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1 Introduction 

Efforts in academia and industry have increased to explore and create smart, flexible 
systems for wearable applications. Several laboratory prototypes, testbeds, and indus-
trial products have already been manufactured [1]. These adaptable/wearable devices 
aim to monitor the health of, and consequently improve the quality of life for those 
with impaired physical and cognitive abilities or suffering from various diseases. 
Examples range from wearable heart rate monitors for those with cardiac conditions, 
to fall detectors for the elderly. As a result, these systems promote independent living 
for the elderly, postoperative rehabilitation for patients to speed recovery, and the 
evaluation or enhancement of individual sporting or technical abilities [1–4]. The 
ideal smart flexible system could include a variety of wearable components, such 
as sensors, actuators, power sources, wireless communication networks, processing 
units, multimedia devices, user interfaces, software, and algorithms for data collec-
tion, processing, and decision support [5–7]. These systems may keep an eye on vital 
signals like heart rate [6], breathing rate, blood, or wound oxygenation [8], arterial 
blood pressure [9], body mobility and strain sensing [10], and brain activity [11]. 
A wireless sensor network can transmit the measurements to a central connection 
node, such as a personal digital assistant (PDA), or a hospital. Advances in micro-
fabrication have enabled several biosensors for POC testing and wearable real-time
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monitoring [12–15]. Despite the significant advancements in wearable sensors for 
physiological monitoring, non-invasive chemical sensing for assessing analytes and 
biomarkers in bodily fluids has received very little attention. 

Compared to paper as a substrate for sensing, textile is a more resilient material 
system that is more durable, widely accessible, and reasonably priced. It also allows 
capillary-based sample conveyance similar to capillary transport in paper. Addition-
ally, textile-based electronics and sensors allow for simple integration with wearable 
clothing and materials, which may be utilized to create wearable sensor systems 
[5, 13]. The incorporation of sensors into textiles to track physiological variables 
like electrolytes and small molecules [16], heart rate [17–19], temperature [20], and 
breathing [21] has been the focus of recent research in wearable sensing. In the last 
decade, several research groups reported the development of electrochemical sensors 
on threads or smart fabrics for health monitoring. For example, Wang’s group has 
developed electrochemical sensors on fabrics for monitoring the environment [22], 
wounds [23], and health [24]. A wearable electrochemical sensor for sweat analysis 
based on textiles has also been shown by our group (Sonkusale’s group) [16]. We have 
reported a thread-based multiplexed sensing patch for continuous and simultaneous 
on-skin sweat monitoring. The sweat patch is capable and measures crucial physio-
logical indicators such as metabolites (lactate), electrolytes (sodium and ammonium 
ions), and acidity (pH) in sweat. In this work, sensor fabrication was realized on flex-
ible threads coated with conductive inks as sensing electrodes. Diamond’s group has 
also demonstrated wearable, textile-based electrochemical sensors for sweat analysis 
[25]. The use of screen-printed sensors, which are frequently structurally brittle and 
difficult to connect with textile-based electrical components, is what allows these 
devices to undertake delicate analytical measurements. Recently, it was claimed 
that conductive thread [7] or silk yarn [26] was woven into the fabric to fabricate 
electrochemical sensors that were based on textiles. This approach offers improved 
robustness compared with screen-printed sensors but is limited to woven electrode 
geometries and substrates. 

This chapter explores the design, fabrication, and validation of wearable elec-
trochemical sensors on sutures/ threads for health monitoring. This chapter aims 
to review the necessary background and knowledge for designing and fabricating 
flexible sensors on sutures/threads with several key applications in sweat sensing, 
smart bandage, and smart sutures while emphasizing the key qualities that make them 
the best possible candidates for flexible bioelectronics. Last but not least, we assess 
the electrochemical readout circuitry’s performance, which displays the sensor’s 
capacity to provide reliable measurements under such circumstances.
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2 Threads and Sutures 

2.1 Types of Threads and Sutures 

Fibers may be broadly categorized into two groups: natural, which come from biolog-
ical sources including plants and animals, and synthetic, which are created by chem-
ical processes. Both natural and synthetic fibers’ molecular structures may be used 
to predict how their surfaces will respond to certain treatments, like dyeing, or to 
evaluate other factors, such as mechanical tunability and biofriendliness. 

Natural fibers are frequently derived from plants and animals. Cotton, linen (flax), 
and jute are all cellulose-based fibers, with 94%, 80%, and 74% cellulose content, 
respectively [27]. Bioproteins make up animal fibers such as silk and wool. Silk is 
made up of the fibroin protein, which is made up of recurring sequences of glycine, 
serine, and alanine amino acids [28]. Wool is also formed of keratin-type protein, 
but its outer surface (the cuticle) defines many of its features. The epicuticle, the 
cuticle’s topmost layer, includes fatty acids covalently bound to the wool fiber via a 
thioester bond, providing a hydrophobic barrier [29]. Its complex surface structure 
makes it less dyeable and wettable than other natural fibers [30]. Natural fibers are 
an excellent choice for biological sensors that contact with tissue because of their 
high specific strength, biodegradability, and inexpensive production costs [7, 31]. 
Another benefit of using natural fiber sources is their capacity to be recycled, which 
is becoming more and more crucial in light of the present environmental issues. 
Given the current state of climate change and the demand for sustainable resources, 
the benefit of renewable natural fiber sources is growing over time. 

Polymers used to create conventional synthetic fibers often come from petroleum 
[32]. These include acrylic [33], polyurethane, polyester fibers, and nylon [34]. Most 
frequently, they are made by a “melt-spinning” procedure in which fibers are extracted 
from strands that have been heated to their melting point [31]. Natural fibers tend 
to be less durable than synthetic fibers, which also quickly take the dye. Due to 
their strong elastic properties, synthetic fibers like polyurethane become excellent 
candidates for uses like strain sensing [7, 35]. 

2.2 Processing Methods 

Traditional twisting techniques have been used to create both natural and synthetic 
fibers. Natural fibers like cotton or wool are drawn out while being twisted to form 
threads and yarns, while traditional synthetic fibers like nylon are drawn out during a 
thermal process to form continuous threads. Extruding precursor solutions into fibers 
is a technique used in more recent methods including electrospinning, wet-spinning, 
and direct writing [36, 37]. Due to their fine control over manufactured fiber form, 
sub-micrometer to nanoscale regime widths, and compatibility with several inks,
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these methods are being employed more often in biomedical, tissue engineering, and 
better versions of conventional sensing applications. 

Electrospinning is a method of drawing polymer fibers from an injecting needle 
onto a plate while exposed to an electric field. Electrospinning produces fibers with 
diameters ranging from 100 nm to a few micrometers, resulting in high fiber density 
in a simple procedure [38, 39]. Liu et al. used electrospinning to construct a stretchy 
strain sensor based on a flexible polymer nanowire, whereas earlier devices based 
on inorganic materials revealed lesser strain sensitivity [40]. Researchers have also 
shown that fibers with increased modulus and tensile strength may be electrospun 
into fiber composites using carbon nanotubes (CNTs). 

