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Abstract
The rapid emergence of nanotechnology-enabled smart textiles provides new 
opportunities in health monitoring, therapeutic treatment, and disease manage-
ment. Owing to the exceptional sensitivity, outstanding electric and mechani-
cal properties, and scalable fabrication process, nanomaterials have become key 
building blocks for smart textiles. Wearable and personalized sensing greatly ben-
efits tracking of health and wellness and treatment of illness through real-time 
and long-term monitoring of physiological indicators and physical activities. This 
chapter presents recent advances in nanotechnology-enabled smart textiles for 
health monitoring. The chapter starts with a brief overview followed by a summary 
of nanotextiles for sensing various physical biomarkers, including body tempera-
ture, biopotential signals, blood pulse, blood pressure, and respiration rate. Next, 
biochemical monitoring of key parameters in biofluids, breath, and body odor is 
highlighted. Finally, the development of sensors with multifunctionalities and the 
integration of multisensors for multimodal health monitoring are discussed.
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90 Smart Nanotextiles

2.1 Introduction

Recent trends in personalized healthcare and telehealth have led to growing 
demands for real-time monitoring of physiological status and on- demand 
therapy [1–3]. Wearable health monitoring of key biomarkers and cues of 
diseases offers insights into the wellness of human body and the existence 
of health risks. The continuous monitoring in nonclinical settings provides 
new opportunities in point-of-care diagnostics and possible therapeutic 
interventions in the early stage [4–8].

Wearable health monitoring is achieved by seamlessly interfacing wear-
able sensors with the surface of human skin and tissues. Flexible and stretch-
able platforms based on both polymer and textile substrates are deployed 
to build up wearable devices [2, 9–11]. Textiles possess a series of mer-
its including being soft, breathable, lightweight, flexible/stretchable, and 
comfortable to wear for an extended period of time. These features make 
them natural vehicles for constructing sensors that are in intimate contact 
with human body [12–14]. Nanomaterials, including 0D [e.g. nanopar-
ticles (NPs)], 1D [e.g. nanowires (NWs), nanotubes (NTs), and nanofi-
bers (NFs)], 2D [e.g. nanowebs, graphene, graphene oxide (GO), reduced 
graphene oxide (rGO), molybdenum disulfide (MoS2), and MXenes], have 
been incorporated as building blocks for smart nanotextiles, owing to 
their large surface-to-volume ratio, exceptional material properties, and 
compatibility with scalable fabrication methods (e.g., printing) [6, 15]. 
The synergic combination of nanomaterials and textiles renders desirable 
flexibility and stretchability to accommodate repeated skin deformations 
during daily activities, allowing for precise and unobtrusive health moni-
toring with minimal user discomfort.

Nanomaterials can be incorporated into fibrous assemblies at differ-
ent levels, by the introduction of nanomaterials during the fabrication of 
fibers/yarns or by surface modifications at the fabric or textile level [13, 
14]. Several manufacturing techniques have been applied to construct 
nanotextiles that achieve seamless hybridization between nanomaterials 
and textiles, including sewing, knitting, weaving, embroidering, spinning, 
drawing, coating, and printing [10, 13, 16, 17]. Deformable structures, 
such as twisted, helical, buckling, and winding structures, can also be 
introduced to impart high stretchability beyond the intrinsic properties of 
textiles [12]. These nanotextiles can be formed into various wearable form 
factors, such as belts, bandages, patches, contact lenses, gloves, socks, and 
sportswear (Tables 2.1–2.3).
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Smart Nanotextiles for Wearable Health Monitoring 91

Table 2.1 Summary of nanotextiles for (bio)physical monitoring.

Refs
Sensing 

locations
Sensing 

platforms Biomarkers Applications

[31] Hand Skin patch Temperature Wireless 
temperature 
sensing and 
on-demand anti-
infection therapy 
at wound sites

[25] Mouth/hand/
nose

Fiber Temperature Monitoring of 
temperature and 
thermal activities 
of mouth, 
hand, and nose 
breathing

[32] Palm Skin patch Temperature Spatial temperature 
mapping

[30] In front of 
mouth/nose

Fiber patch Temperature Monitoring of 
temperature in 
mouth respiration 
and nose 
breathing

[33] Scapula/armpit/
upper chest/
upper arm/
paravertebral/
lower arm/
abdomen

Fabric sensing 
network

Temperature In situ detection of 
skin temperature 
during respiration

[28] – Fiber Temperature Supercapacitor 
driven 
temperature 
sensing

[27] – Fiber Temperature Temperature 
sensing, 
electrocapillary 
sucker

(Continued)
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92 Smart Nanotextiles

Table 2.1 Summary of nanotextiles for (bio)physical monitoring. (Continued)

Refs
Sensing 

locations
Sensing 

platforms Biomarkers Applications

[45] Left/right finger Cotton patch ECG Heart rate 
monitoring

[44] Left/right wrist Nylon fiber 
patch

ECG ECG recording

[43] Left/right arm Woven cotton 
patch

ECG ECG recording

[42] Left/right arm Cotton patch ECG ECG recording

[51] Thorax Nanofiber web ECG ECG recording

[50] Eye Contact lens ERG Full-field ERG 
recordings

[41] Left/right arm/
left leg/distal 
phalanges/
head/earlobe

Nonwoven 
fabric

EMG/ECG/
EEG/EDA

Wireless biopotential 
measurements, 
strain sensing, 
superhydrophobic 
sheet, heat-
dissipation sheet, 
electrothermal 
heater

[60] Wrist Silk wrist band Blood pulse Arterial pulse 
monitoring, 
external pressure 
sensing

[68] Wrist/neck Nanofiber mat Blood pulse Radial and carotid 
pulse monitoring

[69] Wrist Nanofiber mat Blood pulse Wrist pulse 
monitoring

[67] Wrist Skin patch Blood pulse Wrist pulse 
monitoring, 
external pressure/
shear/torsion 
sensing

(Continued)
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Smart Nanotextiles for Wearable Health Monitoring 93

Table 2.1 Summary of nanotextiles for (bio)physical monitoring. (Continued)

Refs
Sensing 

locations
Sensing 

platforms Biomarkers Applications

[74] Artificial blood 
vessel

Nanofiber 
sheet

Blood 
pressure 

Monitoring of 
the pressure 
propagation from 
the artificial blood 
vessel

[75] Wrist Wrist band Blood 
pressure

Blood pressure 
monitoring, 
external pressure 
mapping 

[91] Mouth Face mask Respiration Respiration 
monitoring 
during normal/
deep/fast 
breathing

Table 2.2 Summary of nanotextiles for (bio)chemical monitoring.

Refs
Sensing 

locations
Sensing 

platforms Biomarkers Applications

[102] Whole body Garment Glucose/
Na+/K+/
Ca2+/pH 
in sweat

Real-time wireless 
analysis of the sweat 
during running

[103] Waist/wrist/
leg

Underwear/
watch 
strap/
elastic 
band

Na+/K+ in 
sweat

Wireless analysis of 
multi-ions in sweat

[105] Foot ankle Socks Glucose/
lactate in 
sweat

Real-time wirelessly 
sensing of lactate 
during cycling

(Continued)
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94 Smart Nanotextiles

Table 2.2 Summary of nanotextiles for (bio)chemical monitoring. (Continued)

Refs
Sensing 

locations
Sensing 

platforms Biomarkers Applications

[100] Upper back Textile patch Na+ in 
sweat

Real-time monitoring 
of sodium 
concentration in 
sweat during cycling

[101] Right 
deltoid

Skin-worn 
tattoo

Lactate in 
sweat

Real-time monitoring 
of sweat lactate 
dynamics during 
cycling

[98] Wrist Silk film Glucose in 
sweat

Monitoring of sweat 
glucose on the wrist

[108] Eye Contact lens Glucose in 
tear

Wirelessly monitoring 
and visualization 
of glucose 
concentration in tear

[115] Urine/
armpit/
exhaled 
breath

Cotton satin 
patch

VOCs in 
urine/
armpit/
exhaled 
breath

Wearable electronic 
nose for monitoring 
and discriminating 
human body odor

[111] In front of 
nose/
breath

Optical fiber Humidity 
in 
exhaled 
breath

Monitoring of breath 
frequency and depth

[113] In front of 
mouth

Fiber Humidity 
in 
exhaled 
breath

Real-time wireless 
detection of breath 
humidity

[112] In front of 
nose/
mouth

Textile patch Humidity 
in 
mouth/
nose 
breath

Monitoring of 
humidity in 
mouth/nose breath 
and sweating, 
electromagnetic 
interference 
shielding, 
self-derived 
hydrophobicity
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Smart Nanotextiles for Wearable Health Monitoring 95

Table 2.3 Summary of nanotextiles for multimodal physiological monitoring.

