; and (iii) clinical validation with standardised endpoints, 
comparing textile readouts against medical-grade references over 
months of wear.

In summary, 2D materials have transformed textiles into platforms 
that not only ‘carry’ sensors but also embody them, integrating sensing, 
actuation, and energy functions within the fibre architecture itself. With 
ongoing advances in surface chemistry, scalable processing, durability 
standards, and human-centered design, 2D-enabled e-textiles are well- 
positioned to move from laboratory demonstrations to clinically cred
ible, wash-durable, and manufacturable systems for preventive, diag
nostic, and therapeutic healthcare.
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