In wet spinning, a polymer precursor solution is pumped into an insoluble coagu-
lation bath, resulting in the continuous polymerization of long fiber [38]. Wetspinning 
generates fibers with lengths ranging from 30 to 600 m and may make tissue-friendly 
fibers by using appropriate inks such as collagen and polycaprolactone. Wetspun 
fibers’ mechanical strength may be improved by orders of magnitude by adding 
CNTs or graphene oxide, just as electrospun fibers. Because the fibers are greater in 
size here than in electrospinning, the scaffolds produced by this process have higher 
porosity and larger pore sizes [38]. 

Insects produce silk fibers through a process known as biospinning. Silk is 
biodegradable and has a high tensile strength ranging from 460–972 MPa [38]. These 
fibers consist of a fibroin core surrounded by sericin, a glue protein. After chemical 
processing, silk remains non-cytotoxic and non-inflammatory. The diameter of silk 
fibers can vary from 25 to 70 m, depending on whether they are extracted from the 
insect or from the cocoon. Silk fiber finds extensive use in biomedical applications 
including implants, tissue scaffolds, and drug delivery systems [41–43]. These appli-
cations are particularly relevant for load-bearing tissues, where a mechanical strength 
of around 150 MPa is required. For instance, Karageorgiou and Kaplan’s work on 
3D scaffolds contributed to osteogenesis [41]. 

2.3 Surface Modification Techniques 

Surface modification techniques play a crucial role in improving the performance of 
threads for sensing applications. Biorecognition components (enzymes, aptamers, 
antibodies, etc.) are attached to the immobilization surface using various techniques. 
When selecting an immobilization approach, several aspects such as the immobiliza-
tion surface, sample matrix, protein characteristics, buffer components, and assay 
performance metrics are considered. In an ideal world, reaction partners should 
be able to reach active regions for antibody binding or enzymatic conversion (i.e., 
the binding site should face away from the immobilization surface to reduce steric 
hindrance and should not be sterically hindered by nearby immobilized proteins). 
For a high-performance, repeatable experiment, receptor conformation must remain
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unaltered upon immobilization to maintain receptor binding properties, permit diffu-
sion of substrates and products, and allow excellent electron transfer. These tech-
niques can enhance the sensitivity, selectivity, and stability of the threads, making 
them more suitable for specific sensing tasks. Here are some commonly used surface 
modification techniques for modifying threads for sensing applications. 

a. Physical Adsorption 

The physisorption method is the simplest method for immobilizing a bio-recognition 
component on a surface (i.e., physical adsorption). In physical adsorption, the barore-
ceptors are immobilized by van der Waals forces, hydrophobic contacts, or hydrogen 
bonds, whereas enzymes are joined by salt linkages in electrostatic interaction 
(Fig. 1a, b). The process of non-covalent immobilization is caused by the nature 
of the forces involved, and it can be stopped by altering the factors that determine 
how strong the contact is (e.g., pH, salt concentration, solvent polarity, temperature, 
etc. [44]. The functioning of the biomolecule is often maintained during immobiliza-
tion by adsorption, which is a simple procedure. Weak attachment and unpredictable 
orientation, which result in desorption and poor reproducibility, are the adsorption 
mechanism’s drawbacks [45]. 

b. Covalent Immobilization 

One of the most prevalent techniques for immobilizing receptors involves the utiliza-
tion of covalent bonding to anchor them in place (Fig. 1c–e). In the grafting process, 
stable bonds are formed between the biomolecule and the substrate, effectively 
preventing any leakage of the bioreceptor into the surrounding solution. To ensure 
the optimal preservation of protein activity, careful attention must be paid to the 
covalent attachment chemistry to the substrate, to safeguard the biomolecule’s active

Fig. 1 Common immobilization methods for microarray applications. a Copoly(DMA-NAS-
MAPS), b Carboxymethyl dextran, c Epoxysilane, d Oriented immobilization (biotin-streptavidin, 
click chemistry), e Thiol-gold coupling, f DNA-directed immobilization. Figure reproduced with 
permission from [51] 
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region. A critical consideration is to prevent any interference or hindrance of vital 
amino acid residues that govern enzyme activity or antibody recognition. However, 
achieving this delicate balance could prove challenging under certain circumstances 
[46]. Tailored to the functional groups inherent to the target molecule, several distinct 
reaction pathways have been developed. Despite the intricate structural complexity 
of biomolecules, only a limited selection of functional groups can be effectively 
leveraged as discriminating targets for efficient immobilization. For instance, thiol 
groups (-SH), integral components of cysteine residues’ side chains, have demon-
strated noteworthy efficacy. In the context of sugars, the Fc region represents a 
primary site for glycosylation. While the oxidation of diol moieties to aldehydes 
entails additional steps, this approach often yields antibody conjugates with height-
ened activity due to the specific positioning of the carbohydrate moiety. Alterna-
tively, the reductive amination process provides a direct means to react sugars with 
primary amine or hydrazine-based groups. Illustrative instances of covalent immo-
bilization are depicted in Fig. 1a–e, showcasing the versatility and application of this 
methodology. 

Utilizing a blocking solution, such as bovine serum albumin (BSA) in PBS, can 
deactivate functional groups that are not bound to the receptors [47]. The inherent 
randomness in receptor orientation, a common outcome of covalent immobiliza-
tion, ensures the irreversible attachment of receptors to surfaces. However, this 
randomness might influence their biological activity and their capacity to effec-
tively bind analytes from the solution. Covalent immobilization can also be time-
consuming, particularly when dealing with low-concentration receptor solutions 
during the attachment phase, often due to their cost considerations. In situations where 
protein immobilization is necessary, the combination of non-covalent and covalent 
immobilization can be achieved by introducing a spacer between the surface and the 
receptors [48]. An alternative approach termed “random immobilization” involves 
placing receptors on a surface without specific consideration for their orientation. 
In contrast, “direct immobilization” refers to attaching receptors with controlled 
orientation. This method frequently positions the receptor’s active site away from 
the surface, making it more accessible to species in solution due to reduced steric 
hindrance. This orientation yields surfaces with a higher receptor density, which can 
significantly impact binding capacity and overall assay sensitivity. 

c. Bioaffinity 

Bio-affinity interactions, also referred to as biospecific adsorption (Fig. 1d), capitalize 
on specific binding processes observed in nature. These interactions offer distinct 
advantages over physisorption. For instance, bio-affinity association enables directed, 
highly specific, and significantly stronger protein immobilization. This results in 
reduced protein leakage due to the enhanced accessibility of fixed receptor molecules 
to their binding partners, unlike random orientation strategies. Furthermore, bio-
affinity immobilization can be reversed through chemical means, pH adjustment, or 
thermal treatment. The concept of natural affinity between molecules, such as lectin-
sugar, antibody-antigen, and biotin-avidin pairs, has been employed for biomolecule
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immobilization. However, often this requires covalent attachment of costly affinity 
ligands like antibodies or lectins to the support. Notably, interactions like strepta-
vidin–biotin and the utilization of Protein A or G for antibody immobilization stand 
out as the most widely adopted approaches [44]. 