Refs
Sensing 

locations
Sensing 

platforms Biomarkers Applications

[130] Wrist Skin patch Wrist 
temperature/
pulse

Monitoring 
of wrist 
temperature/
pulse, detection 
of external NIR 
illumination/
temperature/
pressure

[131] Neck/
shoulder/
chest/
waist/
wrist/
finger

Smart 
sportswear

Body 
temperature/
blood pulse/
respiration/
phonation/
muscle 
movement/
body motion

Monitoring 
of body 
temperature/
pulse/
respiration/
swallowing/
phonation/
stretching 
exercise/
walking/chest 
expanding/
finger bending/
side twist, 
self-cooling

[125] Wrist/throat Silk fabric 
patch

Blood pulse/
phonation

Monitoring 
of pulse/
phonation, 
lithium-ion 
batteries

[141] Wrist/finger/
under 
foot

Skin patch Blood pulse/
body motion

Monitoring of 
wrist pulse/
finger bending/
walking/
running

(Continued)
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96 Smart Nanotextiles

Table 2.3 Summary of nanotextiles for multimodal physiological monitoring. 
(Continued)

Refs
Sensing 

locations
Sensing 

platforms Biomarkers Applications

[142] Wrist/
forearm

Skin patch Blood pulse/
body motion

Monitoring of 
wrist pulse/
finger flexion 
and extension, 
detection of 
external tactile 
distribution

[61] Wrist/finger Skin patch Blood pulse/
body motion

Monitoring of 
wrist pulse/
finger bending, 
detection 
of external 
pressure 
distribution

[143] Wrist/eye/
finger

Bandage/
strip

Blood pulse/
eyeball 
movement/
body motion

Monitoring of 
wrist pulse/
eye rotation, 
blinking, and 
movement 
during sleep/
finger bending, 
detection of 
external tactile 
distribution

[126] Wrist/
throat/
finger

Fiber patch Blood pulse/
phonation/
body motion

Monitoring of 
wrist pulse/
phonation/
finger bending

[66] Wrist/
throat/
cheek

Skin patch Blood pulse/
phonation/
muscle 
movement

Monitoring of 
wrist pulse/
phonation/
chewing

(Continued)
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Smart Nanotextiles for Wearable Health Monitoring 97

Table 2.3 Summary of nanotextiles for multimodal physiological monitoring. 
(Continued)

Refs
Sensing 

locations
Sensing 

platforms Biomarkers Applications

[63] Wrist/
throat/
finger

Textile patch Blood pulse/
phonation/
body motion

Monitoring of 
wrist pulse/
phonation/
finger bending, 
detection 
of external 
acoustic 
vibration/
pressure 
distribution

[127] Wrist/
throat/
nape/
finger

Strip Blood pulse/
phonation/
body motion

Monitoring of 
wrist pulse/
phonation/
finger 
bending/neck 
movement, 
detection 
of pressure 
distribution

[128] Wrist/
throat/
cheek/
arm/
finger

Patch Blood pulse/
phonation/
muscle 
movement/
body motion

Monitoring 
of radial 
artery pulse/
phonation/
cheek motion/
forearm muscle 
movement/
finger flexion 
and extension

(Continued)
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98 Smart Nanotextiles

Table 2.3 Summary of nanotextiles for multimodal physiological monitoring. 
(Continued)

Refs
Sensing 

locations
Sensing 

platforms Biomarkers Applications

[124] Wrist/eye/
forehead/
philtrum/
throat/
cheek/
elbow 
joint

Textile patch Blood pulse/
phonation/
facial 
expression/
muscle 
movement/
body motion

Monitoring of 
wrist pulse/
cheek bulging/
eye blinking/
muscle 
movement 
of forehead 
and philtrum 
during crying 
and laughing/
phonation/
chewing/
swallowing/
coughing/
lowering head/
elbow bending, 
detection 
of external 
acoustic 
vibration

[120] Wrist/
throat/
eye/knee/
finger

Fiber yarn Blood pulse/
phonation/
facial 
expression/
muscle 
movement/
body motion

Monitoring of 
wrist pulse/
phonation/eye 
blinking/finger 
bending/knee 
motion

[49] Chest/arm Textile patch ECG/EMG/
body motion

Monitoring of 
ECG/EMG/
elbow bending 
during 
weightlifting

[46] Arm Textile patch ECG/EMG/
body motion

Monitoring of 
ECG/EMG/
elbow bending

(Continued)
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Smart Nanotextiles for Wearable Health Monitoring 99

Table 2.3 Summary of nanotextiles for multimodal physiological monitoring. 
(Continued)

Refs
Sensing 

locations
Sensing 

platforms Biomarkers Applications

[90] Wrist/chest Textile patch Blood pulse/
respiration

Monitoring of 
blood pulse/
respiration rate

[86] Wrist/chest/
throat/
finger/
knee

Skin patch Blood pulse/
respiration/
phonation/
body motion

Monitoring of 
wrist pulse/
respiration/
phonation/
finger bending/
knee bending

[84] Wrist/finger/
abdomen/
throat/
mouth/
neck/
knee/
elbow

Textile patch Blood pulse/
respiration/
phonation/
muscle 
movement/
body motion

Monitoring of 
finger pulse/
wrist pulse/
abdominal 
breathing/
phonation/
mouth 
motion/facial 
expression/
finger bending/
wrist bending/
elbow bending/
knee bending 
during walking 
and running

[85] Wrist/chest/
throat/
finger/
knee

Skin patch Blood pulse/
respiration/
phonation/
body motion

Monitoring of 
wrist pulse/
respiration 
during exercise 
and sleeping/
phonation/
finger bending/
knee bending

(Continued)
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100 Smart Nanotextiles

Table 2.3 Summary of nanotextiles for multimodal physiological monitoring. 
(Continued)

Refs
Sensing 

locations
Sensing 

platforms Biomarkers Applications

[87] Wrist/chest/
throat/
eye/
cheek/
hand

Skin patch Blood pulse/
respiration/
phonation/
muscle 
movement/
body motion

Monitoring of 
wrist pulse/
respiration/
phonation/eye 
blinking/ facial 
expression/
hand clenching

[88] Wrist/
abdomen/
throat/
eye/
finger/
elbow/
knee

Fiber Blood pulse/
respiration/
muscle 
movement/
body motion

Monitoring of 
wrist pulse/
abdominal 
breathing/
eye blinking/
swallowing/
finger bending/
wrist bending/
elbow bending/
knee bending

[62] Wrist/chest/
throat/
finger/
knee/eye

Fabric patch Blood pulse/
respiration/
phonation/
facial 
expression/
muscle 
movement/
body motion

Monitoring of 
wrist pulse/
respiration/
phonation/
eye blinking/
finger bending/
wrist bending/
knee bending, 
detection 
of external 
acoustic 
vibration

(Continued)
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Smart Nanotextiles for Wearable Health Monitoring 101

Table 2.3 Summary of nanotextiles for multimodal physiological monitoring. 
(Continued)

Refs
Sensing 

locations
Sensing 

platforms Biomarkers Applications

[129] Wrist/neck/
finger 
joint/arm

Skin patch Wrist pulse/
jugular 
venous 
pressure/
body motion

Monitoring 
of pulse/
jugular venous 
pressure/
finger bending, 
detection 
of acoustic 
vibration 
and pressure 
distribution

[89] Wrist/chest/
neck/
throat

Skin patch Blood pulse/
respiration/
jugular 
venous 
pressure/
phonation

Monitoring of 
wrist pulse/
jugular 
venous pulse/
respiration/
phonation, 
detection of 
subtle touch 
and pressure 
distribution

[133] Tooth 
enamel

Silk film Exhaled breath/
pathogenic 
bacteria in 
saliva

Remote 
monitoring of 
respiration/
bacteria in 
saliva

[134] Under skin/
stomach/
neck

Thread based 
patch

Temperature/
strain/pH/
glucose

Monitoring of 
gastric and 
subcutaneous 
pH/strain under 
various wound 
conditions
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102 Smart Nanotextiles

This book chapter will cover the recent progress on nanotextiles for 
monitoring a broad spectrum of vital signs, as well as other health-relevant 
parameters, including body temperature, biopotential signals, blood pulse, 
blood pressure, respiration rate, and biomarkers in biofluids, breath, and 
body odor. Nanotextiles with single-sensing modalities will be discussed 
first followed by nanotextiles for multimodal sensing. 

2.2 (Bio)Physical Monitoring

Physical biomarkers, such as body temperature, electrophysiological sig-
nals, blood pulse and pressure, and respiration, offer important infor-
mation about the wellness and illness of human body as well as the level 
of physical activities [2, 18, 19]. Portable and long-term tracking of such 
signals in home settings greatly benefit the disease diagnosis and possi-
ble therapeutic intervention [20, 21]. This section discusses the recent 
advances in noninvasive and continuous monitoring of physical physio-
logical parameters enabled by wearable nanotextiles. 

2.2.1 Body Temperature

Body temperature is one of the basic physiological parameters that require 
routine monitoring. It is an important indicator of the enzymatic activ-
ity involved in metabolism, blood circulation, and immune system and 
therefore reflects health conditions and body activities [22]. Temperature 
monitoring provides essential information in the diagnosis of cognitive 
disorders, circulatory shocks, cardiovascular diseases, cancers, infectious 
diseases, and other syndromes [2]. Wearable textile sensors can evalu-
ate the body temperature through the detection of skin temperature. The 
accurate sensing of temperature requires high sensitivity, fast response, 
high resolution (less than 0.1°C), and sensing range from 25°C up to 40°C 
[1, 23].

Temperature can be measured based on the thermoresistive effect, 
pyroelectric effect, and thermoelectric effect. The dominant mechanism 
for designing textile temperature sensors is the thermoresistive effect. 
Based on the dependence of resistance on temperature, materials can be 
divided into two categories. In the first category, the resistance of materials 
increases with temperature and exhibits a positive temperature coefficient 
(PTC). In the other category, the resistance decreases with temperature, 
showing a negative temperature coefficient (NTC). The dependence of 
resistance on temperature can be expressed by [18].
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R R

T TT T0

1 1
0

exp ( )
 

where RT and RT0  are the resistance at temperature T and T0, respectively. 

β  is the material constant related to the Boltzmann relation E
kT

 with E 

and k being the bandgap and Boltzmann constant, respectively. The tem-
perature coefficient of resistance (TCR), which is the percentage change of 
resistance per degree, is thus given by [18, 24].

 
T

TR
dR T

dT T
1

2
( )

 

Wearable textile temperature sensors are commonly made into the 
shape of fibers [25–30] or skin-mountable patches [31, 32]. Various mate-
rials, including metallic materials [31, 33] and carbon-based materials 
[26–29, 34, 35], were adopted to develop thermoresistive temperature sen-
sors. For example, helical rGO fibers with uniform loops and controlled 
diameters were fabricated (Figure 2.1a), which exhibited a negative TCR 
in response to a wide temperature range up to 300°C [27]. For wearable 
thermoresistive temperature sensors, it is challenging to decouple the con-
tribution of temperature-induced resistance changes and strain-induced 
resistance changes. Novel designs in sensor structures are needed to elim-
inate the influence of strain. One such temperate sensor was developed 
using the Kirigami-inspired structure (Figure 2.1b) [36]. The Kirigami 
pattern effectively reduces the strain applied to the AgNW networks by 
out-of-plane deformations. The FEA simulation reveals an average tensile 
strain as low as 0.03% and a maximum strain of 0.56% under 100% ten-
sile strain. As a result, the piezoresistive temperature sensor showed stable 
temperate sensitivity within 100% tensile strain. The island-bridge strat-
egy was also introduced to fabricate strain-insensitive temperature sensors 
[32]. As shown in Figure 2.1c, polyaniline NF-based temperature sensors 
were placed on nonstretchable plastic films (islands) that are connected by 
stretchable liquid metal interconnections (bridges). Upon stretching, the 
strain exerted on nonstretchable islands is greatly relieved by the much 
more stretchable bridges. The temperature sensitivity of 1.0% °C−1 and 
response time of 1.8 s over the range of 15°C to 45°C were demonstrated, 
which was independent of biaxial strain up to 30% (Figure 2.1d). Of note is 
that the temperature sensor array adopts an active matrix backplane based 
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Figure 2.1 Smart nanotextiles for temperature monitoring. (a) An SEM image of the 
helical rGO fiber for temperature sensing (reprinted from reference [27], with permission 
of Royal Society of Chemistry). (b) Photograph (top) and FEA simulation (bottom) of 
the AgNW based temperature sensor with Kirigami structures under 100% tensile strain 
(reprinted from reference [36], with permission of American Chemical Society).  
(c) Assembly of a biaxially stretchable active matrix temperature sensor array with stretchable 
liquid metal interconnections (reprinted from reference [32], with permission of John 
Wiley and Sons). (d) Temperature responses of the active matrix temperature sensor in 
(c) under a biaxial strain up to 30% (reprinted from reference [32], with permission of 
John Wiley and Sons). (e) The temperature sensor array in (c) attached to the palm and 
the corresponding temperature distribution of the heart-shaped cold water container 
placed on top (reprinted from reference [25], with permission of John Wiley and Sons). 
(f) Stretchable optical fibers for temperature sensing (reprinted from reference [32], with 
permission of John Wiley and Sons). (g) Schematics of the integrated fiber temperature 
sensors (FTs) and supercapacitors (reprinted from reference [28], no permission is 
necessary under the terms of Creative Commons CC BY license). (h) A breathable and 
flexible device that integrates a temperature sensor for wireless temperature monitoring 
with a screen-printed heater and thermoresponsive materials for on-demand therapy 
(reprinted from reference [31], with permission of John Wiley and Sons).
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Smart Nanotextiles for Wearable Health Monitoring 105

on CNT thin-film transistors. The active matrix acts as a switch to address 
each sensing element, allowing for reduced system power consumption, 
improved response time, and minimized signal crosstalk among sensors 
[32, 37]. With such a biaxially stretchable temperature array as the elec-
tronic skin, the spatial temperature mapping of the object placed on the 
palm can be readily detected (Figure 2.1e).

In addition to thermoresistive temperature sensors, efforts have also 
been devoted to developing optical temperature sensors [25]. Stretchable 
optical fibers with NaYF4:Yb,Er@NaYF4 core/shell structures (Figure 2.1f) 
were fabricated via injection and dip coating. The temperature sensitivity 
can be attributed to the thermally coupled energy states of Er3+ and the 
resulting temperature-dependent emission intensities of NaYF4:Yb,Er@
NaYF4 NPs. The temperature sensors can detect the temperature from 
25–70 °C, with a sensitivity of 1.8% °C−1, resolution of ±0.3 °C, and response 
and recovery time of 4.5 and 12.5 s, respectively. By placing the optical 
fibers in the mouth, on the hand, and near the nose, the thermal activities 
associated with the mouth, hand skin, and during inhale and exhale can be 
monitored.

The integration of other functionalities to temperature sensors extends 
the potential range of applications. Figure 2.1g demonstrates the integra-
tion of fiber-shaped temperature sensors and asymmetric supercapacitors 
by twisting a 3D printed temperature-sensitive rGO fiber, an SWCNT/
V2O5 fiber cathode and an SWCNT/VN fiber anode [28]. The supercapac-
itor is able to provide a maximum operating voltage of 1.6 V, sufficient to 
supply the voltage needed (1 V) for the temperature sensor. The integrated 
temperature sensor exhibits a temperature sensitivity of 1.95% C−1 for the 
temperature range of 30–80°C. 