d. Sulphur-Atom Linkage or Disulfide Bond 

In the case of surfaces like gold threads or textiles doped with gold nanoparticles, 
although a sturdy covalent connection is established between the support and the 
bioreceptor, it can be cleaved through a gentle reaction with a suitable chemical, 
such as dithiothreitol (DTT) (Fig. 1e). Furthermore, when utilizing a thiol-reactive 
adsorbent with heightened specificity, the activity yield of procedures involving the 
formation of disulfide bonds is often significantly elevated. This enhanced yield can 
be attributed to the precisely controllable reactivity of thiol groups, which can be 
finely regulated by adjusting the pH [49]. 

e. Metal-Link Binding/Chelation 

The metal salt or hydroxide, primarily titanium and zirconium salts, undergo precip-
itation and coordination with nucleophilic groups on the surface, which may include 
carriers based on cellulose, chitin, alginic acid, and silica [50]. Some of these metal 
binding sites remain unoccupied due to steric hindrances, creating opportunities for 
interactions with biomolecular groups. While the procedure itself is straightforward, 
challenges arise due to the non-uniform distribution of adsorption sites, resulting in 
limited repeatability, alongside notable leakage of metal ions. 

f. 2D Versus 3D Surface Immobilization 

The surface geometry, which can be either planar (2D) or three-dimensional (3D), 
has a considerable impact on immobilization techniques [52]. 2D surface immo-
bilization on threads involves the attachment of bioreceptors onto a flat, planar 
substrate. This approach, although relatively straightforward, comes with limita-
tions. Microfluidic channels within the thread’s structure can be constructed from 
various substrates, including those coated with functional materials like gold, plat-
inum, or graphene. This method is efficient for certain applications and allows for 
controlled and uniform immobilization of receptors. However, the available surface 
area for receptor attachment is inherently constrained due to the planar nature of 
the substrate. Consequently, the density and quantity of immobilized receptors are 
limited, potentially affecting the sensitivity and performance of the biosensor. On the 
other hand, 3D surface immobilization introduces a three-dimensional architecture to 
the thread’s surface. This configuration provides several distinct advantages. Threads 
with embedded microstructures, such as microposts or porous membranes, offer an 
increased surface area for receptor attachment [53]. This enables higher receptor 
density, thereby enhancing the biosensor’s sensitivity and allowing for the detec-
tion of lower analyte concentrations [52]. Additionally, the reduced diffusion length



274 A. Sharma et al.

between reactants on a 3D surface can expedite the binding kinetics, leading to faster 
response times [47]. Such enhancements are particularly valuable in rapid and real-
time detection scenarios. The selection between 2 and 3D surface immobilization on 
thread-based biosensors depends on the specific application requirements. If uniform 
and controlled immobilization is sufficient and high sensitivity is not a critical factor, 
2D surface immobilization may be suitable. On the other hand, if enhanced sensi-
tivity, faster response times, and the ability to detect lower analyte concentrations 
are essential, 3D surface immobilization provides a more advantageous solution. 

In conclusion, the decision between 2 and 3D surface immobilization on thread-
based biosensors involves a trade-off between simplicity and enhanced perfor-
mance. While 2D immobilization is straightforward, 3D immobilization offers supe-
rior sensitivity and binding kinetics, making it a valuable choice for applications 
demanding rapid and highly sensitive detection. 

3 Flexible-Sensing Platform 

This section provides an overview of recent advancements in utilizing thread-based 
fabrics as electrochemical sensors, with a specific emphasis on biochemical sensing 
[8, 35]. Electrochemical sensors are devices that combine a recognition component 
with an electrochemical transducer to generate electronic signals. In electrochemical 
sensing, the signal readout is directly linked to analyte binding, enabling rapid detec-
tion. Due to these attributes, electrochemical sensors find extensive applications in 
daily life, ranging from household carbon monoxide detectors to research labora-
tory pH meters. In the realm of biochemical sensing, particularly in point-of-care 
settings, the demand for smaller and more compact sensors is imperative to minimize 
invasiveness. Conversely, thread-based fabrics have garnered significant attention for 
creating wearable electrochemical sensors, owing to their distinctive physical and 
chemical attributes, including flexibility, high porosity, and mechanical stability [5, 
7, 16, 20, 54–56]. The diameter of a single fiber, constituting the smallest unit of 
fabric, is approximately a few micrometers, promising ultra-small sensor design. 
Simultaneously, individual threads can be incorporated into clothing using industrial 
textile techniques like weaving, knitting, and embroidering, offering unparalleled 
mass production capabilities. 

These sensors can be classified into two types based on fabrication approaches: 

• Using Fabrics as Substrates for Screen-Printed Electrodes: This approach 
involves utilizing fabrics as substrates for screen-printed electrodes. This method 
leverages the inherent properties of the fabric as a base and integrates screen-
printed electrodes for sensing purposes. 

• Using Individual Functionalized Threads as Sensing Electrodes: Alternatively, 
individual functionalized threads are employed as sensing electrodes and assem-
bled into wearable sensors. This approach enables precise customization and 
assembly of sensors, tailoring them to specific applications.
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In summary, the integration of thread-based fabrics into electrochemical sensors 
presents exciting possibilities, particularly in the realm of biochemical sensing. The 
inherent characteristics of threads and fabrics, combined with innovative fabrication 
approaches, are paving the way for smaller, more versatile, and wearable sensors 
with applications ranging from healthcare to environmental monitoring. 

3.1 Principle of Sensing 

Electrochemical detection hinges on the conversion of biochemical signals into elec-
tronic ones. In the realm of electrochemical sensing, a recognition layer selectively 
captures the analyte, while a transducer layer translates this interaction into an elec-
tronic readout. Electrochemical methods encompass potentiometric, coulometric, 
and voltammetric techniques. In potentiometric measurements, the potential differ-
ence between the working and counter electrodes is gauged without the passage of 
current. In coulometric measurements, the cumulative current during an electrolysis 
process is quantified. Voltammetric methods involve measuring the current elicited 
by either a constant or varying voltage application. Thread-based fabrics are typically 
rendered electrically conductive through coatings of materials such as carbon, carbon 
nanotubes, or graphene oxide. Within the context of thread-based electrochemical 
sensors, ionic sensors designed to detect pH, sodium, potassium, calcium, ammo-
nium, chloride, and lithium primarily rely on potentiometric approaches. Meanwhile, 
enzymatic sensors targeting analytes like glucose, lactate, uric acid, and ascorbic acid 
predominantly employ voltammetric methods. Additionally, gas sensors that measure 
resistance changes have garnered significant attention and will be elaborated upon. 
In conclusion, the integration of thread-based fabrics into electrochemical sensing 
holds significant promise. The diverse array of methods available, coupled with the 
materials used for sensor enhancement, is driving advancements in various sensing 
applications, ranging from ions to enzymes and gases. 