Elevated temperature can be a sign of inflammation or infection. 
Integrating temperature-sensitive elements with heating components 
enables temperature sensing and feedback anti-infection therapy [31]. 
In a representative work shown in Figure 2.1h, the device was built upon 
an electrospun breathable thermoresponsive polymer nanomesh film. 
Conductive Ag patterns were screen printed on the nanomesh to act as 
heaters and moxifloxacin hydrochloride (MOX) was loaded on the fibers to 
perform thermoresponsive release of antibiotics for inhibiting the growth 
of bacteria. The combined breathability, flexibility, stability in different 
mediums (i.e. air, NaOH solution, phosphate buffered solution (PBS), and 
cell culture medium), together with the real-time temperature sensing and 
on-demand therapy provide an effective platform for wound site monitor-
ing and treatment.
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106 Smart Nanotextiles

2.2.2 Biopotential Signals

Biopotential sensors monitor bioelectrical potentials that originate from 
the propagation of the action potential through body’s excitable cells [38]. 
Through noninvasive measurements of minute potential difference on the 
skin surface, biopotential sensing provides insights about the function of 
organs, including heart, muscle, eye, nerve, and brain. For instance, elec-
trocardiography (ECG) measures the electrophysiological patterns gen-
erated by depolarization and repolarization of the cardiac muscle during 
cardiac cycles. Electromyography (EMG) detects the electrical activity of 
skeletal muscles in response to nerve stimulation. Electroencephalography 
(EEG) records the activity of the brain and is widely used to diagnose epi-
lepsy, stroke, and sleep disorders. Electroretinography (ERG) monitors the 
electrical variations in the retina in response to stimuli.

Biopotential sensing is typically implemented by placing electrodes on 
the skin surface to capture the potential changes in a noninvasive manner. 
While the most commonly used electrodes in the hospital setting are pre-
gelled electrodes, these electrodes face challenges for long-term moni-
toring due to the dehydration over time and potential dermal irritation 
and allergic reactions during prolonged wear [39, 40]. In addition, the 
high cost in hospital-centered testing greatly limits the comprehensive 
monitoring of electrophysiological conditions. Dry electrodes address 
the problems by exploiting gel-free electrodes made of CNTs [41–43], 
rGO [44, 45], AgNWs [46–48], and nanofibers coated with conductive 
materials [49–51].

Among a variety of biopotential sensing modalities, the most exten-
sively studied one so far is ECG [41–46, 49, 51]. ECG plays an indispens-
able role in the early diagnosis and management of cardiovascular diseases. 
The most common location for placing textile-based ECG electrodes are 
arms, wrists, or fingers with lead I configurations. The electrode-skin 
impedance is commonly measured to evaluate how effective electrical vari-
ations are transferred from human body to electrodes, typically by placing 
a pair of electrodes on the skin with the impedance between electrodes 
measured [7]. In an example of dry textile ECG electrodes, nylon fibers 
were dip-coated with rGO to render an electrical conductivity of 4.5 S/cm 
(Figure 2.2a) [44]. The electrode-skin impedance is slightly higher than 
that of commercial Ag/AgCl pre-gelled electrodes. A high correlation of 
97% was achieved between the signals obtained using textile electrodes 
and Ag/AgCl electrodes, indicating high-quality ECG recordings using 
the rGO/nylon electrodes. In another work, rGO was inkjet printed onto 
organic NPs modified textiles [45]. The surface modification by organic 
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Smart Nanotextiles for Wearable Health Monitoring 107

NPs increases the water contact angle and inhibits the liquid penetration 
on textiles during printing. By placing left and right fingers on printed 
textile electrodes, ECG patterns were obtained, and the heartbeat can be 
derived from the spacing of R peaks. Although the textile electrodes sur-
vived ten washing cycles, a significant increase in the resistance was seen 
with increasing the number of washing cycles.

Besides ECG sensing, the dry textile electrodes can also be used for 
EMG/EEG sensing as well as electrodermal activity (EDA) monitoring. 
Figure 2.2b shows the fabrication of conductive SWCNT/poly(vinylidene 
fluoride-co-hexafluoropropylene) (PVdF-HFP) nonwoven fabrics by a 
blow-spinning process [41]. With nonwoven fabric electrodes, ECG and 
heartbeat during running and relaxing states were measured using three 
electrodes attached on the left arm, right arm, and left leg, respectively. 
EMG signals related to fist clenching were measured by placing two elec-
trodes on the forearm. For EEG signals, three electrodes were attached to 
the frontal pole 1, frontal 7, and left earlobe locations. EEG patterns with 
different frequency characteristics were observed corresponding to differ-
ent brain activities during napping, waking up from napping, and solving 
math problems. At last, the electrodes can be used for recording EDA with 
two electrodes placed on the volar surface of distal phalanges. EDA mea-
sures fluctuations of the electrical conductance of skin due to the sweat 
gland activity, reflective of emotional arousals.

The function of nanotextiles can be further extended beyond skin 
surface electrodes. To evaluate the functionality of retina, dry electrodes 
that can be integrated with contact lenses and interfaced with eyes were 
developed. As illustrated in Figure 2.2c [50], the transparent device was 
built upon the commercial contact lens, where Au was sputtered on the 
NF-based nanomesh as the conductor. Poly(3,4-ethylenedioxythiophene) 
(PEDOT)/poly(styrene sulfonate)(PSS) was electrochemically deposited 
to improve the stretchability and wettability of the nanomesh. A water con-
tact angle of ~12.2o ensures good tear spreading, important for ensuring a 
conformal contact between the contact lens and cornea for accurate sens-
ing. Gas permeability of electrodes is an important aspect for long-term 
electrophysiological monitoring [52, 53]. Thanks to the breathability of the 
nanomesh, the contact lens device maintained a similar high oxygen per-
meability to pure hydrogel lenses. Negligible corneal abrasion or irritation 
was observed in the rabbit eyes that worn the contact lens for 12 hours, 
validating the compatibility required for long-term wear. Full-field ERG 
recordings, including scotopic ERG, photopic ERG, and 30 Hz flicker ERG 
responses, achieved by the contact lens device, showed comparable signal 
quality to that recorded by commercial Jet electrodes.
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108 Smart Nanotextiles

2.2.3 Blood Pulse

The heart is one of the most vital organs in human body that closely relates 
to one’s overall health. Pulse wave represents one of the most direct and 
crucial signals that indicate the health conditions of the heart and cardio-
vascular system. Comprehending pulse waves in real time is beneficial to 
preventing many physiological diseases, such as heart attack and stroke 
[54, 55]. Abnormal pulse waveforms have been considered as important 
symptoms for early diagnosis of the physiological and pathological status 
of the cardiovascular system [56]. 

Intensive studies have been performed focusing on long-term and 
noninvasive blood pulse monitoring. Commercial techniques for mea-
suring pulse waves mostly require a hand cuff (Korotkoff sound method 
or oscillometric type) that may cause discomfort to patients during test-
ing. Besides, these devices have disadvantages including high fabrication 
costs, reliance on batteries, and poor portability [57, 58]. New technolo-
gies for measuring pulse waves, such as photoplethysmography (PPG) and 
piezoelectric pulse transducer (PPT), have been developed. However, such 
measurements are indirect, highly dependent on empirical models [59]. 

(a)

(c)

(b)

H2O

Metalc-NM
(PEDOT)

Hydrogel

O2

blow-spun wearable
nonwoven fabric

10 µmGraphene-clad
Textile
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6.3 cm

Figure 2.2 Smart nanotextiles for biopotential monitoring. (a) Photograph of rGO-coated 
nylon fibers for ECG sensing (reprinted from reference [44], with permission of Elsevier). 
(b) Photographs showing the blow spinning of PVdF-HFP nonwoven fabric onto the 
skin. The inset shows the SEM image of the blow-spun nonwoven fabric (reprinted 
from reference [41], with permission of John Wiley and Sons). (c) Schematics (left) and 
photograph (right) of the gas-permeable and transparent hydrogel contact lens device 
for ERG recordings. Scale bar, 5 mm (reprinted from reference [50], with permission of 
American Chemical Society). 
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Smart Nanotextiles for Wearable Health Monitoring 109

Additionally, interferences, such as body movements and vibrations, can 
greatly affect PPG measurements. 

Novel techniques for long-term and real-time monitoring of pulse 
waves are enabled by wearable sensors. Such sensors can be attached to 
human body (e.g. wrist, neck) to detect subtle strain or pressure on human 
skin induced by vessel pumping. As an example, a graphene/silk pres-
sure sensor was developed that adopted the thermal reduction process to 
achieve 3D structures on the soft silk substrate (Figures 2.3a and 2.3b) [60]. 
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Figure 2.3 Smart nanotextiles for blood pulse monitoring. (a) SEM image of the 
graphene/silk pressure sensor (reprinted from reference [60], with permission of AIP 
Publishing). (b) Photographs of graphene/silk pressure sensor wrist bands (reprinted from 
reference [60], with permission of AIP Publishing). (c) Resistance change of the graphene/
silk pressure sensor indicating the pulse wave. The inset photograph shows the sensor 
attached to the wrist (reprinted from reference [60], with permission of AIP Publishing). 
(d) Schematics of the interlocked fiber array based piezoresistive sensor (reprinted from 
reference [67], with permission of Springer Nature). (e) Real-time sensor output for pulse 
monitoring under normal condition and after exercises using the sensor in (d) (reprinted 
from reference [67], with permission of Springer Nature). (f) Schematics showing the 
sandwich structure of electrospun nanofiber enabled stretchable piezoelectric sensors 
(reprinted from reference [68], with permission of American Chemical Society). (g) Real-
time sensor output for radial and carotid pulse monitoring by putting sensors in (f) on the 
wrist and neck respectively (reprinted from reference [68], with permission of American 
Chemical Society).
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110 Smart Nanotextiles

The pressure sensor achieved a high sensing range (up to 140 kPa) with 
a sensitivity of 0.4 kPa-1. Due to the use of silk substrates, such pressure 
sensors can be easily integrated into existing knitted textile products. 
The sensor can be used as an arterial pulse sensor by putting on the wrist 
(Figure 2.3c). Similar combinations of conductive materials and fibers/
yarns/ fabrics/textiles have been intensively studied as applicable sensing 
materials for pulse waves [61–66].

Besides typical piezoresistive sensors as discussed above, sensors based 
on contact resistance can also be utilized for wearable blood pulse sensing. 
A novel interlocking structure of two arrays of conductive Pt-coated NFs 
(Figure 2.3d) has been reported for the sensing of pressure, shear, and tor-
sion [67]. When two arrays are under stretching, the effective contact area 
changes, leading to the change of electrical resistance. The sensing mecha-
nism was tested to be reversible and extremely sensitive with a gauge factor 
of 11.45 for pressure, 0.75 for shear, and 8.53 for torsion. The sensor was 
attached above the artery of the wrist to monitor the pulse waves in normal 
conditions and after exercise in real-time (Figure 2.3e).

Another strategy of measuring pulse wave is by using piezoelectric mate-
rials. A piezoelectric sensor was fabricated by assembling poly- (vinylidene 
fluoride-trifluoroethylene) (PVDF-TrFE) NFs on elastomer films (Figure 
2.3f) [68]. Electrospinning was adopted to obtain a mat structure with 
good piezoelectric properties and mechanical durability. By putting onto 
the wrist and neck, radial and carotid pulses were measured respectively as 
shown in Figure 2.3g. Similar structures using PVDF-HFP NFs have been 
reported as a wrist pulse sensor for heart rate monitoring [69].

2.2.4 Blood Pressure

With the heart being the main pump of human body, another crucial 
parameter that characterizes the pump is ‘Blood Pressure’. Blood pres-
sure represents the force of heart muscles that promotes the blood flow. 
Maintaining a certain range of blood pressure levels is of paramount impor-
tance. A higher (hypertension) or lower (hypotension) than normal blood 
pressure indicates malfunctions of the cardiovascular system. The blood 
pressure can be categorized as the systolic blood pressure (SBP) and the 
diastolic blood pressure (DBP) [70]. SBP characterizes the contracted sta-
tus of the heart while DBP represents the relaxed status [71–73]. Wearable 
blood pressure sensors for long-term monitoring have attracted attention 
for the early prevention of heart diseases, such as stroke, coronary artery 
diseases, and myocardial ischemia.
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Smart Nanotextiles for Wearable Health Monitoring 111

Figure 2.4a presents a CNT and graphene based transparent bending- 
insensitive pressure sensor [74]. The sensor was fabricated by an electro-
spinning process to disperse nanomaterials into the fluorinated copolymer, 
which serves as a nanofiber matrix. An important feature of the pressure 
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Figure 2.4 Smart nanotextiles for blood pressure monitoring. (a) Photograph of a CNT 
and graphene enabled pressure sensor (reprinted from reference [74], with permission of 
Springer Nature). (b) Cyclic test of the sensor attached to an artificial blood vessel under 
pressure ranging from 80 to 120 mmHg (reprinted from reference [74], with permission 
of Springer Nature). (c) Photograph of an artificial blood vessel with three sensors 
attached for measuring the pressure propagation (reprinted from reference [74], with 
permission of Springer Nature). (d) Response of three pressure sensors on the artificial 
blood vessel under one pressure wave (reprinted from reference [74], with permission of 
Springer Nature). (e) Top and rear-view photographs of a PVDF-HFP/PEDOT enabled 
pressure sensor embedded in a wrist band (reprinted from reference [75], no permission 
is necessary under the terms of Creative Commons CC BY license).  (f) Photograph 
showing the wireless monitoring of blood pressure using the PVDF-HFP/PEDOT 
enabled pressure sensor and smartphone (reprinted from reference [75], no permission is 
necessary under the terms of Creative Commons CC BY license).  
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112 Smart Nanotextiles

sensor is the small sensitivity to the bending strain endowed by the nanofi-
brous structure, which is crucial for blood pressure sensing. Experimental 
results revealed the capabilities of detecting the cyclic change in pressure 
(50 Pa) (Figure 2.4b). To demonstrate the usability, the sensor was applied 
to an artificial blood vessel (Figure 2.4c). Moreover, three pressure sen-
sors were attached to the artificial blood vessel and the pulse wave prop-
agation was captured by comparing the time delay in three output signals 
(Figure 2.4d).

In another work, a highly sensitive piezoelectric pressure sensor based 
on the electrospun PVDF-HFP/PEDOT mat was proposed [75]. The key 
fabrication method includes 3D electrospinning and vapor deposition 
polymerization. The unique 3D membranes enable a greatly enhanced 
sensitivity (13.5 kPa−1) as compared to sensors with conventional 2D 
structures. The minimum detection range is as low as ~1 Pa and cyclic 
tests showed the  repeatability of over 10,000 times. A wearable wrist 
band containing the pressure sensor was tested on the wrist to monitor 
blood pressure (Figure 2.4e). A wireless system with a user interface on 
the smartphone for displaying real time blood pressure was developed and 
demonstrated (Figure 2.4f).

Besides direct measurement using pressure sensors, blood pressure (P) 
can be obtained indirectly by measuring the pulse wave velocity (PWV) in 
the artery [76]. The Rogers group established the correlation between the 
blood pressure and PWV [77]:

 
P L

t
PWV2

2

2D  

where L indicates the pulse arrival distance, Δt indicates the pulse arrival 
time, α and β are parameters related to material properties and geometry of 
the artery. Based on this formula, ECG electrodes and pulse rate sensors as 
discussed in Section 2.2.2 and 2.2.3 can be promising in developing blood 
pressure sensors. For instance, with the ECG electrodes and pulse rate sen-
sor placed with a distance of L, noninvasive and cuffless monitoring of 
blood pressure can be achieved by measuring the time interval Δt between 
the ECG R peak and the pulse wave [78, 79].

2.2.5 Respiration Rate

Among various vital signs, respiratory activity is important as the breathing 
pattern yields essential information about the general health and condition 
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Smart Nanotextiles for Wearable Health Monitoring 113

of patients [80]. Abnormalities in breathing can be indicators of many ill-
nesses including asthma, anemia, sleep apnea, panic attacks, heart failure, 
or chronic obstructive pulmonary diseases [81].

Traditional methods of monitoring the respiration rate include pneu-
mography [82], which measures circumference change of the chest during 
breathing, and pulse oximetry [83], which measures the blood oxygen 
saturation using a device clamping on locations, such as fingers and toes. 
Both methods cause interference to normal body activities and are unsuit-
able for long-term monitoring. Since nanotextile-based sensors are flexible 
and lightweight in comparison to rigid instruments, they have been pur-
sued as new platforms for wearable respiration monitoring.