3.2 Biomarker Monitoring 

3.2.1 Screen-Printed Electrodes on Fabric 

The application of industrial ink printing technology to fabric materials has facili-
tated the creation of fabric-based wearable electrochemical sensors. Screen printing 
stands out among these technologies, especially for disposable paper-based elec-
trodes. Following its success in producing disposable glucose test strips [57, 58], 
screen-printed electrodes (SPE) have been directly applied to fabrics for a variety 
of biochemical analytes. Wang’s group pioneered screen printing onto textiles and 
garments for biosensing purposes [22, 24, 59]. In their initial paper, they developed an 
amperometric sensor by screen printing a carbon working electrode onto the elastic



276 A. Sharma et al.

waistband of underwear. They used a platinum wire and Ag/AgCl as the counter 
and reference electrodes, respectively [24]. These printed sensors demonstrated high 
tolerance to mechanical stress caused by cloth deformation. In a subsequent study, 
all three electrodes were screen-printed onto textiles to detect nitroaromatic explo-
sives [22]. The authors revealed that differences in the hydrophobicity of the textile 
substrate had a significant impact on the electrochemical behavior of the SPE. A 
waterproof fabric, GORE-TEX, was used due to its hydrophobic nature, which 
enabled minimal sample absorption, ensured good printing quality, and maintained 
the reproducible electrochemical activity of the SPE. In a subsequent investigation, 
the group introduced a wearable screen-printed sensor on synthetic rubber neoprene 
to detect pollutants and security threats in marine environments [59]. Once again, 
the superhydrophobic nature of the selected fabric contributed to excellent electro-
chemical performance. Importantly, this study also presented the first enzyme-based 
screen-printed sensor on fabric. Overall, these initial works demonstrated the feasi-
bility of applying SPE to fabrics for biochemical sensing and examined how fabric 
properties influenced SPE performance. 

In another study by Wang’s group, they developed a smart bandage for sensing 
uric acid in a wound environment. They accomplished this by screen printing a 
Prussian, blue-mediated carbon electrode onto a commercial bandage, followed by 
chemical modification of the working electrode with uricase (Fig. 2a–c) [23]. Beyond 
hydrophobic, water-repellent fabrics, more common cotton- and nylon-based textiles 
were used as substrates for SPE. For instance, Corcoles and coworkers reported an 
electrochemical lactate sensor by printing electrodes onto cotton fabric [60]. They 
employed the wax-patterning technique to create a hydrophobic barrier serving as the 
sample placement/reaction zone on the hydrophilic cotton substrate. This procedure 
is similar to the approach widely adopted in electrochemical paper-based assays [61]. 
Lactate oxidase (LOx) is immobilized on the working electrode to enable ampero-
metric measurement of lactate. The authors also explored the potential of incor-
porating sample collection functionality using a hydrophilic cotton thread. While 
most of the aforementioned studies predominantly used amperometric methods for 
sensing, Prasad and coworkers developed an affinity-based sensor by screen printing 
silver conductive electrodes and a graphene oxide transduction film onto utility 
textiles. The electrodes were then chemically modified with an antibody to sense 
influenza protein (Fig. 2d–f) [62]. The authors validated the reproducibility and 
stability of the fabrication procedure and the affinity-based assay using electrochem-
ical impedance spectroscopy (EIS). Notably, EIS offers the advantage of miniatur-
izing the signal readout component, as the output of EIS has negligible memory 
consumption. However, the study did not demonstrate the sensor’s performance in 
biological samples with possible interference from non-specific binding.

Nomura and coworkers reported a blood leakage sensor using a screen-offset 
printing technique on cotton textiles (Fig. 2g) [63]. Applying conventional screen 
printing on textile surfaces would result in ink blurring due to the highly porous 
textile structure unless the substrate was hydrophobic [22, 59]. To address this chal-
lenge, the authors employed screen-offset printing, adapted from screen printing. In 
this method, the ink was initially printed onto a silicon blanket that absorbed the
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Fig. 2 a Screen printing the smart bandage. b Wearable potentiostat determines UA concentra-
tion and wirelessly communicates with a computer or Smartphone. c Schematic showing amper-
ometric detection of UA with uricase immobilized on PB working electrode [23]. d Fabrication 
process flow for the flexible screen-printed electrodes on polyamide. From left to right, raw 
polyamide sheets are screen-printed with a ∼100 μm thick pattern of conductive silver ink to 
form two electrodes. After, a layer of graphene oxide is screen-printed in a complimentary manner 
completing the fabrication. Shown are individual sensors, while fabrication occurs in sheets of 14 
electrodes. e Fabrication process flow for the flexible screen-printed electrodes on textile. From 
left to right, textile sheets are screen-printed with a ∼100 μm thick pattern of conductive silver 
ink to form two electrodes. After, a layer of graphene oxide is screen-printed in a complimentary 
manner completing the fabrication. f Cross-section schematic visually detailing the affinity assay 
for influenza where PANHS crosslinker binds to the graphene oxide allowing for subsequent binding 
of influenza protein antibody and influenza protein for detection [62]. g Schematic images of (i) 
screen printing and (ii) screen-offset printing [63]. Figure reproduced with permissions

organic solvent in the ink, making it more viscous. The pattern was then transferred 
onto textile substrates with improved resolution. The authors detected blood leakage 
volumes as low  as  15  μL by measuring the frequency dependence of blood and other 
liquid parameters. 

3.2.2 Functionalized Thread as Individual Electrodes 

As the fundamental unit of fabrics, threads can be pre-functionalized as sensing elec-
trodes and incorporated into textiles through weaving, knitting, and embroidering 
methods. This “bottom-up” approach facilitates multiplex sensing with various 
thread electrode types, offering greater stability compared to SPE. This stability
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arises from the natural embedding of sensing elements within the fabric. The mass 
production of such sensors is cost-effective and has high throughput, thanks to the 
well-developed textile industry. In this section, we will review recent advancements 
in crafting single thread-based electrochemical sensors, with an emphasis on different 
functionalization methods and integration techniques into clothing. 

Methods for Individual Thread Functionalization 

The functionalization of thread for electrochemical sensing has a history dating back 
to the 1990s when Reynolds et al. and Collins et al. experimented with coating textile 
threads with conductive polymers for gas sensing [64, 65]. The initial step in func-
tionalization typically involves coating the thread with a conductive layer, as conven-
tional thread materials are non-conductive (such as cotton, wool, and nylon). In some 
studies, conductive threads like carbon fiber or conductive carbon yarn have been 
used due to their strong electrical conductivity [66, 67]. Shim and colleagues were 
pioneers in using carbon nanotube (CNT)-coated cotton thread for immunosensing 
[68]. They employed a simple dipping method to absorb CNT and polyelectrolytes 
onto the cotton thread. With each dipping, the resistivity decreased, reaching as low 
as 20 Ω/cm. The absorbed CNT exhibited stability against washing and heating, 
likely due to interactions between polyelectrolytes and cotton-based materials. Anti-
albumin antibodies were further coated onto the CNT layer to detect albumin by 
measuring changes in thread resistance. Similarly, Andrade and coworkers coated 
cotton yarns with CNT and ion-selective membranes for pH, K+, and NH4 

+ measure-
ments in body fluids [69]. Whitesides’ group demonstrated an ion sensor for Cl−, 
K+, Na+, and Ca2+ using cotton thread [56]. They developed a surfactant-free ink 
consisting of carbon black as the conductive material and an organic polymer as 
the ink binder. This modification addressed the poor stability of the previous CNT-
coated thread. Carbon black’s high specific capacitance established a stable interfa-
cial potential between the transducer and the ion-selective layer, minimizing signal 
drift. A detailed sensor fabrication process is illustrated in Fig. 3a–c, where the thread 
tip is functionalized through dip-coating and sealed with heat-shrink tubing or nail 
polish.