Highly sensitive wearable strain [62, 84–88] or pressure [89] sensors can 
monitor the respiration by tracking the mechanical deformations generated 
during respiratory activities on the chest [62, 85–87, 89, 90] or abdomen 
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Figure 2.5 Smart nanotextiles for respiration rate monitoring. (a) Respiration 
monitoring under different conditions by placing CNT/nonwoven fabric sensors on the 
chest (reprinted from reference [90], with permission of Royal Society of Chemistry). 
(b) Respiration monitoring by placing CNT core-sheath fibers on the abdomen (reprinted 
from reference [88], with permission of American Chemical Society). (c) Fabrication 
process of a GO/silk humidity sensor and the integration with the face mask (reprinted 
from reference [91], with permission of Royal Society of Chemistry). (d) Respiration 
monitoring under different scenarios (normal/deep/fast breathing) using the GO/
silk humidity sensor integrated with a face mask (reprinted from reference [91], with 
permission of Royal Society of Chemistry).
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114 Smart Nanotextiles

[84, 88]. These nanotextile sensors are typically based on the piezoresis-
tive mechanism, where the respiration pattern triggers the change in the 
resistance of sensors. Figure 2.5a illustrates a wearable piezoresistive res-
piration sensor in which CNTs were incorporated onto the nonwoven fab-
ric using ultrasonic nanosoldering [90]. The sensor can survive a vigorous 
washing process due to the strong adhesion of CNTs to polymer fibers. 
By attaching the sensor on the chest, monitoring of respiration under dif-
ferent conditions was performed. Different respiration rates and patterns 
were captured in real time. Figure 2.5b presents the respiration sensing by 
placing a strain sensor on the abdomen [88]. The sensor was enabled by 
CNT based core−sheath fibers prepared via a coaxial wet spinning tech-
nique. Repeated resistance changes during inhalation and exhalation were 
observed, suggesting a respiration rate of around 20 breaths per minute.

Another way of monitoring respiration is to detect the transient differ-
ence in moisture when inhaling and exhaling air. A silk-based humidity 
sensor for respiration monitoring has been reported [91]. As shown in 
Figure 2.5c, the sensor was fabricated by electroless plating of conductive 
electrodes and spray coating of a GO layer. By integrating with a face mask, 
the humidity sensor could accurately detect respiration patterns under dif-
ferent scenarios including normal, deep, and fast breathing (Figure 2.5d). 
Comparing with deformation-based respiration sensors as mentioned 
above, humidity sensors reduce the discomfort brought to the users to a 
minimum. Additionally, humidity sensors are free from interferences from 
body movements.

2.3 (Bio)Chemical Monitoring

Biochemical parameters are critically relevant to health status and body 
activities, largely due to their close relations to the physical, chemical, and 
biological aspects of human body [92, 93]. Although these biomarkers can 
be precisely accessed by conventional blood tests, noninvasive detection 
is in demand for continuous health monitoring [20, 94]. This section dis-
cusses noninvasive biochemical monitoring from biofluids secreted by 
human body (e.g. sweat, tear, saliva) and gases emanated from human 
body (e.g. breath, body odor).

2.3.1 Biofluids

Biofluids, such as blood, sweat, tear, saliva, interstitial fluid, and urine, 
are abundant in physiologically relevant chemical constituents, which can 
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Smart Nanotextiles for Wearable Health Monitoring 115

provide diagnostic vehicles to quantify key biochemical cues [94, 95]. In 
particular, naturally excreted sweat and tear fluids are attractive due to the 
ease of collection and sampling. Sweat possesses rich information that can 
be used to probe metabolism, nutrition, physical performance, dysfunc-
tion, and diseases [96]. Recent progress has been made to analyze metabo-
lites, electrolytes, and pH in sweat with nanotextile sensors [97–102]. 

One representative example is an electrochemical fabric platform by 
weaving CNT fibers functionalized with different active materials for a 
variety of biomarkers (Figure 2.6a) [102]. The flexible electrochemical 
fabric and a flexible fiber-shaped lithium-ion battery were assembled into 
a garment. Real-time and wireless analysis of glucose, Na+, K+, Ca2+, and 
pH during running was realized. The accuracy of the in situ sweat analysis 
was cross-validated against the ex-situ measurement on the collected sweat 
samples performed by commercial sensors. Figures 2.6b and 2.6c exemplify 
another work of textile-based electrochemical sensors for detecting sweat 
ions, which were enabled by screen-printed CNT electrodes and polyure-
thane (PU)-based ion-selective membranes [103]. Highly stretchable CNT 
inks and serpentine patterns ensure the robustness against stretching up 
to 100% strain, repeated bending, and washing. The printed sensor array 
is able to detect both Na+ and K+ ions with a detection limit of 10−4.9 M, 
sensitivities of 59.4 mV/log [Na+] and 56.5 mV/log [K+], over the range of 
10−4 M to 10−1 M. The sensor could be fabricated into different form factors 
including underwear, watch straps, and elastic band. 

Sensing systems without external power connections represents a tech-
nological advance for wearable health monitoring. Self-powered sensors 
can be realized by employing intrinsically self-powered sensing mech-
anisms, such as triboelectricity and piezoelectricity, or by incorporating 
wearable energy harvesters [4, 15]. Biofuel cells are promising as self- 
powered biochemical sensors that convert the biochemical energy in bio-
fluids into electrical energy through reduction-oxidation reactions [21, 
104]. A noteworthy example of such textile-based self-powered sensors was 
reported by the Wang group (Figure 2.6d) [105]. Stretchable enzymatic bio-
fuel cells were enabled by printing stretchable inks into serpentine patterns 
that can maintain structural integrity under repeated mechanical defor-
mations. The stretchable biofuel cells exhibit increased power density with 
glucose/lactate concentrations up to 50 and 20 mM. The cells generated 
maximum power densities of 160 and 250 µWcm−2 with the open-circuit 
voltage of 0.44 and 0.46 V for glucose and lactate cells, respectively. The 
on-body experiment performed during cycling demonstrated the capabil-
ities of energy scavenge from the lactate in sweat, noninvasive sensing of 
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116 Smart Nanotextiles

the lactate concentration, and wireless visualization of the result on the 
smartphone.

Tear fluids contain a variety of chemical biomarkers relevant to ocular 
conditions, such as metabolites, enzymes, proteins, salts, lipids, and immu-
noglobin [94, 106, 107]. Aside from sweat, tear serves an alternative diag-
nostic fluid, which can be readily obtained in a natural way. The contact 
lens provides a convenient platform to interface with tears for continuous 
sensing. An impressive example of electrochemical sensing from tear fluids 
is shown in Figure 2.6e [108]. The proposed contact lens device comprises 
a wireless power transfer module, a glucose sensor, and a LED display pixel. 
Ultralong electrospun Ag NFs were adopted as transparent and stretchable 
conductors. Island-bridge design was exploited to ensure the high stretch-
ability of the device. The rectifier, glucose sensor, LED pixel were placed 
on the reinforced regions serving as islands, while the transparent antenna 
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Figure 2.6 Smart nanotextiles for biochemical monitoring in body fluids. (a) Schematics 
of the electrochemical fabric by weaving functionalized CNT sensing fibers (reprinted 
from reference [102], with permission of John Wiley and Sons). (b) Schematics of the 
structure of the textile-based stretchable multi-ion sensor (reprinted from reference 
[109], with permission of John Wiley and Sons). (c) Photographs showing different form 
factors (i. e. underwear, watch straps, and elastic band) of the sensor array and a tablet 
for displaying real-time potassium levels obtained wirelessly from the sensor printed on 
the underwear (reprinted from reference [103], with permission of John Wiley and Sons). 
(d) Schematics showing the component and self-powered sensing mechanism of the 
stretchable lactate biofuel cell (reprinted from reference [105], with permission of Royal 
Society of Chemistry). (e) Schematics (left) and photograph (right) showing the smart 
contact lens for glucose sensing and visualization, where the rectifier, LED pixel, and 
glucose sensor were placed on the reinforced regions while the transparent and stretchable 
antenna and interconnects were placed on the elastic region. Scale bar, 1 cm (reprinted 
from reference [108], with permission of The American Association for the Advancement 
of Science). 
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Smart Nanotextiles for Wearable Health Monitoring 117

and interconnects based on Ag NFs were placed on the elastic region serv-
ing as bridges. The contact lens can detect and visualize the glucose con-
centration in tears wirelessly in real-time; AC power can be transmitted 
wirelessly through the inductive coupling and rectified to power the LED 
pixel. Once the glucose concentration increases, the decrease in the sensor 
resistance leads to a decrease in the bias applied to the LED pixel. This 
way, the glucose level above a threshold will be wirelessly monitored and 
reflected in the off state of the integrated LED display.

2.3.2 Breath and Body Odor

In addition to monitoring respiration rate as discussed in Section 2.2.5, 
monitoring biochemical characteristics of the respiration, such as breath 
humidity, volatile organic compounds (VOCs), and disease-specific bio-
markers in exhaled breath, is of increasing interest for the diagnosis of 
diseases. For example, the concentration of emanated ethanol, acetone, 
trimethylamine, and ammonia can be correlated with hepatic steatosis, 
diabetes, uremia, and kidney disorders, respectively [109, 110].

Recent efforts on nanotextiles for breath humidity sensing include the 
application of MoS2-coated optical fibers [111], GO-coated silk fabric [91], 
MXene/AgNW decorated silk [112], and nitrogen-doped rGO fibers [113]. 
MXene/AgNW decorated silk, for example, detects the mouth and nose 
breath through the change in resistance [112]. The decorated silk textile 
also possesses superior electromagnetic interference shielding perfor-
mance and superhydrophobicity. In another work, humidity sensors based 
on nitrogen-doped and Pt NPs functionalized rGO fibers yield a relative 
humidity (RH) sensing range of 6.1–66.4% and a sensitivity of 4.51% 
(66.4% RH) [113]. As described in Figure 2.7a, a portable breath humid-
ity platform was constructed by integrating the sensor with a flexible 
printed circuit board for wireless data communication to a smartphone. 
An increased resistance change was observed for higher breath humidity.

The detection of gaseous biomarkers in exhaled breath requires gas sen-
sors with high sensitivity and selectivity in a humid environment. In a rep-
resentative work, electrospun WO3 NFs were leveraged for sub-ppm level 
gas sensing [114]. The gas sensor provides high sensitivity, superb selectiv-
ity, and fast response. By employing sensor arrays composed of WO3 NFs 
functionalized with three types of catalysts (i.e. Pt, Pd, and Rh NPs), ten 
different biomarkers can be clearly identified and detected using the prin-
cipal component analysis (Figure 2.7b).

In addition to exhaled gas in the breath, other body odors, such as urine 
odor, can also be indicative of diseases. Figures 2.7c and 2.7d highlight an 
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118 Smart Nanotextiles

electronic nose composed of four gas sensors for the detection of differ-
ent body odors [115]. The wearable electronic nose exploits four different 
polymer/SWNT-COOH nanocomposites, which were coated onto inter-
digitated electrodes prepared by embroidered conductive threads. With 
principal component analysis, the electronic nose can be used for detecting 
VOCs, such as ammonium hydroxide, ethanol, pyridine, triethylamine, 
methanol, and acetone. The electronic nose could distinguish the body 
odors between two volunteers through the analysis of VOCs from urine, 
armpit, and exhaled breath.
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Figure 2.7 Smart nanotextiles for biochemical monitoring in breath and body odor. 
(a) Photographs showing the portable breath humidity sensor based on Pt functionalized 
rGO fibers (reprinted from reference [113], with permission of John Wiley and Sons). 
(b) Pattern recognition of 10 different biomarkers at different concentrations using 
principal component analysis (PCA) and mesoporous WO3 NFs functionalized with 
catalytic Pt, Pd, and Rh NPs (reprinted from reference [114], with permission of American 
Chemical Society). (c) Photographs (top) and schematic (bottom) of gas sensors enabled 
by coating polymer/functionalized-SWNT nanocomposites onto embroidered conductive 
threads (reprinted from reference [115], no permission is necessary under the terms of 
Creative Commons CC BY license). (d) Schematics showing the detection of VOCs in 
different body odors (reprinted from reference [115], no permission is necessary under 
the terms of Creative Commons CC BY license).   
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Smart Nanotextiles for Wearable Health Monitoring 119

2.4 Multimodal Monitoring

Multimodal monitoring and correlation of different physiological param-
eters provide a more comprehensive insight into personal health as com-
pared to nanotextile sensors with single functions, allowing for more 
efficient assessment and more informed disease management. Multimodal 
monitoring can be achieved by employing sensors with multifunctional 
sensing capabilities or by integrating different sensors into a multisensory 
platform. This section discusses the recent progress on this front.

2.4.1 Multimodal Monitoring of Physical Biomarkers

Being conformal, lightweight, and unobtrusive, nanomaterial/textile inte-
grated strain and pressure sensors can be applied to monitor many health 
and activity related signals, as schematically shown in Figure 2.8 [84]. For 
instance, in addition to detecting blood pulse, piezoresistive sensors can 
also be put onto the wrist, elbow, finger, or knee joints to track various 
human motions. Conductive materials, such as carbon black [116], car-
bonized silk/cotton/woven [62, 117, 118], CNTs [63], graphene [119], GO 
[91], AgNWs [120], are often combined with existing textile/fabric/yarns 
to form the strain sensing elements. Analysis of body motions is beneficial 
to the assessment of body activities and the diagnosis of epilepsy, stroke, 
nervous system diseases, Parkinson’s disease, and sports injuries [46, 121–
123]. Another application of strain and pressure sensors is to sense muscle 
movement and facial expressions by detecting skin movement on different 
locations, such as forehead, cheek, or philtrum [116, 120, 124]. When put 
onto the vibrating throat, mechanical sensors can also be used to monitor 
vocal vibrations when the subject makes different pronunciations [61–63, 
66, 117, 125–128]. 

Multimodal sensing of blood pulse and respiration rate, together with 
diverse other physical signals, can be readily obtained by attaching strain 
sensors to the skin surface [85–90]. In particular, recently reported rGO 
textile-based strain sensors were fabricated through a simple dip-coating 
process [84]. With sensors attached to the finger, wrist, elbow, knee, abdo-
men, throat, and mouth (Figure 2.8), both large deformations related to 
finger, wrist, elbow, and knee bending, and subtle deformations associated 
with blood pulse, abdominal breathing, phonation, facial expression, mus-
cle movement are monitored. Pressure sensors based on carbonized silk 
NFs [89] and strain sensors based on crisscross interlaced graphene woven 
fabrics [129] were developed for concurrent sensing of blood pressure, 
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120 Smart Nanotextiles

blood pulse, and/or respiration. Figure 2.9a presents the sensing of wrist 
pulse and jugular venous pressure using the graphene woven fabrics [129]. 
The sensitivity of the strain sensor is sufficient to clearly identify the char-
acteristic percussion (P), tidal (T), and dicrotic (D) waves in the wrist pulse 
and A wave, X decent, C wave, V wave, and Y decent in the biphasic wave-
form of the jugular vein. Additionally, these strain and pressure sensors are 
applicable for resolving the external sound vibration and/or spatial resolu-
tion of touch and pressure.