Another approach was developed by Sonkusale’s group, who created a continuous 
coating device to sequentially deposit various inks onto a single thread fiber with 
drying capabilities [7]. This method enabled the fabrication of meters of function-
alized thread, collected on rotating spools (Fig. 3d) [7]. Besides CNT and carbon 
black ink, functionalized graphene oxide (FGO) was also explored as a conduc-
tive and recognition layer for gas sensing [70]. Graphene oxide was modified with 
organic molecules to distinguish specific gas species. The functionalized FGO was 
dip-coated onto a single cotton yarn as the sensing electrode. FGO, with available sites 
for gas molecule absorption, showed exceptional mechanical and chemical stability. 
Tang et al. [71] reported the conversion of non-conductive silk fibers into conductive 
substrates through carbonization under 950 °C. They further enhanced the fabric elec-
trode’s electrochemical performance by dip-coating CNT and modifying the fabric
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Fig. 3 Design (a), working principle (b), and fabrication process (c) for the thread-based Cl− ISE 
[56]. d Fabrication of functional threads. (i) Schematic representation of the coating system for 
preparation of conductive threads. (ii) SEM image of the cotton raw thread. (iii) SEM image of a 
nano-infused thread coated with CNTs. (iv–vi) SEM images of the surface of PANI-, carbon-, and 
carbon/PANI-coated threads. (vii) Pattern conductive threads interconnect on a woolen fabric to 
illuminate an LED. (viii) Embroidered hydrophilic threads on a hydrophobic fabric after the green 
dye was infused. (ix) Hydrophobic threads repelling water. Green food dye was used to improve 
visualization. LED, light-emitting diode most [7]. Figure reproduced with permission

surface with platinum microspheres and glucose oxidase (GOx) for glucose sensing 
[72]. This combination offered good electrical conductivity and flexibility, with plat-
inum microspheres significantly enhancing sensitivity. Sekar et al., used conductive 
carbon yarn (CCY) to fabricate an immunosensor for sweat cortisol detection [66]. 
They directly grew Fe2O3 nanoparticles on CCY using a hydrothermal method. These 
“binder-free” electrodes eliminated the need for binder materials added to conduc-
tive ink, enhancing substrate adhesion [73]. The directly grown Fe2O3 nanoparticles, 
shaped like ellipsoids, shortened the ion and electron transport path due to their high 
aspect ratio. These nanoparticles, decorated with anti-cortisol antibodies, enabled the 
detection of fg-level cortisol using high-sensitivity differential pulse voltammetry. 

Methods for Integrating Individual Thread into Fabric and Clothing 

Threads, as the fundamental building blocks of textiles, can be utilized and processed 
using various techniques to create the final clothing product. Established textile tech-
nologies are readily available for integrating individual thread electrodes into wear-
able sensors. Dendukuri’s group explored textile weaving to mass-produce thread-
based electrochemical sensors [26, 73]. Using a handloom, enzyme-functionalized 
threads were woven into fabric patches, allowing for the creation of a sensing zone
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with defined hydrophilic and hydrophobic silk yarns. This design confined the sample 
flow to hydrophilic yarns only, avoiding wicking into adjacent hydrophobic yarns. 
The one-layer structure offered advantages in resource-poor settings and minimized 
ink wastage. In contrast to top-down patterning technologies like screen printing, 
which often result in multi-layer structures, this weaving approach maintained a 
constant electrode surface area during measurements. Lillehoj’s group investigated 
the use of embroidery to craft thread-based electrochemical sensors into fabrics 
like cotton gauze and t-shirts [74, 75]. Embroidery allowed for custom geometries, 
providing flexibility for electrochemical instrumentation. Computerized embroidery 
machines were used with predefined patterns, and parameters like stitch density and 
length were optimized for uniformity and reduced thread resistance. The embroi-
dered dual sensor demonstrated a linear response to glucose and lactate due to pre-
coated enzymes, enduring 100 bending cycles and proving highly durable for in vitro 
testing. Similarly, Sonkusale’s group [7] reported the development of a pH sensor 
array and a glucose sensor by embroidering functionalized hydrophilic threads onto 
highly hydrophobic woven fabric (Fig. 4). In this work, a thread-based toolkit was 
developed to measure chemical (pH and glucose) markers and physical (strain and 
temperature) in an integrated thread-based diagnostic device (TDD) platform. The 
hydrophobic woven fabric was adorned with hydrophilic threads, ingeniously fash-
ioned into microfluidic channels designed to precisely transport bodily fluids to 
specific sensing zones. To measure key physiological parameters such as glucose 
levels, pH, temperature, and strain, conductive threads enhanced with nanomate-
rials like carbon nanotubes (CNTs), carbon nanopowders, polyaniline (PANI), and 
various combinations thereof, were employed as the foundation for thread-based elec-
trodes, both in vitro and in vivo. These sensor outputs were seamlessly integrated 
with a separate layer housing signal processing electronics and wireless communica-
tion capabilities, facilitated by conductive threads serving as interconnections, thus 
enabling seamless data transmission to a smartphone or computer.

3.3 Physical Sensors 

Biophysical sensors, which monitor parameters like temperature, strain, and pres-
sure, find another application in thread sensors. Utilizing the dip-and-dry coating 
technique depicted in Fig. 5, ordinary threads crafted from materials like cotton, 
polyester, or polyurethane can be endowed with functional conductive and dielec-
tric layers. This conductive layer imparts strain-sensitive conductance to the thread, 
while the dielectric layer ensures insulation from other conductors and safeguards 
against physical harm. We will discuss them in this section.
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Fig. 4 Characterization of chemical sensors. a and b Optical image of a multiplexed microfluidic 
pH sensors assay. c Schematic illustration of measuring pH in an in vitro skin model. d Sensing 
system communicating with an external computer via a wireless system. e Transient response 
of the pH sensor to different pH values. f Calibration plot of the pH sensor. g Continuous pH 
measurement for four hours. h Optical image of the glucose sensor. i Calibration plot of the glucose 
sensor. j Transient response of the glucose sensor to different glucose concentrations in the PBS 
solution. PBS, phosphate-buffered saline [7]. Figure reproduced with permission

Fig. 5 Steps in preparation of a carbon-based conductive threads and sensing threads, b PVB-
coated Ag/AgCl/PE thread [7], c Reel-to-reel automated fabrication of smart threads showing the 
coating process involving a specialized cartridge with ink that also enables pre-stretching, drying, 
real-time impedance monitoring and spool collection [76]. Figure reproduced with permission
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3.3.1 Thread-Based Capacitive Strain/Pressure Sensors 

Thread-based pressure and strain sensors commonly utilize a capacitive mechanism 
for their design. These sensors may incorporate either intrinsic or extrinsic coat-
ings of diverse materials, yet the underlying principle remains uniform across all 
variations. Thread-based capacitive strain sensors operate based on the principle of 
changes in capacitance resulting from mechanical strain applied to the sensor. These 
sensors are constructed by integrating conductive threads into a flexible substrate, 
with a dielectric layer between them. When the sensor is subjected to mechanical 
deformation or strain, the distance between the conductive threads changes, leading 
to a change in capacitance. The fundamental equation governing the capacitance (C) 
of a capacitive strain sensor is similar to the general capacitance equation. 