Figure 2.9b presents an effort to realizing the multifunctional sensing 
of body temperature and mechanical signals using skin-inspired, layered 
sensors [130]. The top light/temperature sensors emulate the epidermis, 
the middle pressure sensor mimics the dermis, and the bottom tempera-
ture sensor is inspired by the hypodermis. The wrist temperature, blood 
pulse, as well as external pressure and infrared light illumination can be 
detected with negligible interference between different sensing modalities. 
In another work, in addition to thermoresistive temperature and piezore-
sistive strain sensing capabilities, the application of graphene doped porous 
PU fibers adds a self-cooling function to the sensor, taking advantage of the 
high infrared radiation transparency [131]. The integrated smart sports-
wear enables the monitoring of vital signs (e.g. body temperature, blood 

(a) (b)Finger Bending Wrist Bending

Elbow Bending

Finger Pulse

Facial Expressions

Mouth Motion

Pulse

Vocal Vibration

Wrist Pulse

Abdominal Breathing
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Figure 2.8 Smart nanotextiles for multimodal monitoring of skin deformation associated 
physical biomarkers. (a) Schematics showing the multifunctional monitoring of different 
body motions using the wearable textile strain sensor (reprinted from reference [84], with 
permission of American Chemical Society). (b) Schematics showing the multifunctional 
monitoring of pulse, respiration, facial expression, muscle movement, and vocal vibration 
using the wearable textile strain sensor (reprinted from reference [84], with permission of 
American Chemical Society).  
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Smart Nanotextiles for Wearable Health Monitoring 121

pulse, and respiration) as well as various muscle movement and body 
motions (e.g. swallowing, phonation, stretching, walking, chest expanding, 
finger bending, side twist). 

Apart from offering more comprehensive monitoring of physiological 
parameters, the correlation of electrophysiological variations and body 
motions provides a possible way to reduce motion artifacts present in bio-
potential signals using the collected motion signals [46, 49, 132]. Figures 
2.9c–e exemplify AgNW based multifunctional textiles, which incorporate 
four dry electrodes for ECG and EMG sensing, a capacitive strain sen-
sor for motion tracking, and a wireless heater for wearable thermotherapy 
[46]. The combination of compliant nanomaterials, deformable structures, 
and scalable laser scribing patterning and heat press lamination processes 
results in mechanically and electrically robust devices without compro-
mising the stretchability, wearability, and washability of textiles. Similar 
integration of ECG/EMG sensing and motion tracking capabilities in 
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Figure 2.9 Smart nanotextiles for multimodal monitoring of physical biomarkers. 
(a) Multifunctional monitoring of wrist pulse (left) and jugular venous pressure (right) 
by graphene woven fabric-based strain sensors (reprinted from reference [129], with 
permission of American Chemical Society). (b) Schematic illustration of skin-inspired 
multifunctional sensors. L/T-Sensor: Light/Temperature sensor, P-Sensor: Pressure sensor, 
T-Sensor: Temperature sensor fibers (reprinted from reference [130], with permission of 
John Wiley and Sons). (c) Integrated textile patch consisting of four dry electrodes (three 
are in the front, one in the back), a capacitive strain sensor, and a wireless heater for sports 
applications (reprinted from reference [46], with permission of American Chemical 
Society). Photographs showing the placement of the textile patch for (d) EMG sensing and 
(e) elbow bending tracking (reprinted from reference [46], with permission of American 
Chemical Society).
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122 Smart Nanotextiles

electronic textiles was achieved by the application of nanofiber reinforced 
Ag composites and the introduction of buckling structures [49].

2.4.2 Multimodal Monitoring of Physical and Chemical 
Biomarkers

Progress has also been made to achieve multimodal sensing of physical 
and biochemical parameters. The McAlpine group proposed a graphene/
silk platform that can interface with the tooth for monitoring respiration 
patterns and bacteria in saliva down to the single bacterium level [133]. As 
schematically illustrated in Figure 2.10a, the platform consists of a sensing 
element based on functionalized graphene and integrated wireless power 
and readout element based on an interdigitated capacitor in connection 
with an inductive coil antenna. The exhaled breath or the concentration of 
bacteria (H. pylori, a biomarker for duodenal ulcers and stomach cancers) 

(a) (b)

(d)
(c)

(e)
Working

electrode
Reference
electrode

Counter
electrode

10 mmStrain sensor

Thread physical sensors
(temperature, strain, …)

(pH, glucose, …)

Electronic
readout

Thread-based
micro�uid channels

Adipose tissue

Epidermis
Dermis

Thread chemical
sensors

Ag/AgCl
connectors

Figure 2.10 Smart nanotextiles for multimodal monitoring of physical and chemical 
biomarkers. (a) Schematics of tooth-based biosensors composed of functionalized 
graphene as the sensing element and integrated interdigitated electrode and inductive 
coil antenna as the wireless readout (reprinted from reference [133], with permission 
of Springer Nature). (b) Photograph of the tooth-based sensor for remote monitoring 
of breath and bacteria in saliva. Scale bar, 1 cm (reprinted from reference [133], with 
permission of Springer Nature). (c) Integrated physical and biochemical sensing 
platform for wireless health monitoring, where microfluidic channels, sensors, and 
interconnects are all enabled by threads (reprinted from reference [134], no permission 
is necessary under the terms of Creative Commons CC BY license). (d) Photograph of 
the embroidered thread-based strain sensor and interconnects (reprinted from reference 
[134], no permission is necessary under the terms of Creative Commons CC BY license). 
(e) Photograph of the embroidered thread-based glucose sensor (reprinted from reference 
[134], no permission is necessary under the terms of Creative Commons CC BY license).
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in saliva alters the resistance of the graphene sensor and accordingly 
changes the resonance frequency and bandwidth detected from a reader 
coil antenna (Figure 2.10b). The combination of wearable biosensor and 
wireless transmission modules facilitates battery-free and remote moni-
toring. Compared with the widely used Bluetooth for wireless communica-
tions, this passive wireless module is simple in architecture and eliminates 
the need for an on-board power source [15].

Another noteworthy platform that integrates both physical and bio-
chemical sensors is highlighted in Figure 2.10c, where microfluidic chan-
nels, sensors, and interconnects are all enabled by threads [134]. To create 
microfluidic channels for the collection and delivery of fluid analytes, 
hydrophilic threads were embroidered onto a hydrophobic woven fabric. 
Conductive threads infused with diverse functional materials (i.e. CNTs, 
carbon nanopowders, polyaniline, and Ag/AgCl) are employed as sensing 
elements for strain, temperature, pH, and glucose sensors (Figures 2.10d 
and 2.10e). Flexible conductive threads are used for interconnections with 
electronics for data acquisition, processing, and wireless communication. 
In vivo experiments on rats were performed to demonstrate the capabilities 
of quantifying gastric and subcutaneous pH, as well as the strain associated 
with different would closure status.

2.5 Conclusions and Future Remarks

As an integral part of the body, smart nanotextiles offer an unobtrusive 
way to collect paramount physiological parameters and have progres-
sively changed the landscape of healthcare [92, 94, 135]. By facilitating 
early diagnosis, therapeutic prevention, and informative disease manage-
ment, smart nanotextiles provide a viable solution to reducing healthcare 
expenses. These benefits have driven up the market size. According to a 
report conducted by Grand View Research, the global revenue for medical 
textiles was $16.7 billion in 2018 and expected to reach $23.3 billion by 
2025, increasing at a compound annual growth rate (CAGR) of 4.9% for 
the period of 2018 to 2025 [136]. The global market for nanotextiles is pro-
jected to grow at a CAGR of 23.6% and anticipated to reach $14.8 billion by 
2024 from $5.1 billion in 2019. Increasing demands for wearable medical 
devices is one of the major factors that drive the nanotextile market across 
the globe [137].

Despite the inspiring progress, the research on nanotextiles remains 
at the stage of proof-of-concept demonstrations in lab settings, far from 
being satisfactory for consumer-level devices. Several challenges need to 

 10.1002/9781119654872.ch2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/9781119654872.ch2 by N

orth C
arolina State U

niversity, W
iley O

nline L
ibrary on [25/11/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



124 Smart Nanotextiles

be addressed before we can take full advantage of health monitoring based 
on nanotextiles. One grand challenge arises from the rough, curve, and 
porous surfaces of textiles as compared to planar substrates, which poses 
a challenge to the scalable fabrication process [14, 138–140]. For example, 
surface treatment of textiles is often required to modify the water contact 
angle and roughness for improved printing quality [45, 103, 105]. With 
respect to continuous wearable applications, the long-term biocompati-
bility over extended daily wear, as well as the structural and functional 
integrity under repeated deformations and complex biological environ-
ments need to be systematically studied. Furthermore, innovations on 
biocompatible encapsulation techniques that can improve the resistance 
to humidity, sweat, oxygen, and washing process are highly desirable. The 
development of nanotextile also necessitates continued efforts on scale-up 
manufacturing techniques and optimal human factor designs to ensure 
wide user adoption.
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