C = ε0 ∗ εr ∗ A/d 

where: 
ε0 is the vacuum permittivity 
εr is the relative permittivity (dielectric constant) of the material between the 
conductive threads. 
A is the area of overlap between the conductive threads. 
d is the distance between the conductive threads. 

As strain is applied to the sensor, the separation distance (d) between the conduc-
tive threads alters, causing a corresponding change in capacitance. This change 
in capacitance is directly proportional to the magnitude of the applied strain. By 
measuring the resulting capacitance change, the strain or deformation experienced 
by the sensor can be accurately determined. Thread-based capacitive strain sensors 
offer advantages such as flexibility, lightweight design, and suitability for wearable 
and conformable applications. They find use in various fields, including biome-
chanics, structural health monitoring, and wearable electronics, providing valuable 
insights into the deformation and mechanical behavior of objects and materials. 

One of the initial forms of capacitive contacts was proposed by Post et al. [77], 
where the capacitance between two electrodes changes upon finger contact. The 
measurement of capacitance involves assessing the time required to charge the capac-
itor (formed by the electrodes and the finger) from zero to the switching threshold 
voltage of a CMOS logic buffer. This capacitive contact presents the advantage of 
time-domain measurement, offering a dynamic range of 104. The electrodes within 
this sensor are constructed using conductive thread, while the dielectric material 
is composed of cloth. For ideal yarn or textile in fabric circuits, it would possess 
fully adjustable electrical properties, maintaining these characteristics during sewing, 
bending, and wear. In their study, the authors employed stainless steel yarns as 
conductive electrodes. Stainless steel yarn holds certain advantages, notably its 
inert nature, rendering it washable and impervious to sweat-related effects. These 
stainless-steel yarns exhibit varying compositions, ranging from 100% continuous 
conductive steel fibers to feltings or composites intertwined with polyester and short
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steel fibers. Altering the ratio between these constituent fibers yields variations in 
resistivity. 

Sergio et al. [78] introduced an alternative capacitive platform for pressure sensing 
that utilizes conductive fabric. This approach involves mapping the distribution 
of applied pressure across the fabric surface by detecting changes in capacitance 
between rows and columns of conductive fibers arranged on opposing sides of an 
elastic synthetic foam layer. The application of pressure to the smart fabric leads 
to a reduction in the dielectric layer’s thickness between corresponding rows and 
columns, thereby increasing the coupling capacitance. To process the data, a dedi-
cated chip is positioned at the corner of the smart fabric. The change in induced 
charge is transformed into a voltage value through readout circuitry integrated into 
the chip. The central region of the pressure sensor occupies an area of 32 mm2. In  
a similar vein, Meyer et al. [79] employed a comparable approach in their pressure 
sensor design. They employed conductive textiles on both sides of a compressible 
spacer. Single electrodes were arrayed on one side of the spacer, while the other side 
featured a single common electrode. This configuration forms capacitors between 
each individual electrode and the common electrode. The single electrodes are skill-
fully embroidered with conductive yarn, while the common electrode is composed 
of a woven textile coated with silver. Hoffman et al. [80] devised a capacitive textile 
force sensor tailored for respiration monitoring. Their force sensor comprises a 
compressible 3D textile situated at its core, dictating its sensitivity to applied forces. 
Functioning as a dielectric layer, the 3D textile is sandwiched between two layers 
of conductive fabrics, which serve as electrodes. Notably, they opted for a fabric 
containing 75% silver. In a similar vein, Holleczek et al. [81] engineered a pressure 
insole with an extended range of pressure detection. For its electrodes, they utilized 
silver-coated textiles, while a compressible spacer crafted from CrosliteTM (known 
as Proprietary Closed Cell Resin or PCCR) served as the dielectric layer. However, 
the sensor’s larger size rendered it inconvenient for sock integration. The employed 
silicone sealant exhibited quick peeling, and the connecting wires were susceptible 
to breakage. A significant concern was the lack of washability for the socks bearing 
the assembled sensors. 

3.3.2 Fiber and Yarn Strain-Based Sensors 

Textile sensors emerge as potent tools for monitoring bio-signals. Catrysse et al. [82] 
introduced a textile sensor for monitoring electrocardiogram (ECG) and respiration 
rate. They employed woven and knitted stainless steel electrodes named “Textrodes” 
for ECG signal measurement (Fig. 6a, b). The Textrodes were advantageous for 
their integration into garments and skin-friendly nature. However, they exhibited 
higher skin–electrode impedance (1–5 MW cm2) compared to commercially avail-
able gel electrodes (10 kW cm2). Similarly, Cho et al. [83] proposed various conduc-
tive fabrics as electrodes using three approaches: (1) Sputtering on Polyurethane 
(PU) laminated and PU dry-coated nylon fabrics (2) electroless Cu/Ni plated fabrics 
(3) Embroidering with stainless steel filament yarns over woven or knitted fabrics.
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Three types of electrodes were developed using different materials by Cho’s group: 
metal yarn embroidered on plain-woven fabric, blended knitted fabric of metal yarns 
and cotton, and metal yarn embroidered on blended knitted fabric. Knitted fabric 
(100% stainless steel yarns) and braided fabric (spandex core covered with polyester 
filament yarns and stainless-steel multifilament yarns) were employed as motion 
sensors. Zhang et al. [84] utilized carbon yarn and steel fibers to fabricate strain 
sensors. Carbon fiber, due to its smooth surface and intrinsic properties, outper-
formed stainless steel for gauge fabrication. However, steel fiber’s strength made it 
suitable for frequency sensor application. Pacelli et al. [85] introduced textile piezore-
sistive sensors for post-stroke rehabilitation and cardiovascular disease monitoring. 
They developed knitted piezoresistive fabric (KPF) sensors using the intarsia tech-
nique and Printed Piezoresistive Fabric (PPF) sensors through a coating printing 
process of Conductive Elastomer (CE) material. Huang et al. [86] innovatively 
fashioned yarns using piezoresistive, elastic, and regular polyester fibers, which 
were then employed to create cloth, dresses, and sensing textiles. Various wrap-
ping methods were employed, with double wrapping proving more linear. Different 
fibers, including piezoresistive, elastic, and polyester, were incorporated into the yarn 
to create the composite core yarn, followed by the application of the carbon-coated 
fiber using single and double wrapping techniques. 

Recently, Sonkusale’s group demonstrated the preliminary finding and fabrication 
of a sensing pillow to monitor head movement [87]. In this paper, we incorporate 
strain-sensing threads comprised of 64% polyester, 36% polyurethane, and a poly-
dimethylsiloxane (PDMS) layer. A memory foam pillow is then created using them. 
The threads’ covering gives them resilience, enabling the smart threads to withstand 
exposure to moisture from washing or perspiration. The gauge factor of the smart 
threads is approximately 2.5 for 50% strain. With a thread resistance range of 0.5– 
20.0 M, it displays linearity for applied weights of 50.0–5000.0 g. The resistance 
readout circuitry and wireless module are linked to the smart threads to wirelessly 
record and communicate strain data to a computer. Initial findings show that the 
smart pillow is functional and can measure a person’s head motion in real time.

Fig. 6 a Schematic overview of the wearable electronics. b Photograph of a knitted 3 × 3 cm  
Textrode. Figure reproduced with permission [82] 
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4 Thread-Based Transistors, Antennas, and Circuits 
for Thread-Based Sensors 

4.1 E-Textile and Thread-Based Antennas 

Over the past couple of decades, there has been a growing interest in wireless tech-
nologies which enable many electronic devices to connect via WiFi, WLAN, or 
Bluetooth. As wireless devices and body-centric communication systems gained 
importance owing to the advancements in semiconductor research and nanotech-
nology, the future of electronics is moving toward wearable devices. Even though 
the design and verification of such systems are challenging due to cost, integration, 
and space requirements, it is now possible to shrink the size of the most sophisti-
cated electronic components. Thus, the same idea applies to high-frequency circuits 
as well. One of the most crucial components in wearable devices is the antenna. This 
section is thereby devoted to the overview of textile-based antennas, and the design, 
fabrication, and discussion of thread-based antennas. 

Being seen virtually everywhere, the antennas have lots of applications in auto-
mobiles, spacecraft, held mobile devices, the military, radar, and so on. The design of 
antennas for wearable devices has necessitated a change toward flexible materials that 
comprise textiles, fabrics, and threads instead of utilizing rigid and flexible antenna 
elements and structures. It must be noted that wearable technology and devices are 
not the only application area of textile- and thread-based antennas despite being 
the most used ones. As presented in the literature, wearable devices can be used in 
many applications including imaging, sensing, and healthcare [88–93], and wire-
less communications [94–97]. and radio-frequency identification (RFID) [98, 99]. 
The antennas designed for wearable applications in which wireless connectivity is 
required are mostly textile-based. For body-centric communications, antennas are 
designed to be wearable such that they can be integrated into clothes or woven 
fabrics. These materials should be suitable for sustaining an optimal level of RF 
antenna performance. Wearable and textile-based antennas occasionally comprise 
conductive textiles (e-textiles) in which a polymer is coated with a conductive mate-
rial [100–102]. Antennas fabricated with electro-textiles offer good RF performance, 
flexibility, compactness, and mechanical durability [103–105]. 

E-textile materials and e-textile-based antennas have been developed owing to the 
improvements in the Internet of Things (IoT) and the demand for wearable devices 
in the field of sensing and electronics. Nowadays, it is possible to find many off-the-
shelf e-textile materials that have various conductivity, flexibility, and mechanical 
durability. Being mainly used as EM shielding materials [106], e-textiles have found 
an important place in wearable antennas [103, 106–109]. In general, textile materials 
and fabrics are inherently nonconductive which necessitates techniques for obtaining 
conductive areas or surfaces to realize antennas. Briefly, there are two methods to 
make such materials conductive [110]. The first method is coating the nonconductive 
surface after the weaving process to form a cloth or fabric. The other technique is 
using ready-made threads or conductive fibers and integrating them into the cloth
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or fabric by interweaving or embroidery process. Textile structures and fabrics can 
be made electrically conductive via knitting, weaving, or embroidery [110, 111]. 
To be able to fabricate antennas with optimal electromagnetic performance, surface 
resistivity must be kept below 1 Ω/sq [112]. 

It has been investigated the relationship between woven densities on a fabric 
and antenna performance [110]. It has been shown that the e-textile antennas with 
woven patterns whose grid length is less than 2 mm have antenna performance in 
terms of radiation efficiency and pattern. Once the distance between two conductive 
fibers exceeds 2 mm, an offset in antenna resonant frequency is observed. Thus, if 
the grid length is small enough, it is shown that the conductive e-textile antenna 
can be regarded as a homogeneous metal plate. In addition to the woven density, 
the type of the e-textile material is also effective on antenna performance. Four e-
textiles are utilized in testing various types of materials that have different resistivities 
within 0.03 Ω/m2. Having fabricated e-textiles on FR-4 substrate, antennas made of 
different materials show that some of the conductive e-textiles are only suitable for 
decent antenna performance. 

Textile-based antennas that comprise electro-textiles and e-threads are primarily 
based on macro-level functionalization of the radiating structures using fabrication 
techniques such as embroidery and screen- or inkjet-printing. In general, off-the-
shelf threads, yarns, or fibers are utilized in the production of antennas as described 
in the previous section. However, the important factor that separates the thread-based 
approach from the textile-based antennas is the functionalization of each fiber in the 
thread structure. There have been numerous studies that focus on the device-level 
fabrication and analysis of thread-based antennas, especially using carbon nanotubes 
(CNTs) even though the number of published works in this field is still relatively 
low. The key advantage of using CNT fibers is the possibility of attaining higher fiber 
conductivity which can result in a huge antenna radiation performance [113]. 

Current research is primarily focused on the utilization of CNT bundles and 
CNT threads for the implementation of antennas. Owing to their mechanical, elec-
trical, and thermal properties, CNTs have become potential materials for achieving 
mechanically stable and lightweight antennas for wireless communications. Aside 
from the thread-based antennas, a few studies have investigated microstrip antennas 
in which CNTs are utilized as basic RF signal radiators [114–116]. The perfor-
mance of nanotubes and nanowires has been intensively investigated in terms of 
input impedance and antenna efficiency in which mathematical models are developed 
for near- and far-field radiation patterns [117]. The analysis showed that individual 
CNTs possess weak radiation performance which can be attributed to the value 
of quantum capacitance and poor resistive part of the input impedance. Since the 
analyzed antenna is of a dipole type, self-impedance (0.02Ω) and mutual impedance 
(1.2 Ω) have been calculated to determine the radiation region in which the antenna 
has the highest efficiency. In other words, it is observed that there is a remarkable 
amount of coupling between the wires which concludes that antennas are better radi-
ators in the near field. The physical measurements that the high-frequency impedance 
of carbon nanotube bundles improve by the scaling of inductance with the number 
of each CNTs [118].
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There are two basic techniques to fabricate carbon nanotube threads: dry spin-
ning and wet spinning. The first step of the dry spinning method is the synthesis of 
vertically aligned CNT arrays (spinnable arrays) that comprise double or multiwall 
nanotubes. The density and length of CNTs inside the array are two important factors 
as there should be a sufficient number of contact points to ensure thread assembly 
by van der Waals interaction. In other words, multiwall Nanotubes are gathered and 
twisted into a thread structure in which every single nanotube adheres via van der 
Waals forces [119]. Following the synthesis of a vertically aligned CNT array, a 
spinnable array can be obtained using chemical vapor deposition (CVD) in which 
CNTs can grow under the mixture of Ar, C2H4, H2, and H2O [119, 120]. The width of 
the spinnable array is effective on the diameter of the final version of the thread which 
is also known as 1-ply (single-ply) thread. The dry spinning method and the usage 
of a spinnable array provide controllability to the fabrication process such that the 
desired density, length, and CNT thread diameter can be attained. Further weaving 
processes can also be used to obtain 3-ply CNT threads and ropes. Additionally, 
it was also proposed and validated in a postprocessing method called densifica-
tion to increase the contact area between the neighboring nanotubes using dimethyl 
sulfoxide (DMSO) to improve electrical conductivity and mechanical strength [120]. 
The results of Keller’s investigation of the thread spacing on the E-plane radiation 
pattern are related to the spacing and geometry. 

The other CNT thread fabrication method, wet-spinning, can also be used to fabri-
cate highly efficient thread-based monopole antennas [113]. It is reported that the 
dry-spun CNT fibers possess low radiation efficiency which is highly attributed to 
the density of the CNT thread. However, threads that possess very high density and 
conductivity can be utilized in obtaining antennas with better radiation performance. 
In contrast to dry spinning, much denser and highly ordered CNT fibers can be 
obtained via the wet-spinning method. CNT fibers from chlorosulfonic acid using 
single-walled carbon nanotubes (SWCNTs) are fabricated before the purification 
of the fibers that can create the antenna structure [113]. The CNT fibers are puri-
fied with H2O2 and HCl to obtain high conductivity and stabilize the overall fiber 
structure. Various l/4-long monopole antennas have been fabricated to investigate 
the effect of different design parameters such as the number of CNT fibers and the 
twist of the thread. The major outcomes of this work are worth mentioning as the 
overall study is very important in terms of pioneering the thread-based approach 
to wireless connectivity. The twist of the thread which can be classified as low (~1 
turn/mm) and high twist (~2 turns/mm) has no major influence on the DC resistance 
or antenna radiation performance. DC resistance of the CNT-thread-based antenna 
is inversely proportional to the cross-sectional area. The conductivity of the single 
fiber is almost an order of magnitude smaller than multifilament high-conductivity 
fibers. Concordantly, thread-based antennas made of CNT fibers have an improved 
S11 performance over 30 AWG copper wire at least an order of magnitude. The radi-
ation efficiency of the antenna is validated through 2-port VNA measurements inside 
a reverberation chamber with a standard horn antenna. The radiation efficiency of 
the CNT thread antenna significantly improves with increased cross-sectional area 
and lower operational frequencies as the antennas are tested at 1 GHz and 2.4 GHz.
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It has also been reported that the frequency dependence of the radiation efficiency 
can be attributed to an intrinsic RF property of the CNT thread antenna because there 
is no impedance matching between the VNA and the antenna. Therefore, a modified 
version of radiation efficiency is proposed to quantitatively compare the threaded 
antenna with the copper wire antenna. 

4.2 Readout Circuits for Thread-Based Sensors 

There has been a growing interest in the utilization of thread-based sensors in various 
platforms such as health monitoring and wearable devices in the form of minimally 
invasive or non-invasive fashion. It is often desired to obtain information related to 
biophysical markers such as respiration rate, electrocardiogram (ECG), electrooculo-
gram (EOG), core body temperature, or metabolism of an individual from biological 
fluids, sweat, and saliva which might be utilized to provide an assessment of indi-
vidual’s physical performance [16, 54, 121, 122]. In addition to health monitoring, 
flexible sensor systems are broadly used in scientific and industrial applications in 
which monitoring pressure, acceleration, force, gas concentration, and humidity is of 
primary importance [87, 122–127]. The block diagram of a flexible sensing system 
is shown in Fig. 7. A physical quantity (or measurand) that is being measured is 
sensed by the flexible sensor before feeding the signal into the signal conditioning 
circuit. Usually, sensors convert the measurand into a signal that could be in the 
form of voltage, current, capacitance, or resistance which could further be processed 
by the signal conditioning circuit. Different sensors could generate different outputs 
in which the signal amplitude could be either too weak or moderately weak which 
necessitates amplification. One major function of the signal conditioning circuit is 
to be able to amplify the signal at the output of the sensor. Furthermore, the signal 
generated by the sensor could possess unwanted harmonics and noise which could 
be suppressed and filtered out by the signal conditioning circuits [128]. Hence, the 
sensor front-end system can preprocess the sensed signal which can now be accepted 
by the digital signal processor for further digitization, visualization, and eventually 
data analysis. 

Fig. 7 Block diagram of a sensor readout system
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5 Conclusions and Perspectives 

The next generation of personal healthcare devices and medical therapies requires 
seamless integration of biosensors and power generation/storage technologies into 
flexible and wearable formats. In this context, threads and sutures emerge as highly 
promising solutions. Threads offer a plethora of advantages, including their universal 
availability, cost-effectiveness, material versatility, and straightforward textile-based 
processing. Moreover, they inherently lend themselves to wearability and seamless 
integration with the human body. Additionally, the thread can function as a smart 
flexible substrate for sensing, computing, communication, and drug delivery. Lever-
aging the process of surface modification by physical coating or reel-to-reel fabri-
cation techniques, involving sequential dip-coating, and drying, enables the produc-
tion of functional smart threads tailored for various sensing, therapeutic, and elec-
tronic applications. For example, smart threads have been specifically engineered to 
sense chemical and physical biomarkers to monitor health and well-being. Further-
more, these smart threads can be implanted in tissue as sutures or incorporated 
into wearable kits, such as band-like patches, to monitor multiple electrolytes and 
metabolites in sweat. The above-mentioned applications marked the unique ability 
of threads to facilitate three-dimensional, tissue-embedded bioelectronic interfaces, 
a feat unattainable with other flexible bioelectronic platforms. 

Nevertheless, there is substantial room for further exploration and innovation 
in the development of smart threads capable of sensing physio-chemical activity. 
The flexible nature of threads or sutures provides a distinctive substrate that can 
be effortlessly sewn or affixed onto any item of wearable clothing or serve as a 
standalone device. In the near future, we can envision clothing in which threads 
interconnect to create an intelligent system capable of continuously monitoring an 
individual’s health and real-time environmental changes. In the realm of fiber or 
thread substrates, novel fabrication, and modification techniques for creating hybrid 
or nanocomposite thread materials hold significant potential, providing control over 
material composition and functionality. 

For the future, smart threads hold promise in applications such as neural implants, 
drug delivery, and the development of cardiac implants or patches. Ongoing research 
and recent findings suggest that threads can be harnessed for on-demand drug delivery 
and serve as scaffold substrates for cell growth, thus opening up exciting avenues for 
treatment. Looking ahead, it may become feasible to seamlessly integrate sensing and 
therapeutic functions within the same wearable platform, where threads play a dual 
role as a sensor and as a drug delivery device to close the loop. Lastly, there is still 
a need for improvement in terms of developing tighter integration and more sophis-
ticated packaging for thread-based platforms with flexible electronics for remote 
health and environmental monitoring.
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