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Abstract: Wearable health-monitoring devices are novel and integral developments based on smart-textiles. 
Conventional wearable technology consists of micro-controllers and a variety of electronic devices embedded on 

the skin, or incorporated into the apparels, where they act as signal receptors, analytical devices and transmitters 

of the signals generated from the human body. Invasive methods are currently more commonly practiced where 

biofluids are obtained by penetrating the body by incision or injection, while in non-invasive methods no such 

penetrations take place. A critical review of current non-invasive wearable technology, including colorimetric, 

enzymatic, pH based, electrochemical and conductivity sensors, is presented in this paper along with the chal-

lenges and limitations they pose. Additionally, novel techniques of analysis have been explored concluding that a 

textile-based medium offers higher compatibility for integration of such sensors in comparison to other existing 

substrates. 
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1  Introduction 

1.1  Autonomous Non-invasive Sampling Ne-
cessity 

As in all analytical methods, for both continuous 
and non-continuous health-monitoring, access to a 
representative sample is vital [1]. Conventional, 
wearable health monitoring and tracking devices use 
invasive sampling methods and non-invasive sampling 
methods to collect and analyze bio fluids of the human 
body. Invasive methods include sampling of bio fluids 
such as blood, cerebrospinal fluid whereas non-invasive 
methods use biofluids such as sweat, tears, saliva and 
skin interstitial fluid that are naturally excreted from 
the human body [2]. However, limitations exist in 
invasive sampling, including infections resulting from 
frequent sampling, being more prone to defilement, 
limited storage period and difficulties in continuous 
monitoring [3]. In addition, the intrusive nature of these 

sensors poses a risk to the patient, especially with 
neonatal, and elderly patients suffering from 
hemophobia, thus consequently impeding the process 
of obtaining patient data that is desired for diverse 
biomedical applications [2]. 

Saliva, tear, sweat and skin interstitial fluid have 
been investigated through literature as alternative 
non-invasive sampling methods as opposed to invasive 
sampling methods including blood and urine [2]. “Sweat” 
or the action of “sweating” is a physiological process 
that provides evaporative cooling of the skin as 
necessary to regulate the body temperature [4]. While 
99% of sweat constitutes water, it also consists of many 
different inorganic and organic bio chemical 
compounds including mineral salts, ammonia, urea, 
lactate, glucose, cortisol, uric and ascorbic acids, 
amino acids, lipids, proteins, peptides, metal ions, 
inhibitors, antibodies, and a variety of xenobiotics [5, 6]. 
Therefore, as a bio-fluid, sweat has the potential to 
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offer a broad diagnostic value in clinical medicine, 
military medicine, and sports science as it can be 
locally and non-invasively induced [3]. Thus, the above 
limitations have been overcome with sweat, tears, and 
urine sampling, which are non-invasive sampling 
methods, as these bio fluids have been found to be 
excellent analyzing media and health indicators.  

1.2  Bio-medical Validation of Non-invasive 
Sweat Sampling for Health-monitoring 

Various experiments have been conducted in the 
previous decades involving athletes and non-athlete 
personnel to determine an existing correlation and 
draw parallels between components of sweat and their 
corresponding concentration levels in blood. These 
experiments involve heated conditions, sprinting, 
cycling, vigorous exercises and tennis matches [1], [7–12]. 
Certain components such as sweat ammonium and 
lactate levels have been established under these 
conditions, since sweat, unlike blood, has a very low 
protein content (0.20 to 0.77 g l-l), and is therefore a 
better component for continuous monitoring [8]. 
Moreover, on-body assessment of sweat Calcium ion 
concentration and pH has been performed with a 5 min 
ramp-up and a 20 min biking at a power of 150 W, 
followed by a 5 min cool-down session, where sweat 
pH was observed to increase gradually mainly due to a 
decrease of lactic acid concentration in sweat and then 
stabilizing [13]. In addition,  co-relations between the 
concentrations of the components, including 
electrolytes, in blood and sweat have also been 
established through medical research [12]. Further, a 
statistically significant correlation between Sweat 
Glucose and Blood Glucose in a group of subjects with 
diabetes have been recognized through 
experimentations with obtaining data as the sweat rate 
varied over a ten-fold range [14].  

Mostly, the stimulations of sweat sampling have 
been based on active perspiring individuals, such as 
athletes and workers, but studies have revealed that 
sensing of sweat analytes could be performed over one 
time sampling and beyond active perspiring 

individuals with continuous sweat access in individuals 
at rest [15]. On that ground, different sample preparation 
strategies have been demonstrated to maximize the 
metabolite detection of sweat using human excreted 
sweat collected after moderate exercising. The sweat 
collection had been performed by excluding use of 
deodorants, perfumes and cosmetics one day prior to 
sweat collection, where active sweat was sampled by 
different body areas (forehead, chest and back) after 
moderate exercise of 30minutes, whereas passive 
sweat has been collected using sweat analyzing system 
from individuals at rest, concluding that a sample 
preparation is required before analyzing low molecular 
weight compounds (direct analysis was a failure) and 
that Dichloromethane is recommended as the solvent to 
extract non-polar and polar compounds from sweat [16]. 
Moreover, human trials have been conducted to detect 
dehydration and it was able to detect in less than an 
hour of relatively heavy exercise when combined with 
fluid restriction [17]. Hence, through literature, sweat 
can be established as a satisfactory bio indicator. 

Moreover, the mechanism of the nervous system 
that regulates the secretion of sweat is acutely sensitive 
and extremely precise [4], thus meeeting the above 
requirements of non-invasive sampling, researchers 
have identified and established sweat as a suitable 
non-invasive bio marker, since the sweat constituents 
have been testified as indicators of different 
physiological conditions through literature as 
demonstrated in Table 1. 

Many researchers have prepared artificial 
sweat solutions according to the Standard ISO 
3160-2 (20 g/L NaCl, 17.5 g/L NH4OH, 5 g/L 
acetic acid and 15 g/L lactic acid) to simulate the 
sweat response [26]. However, specific extraction of 
each of these components have been conducted 
using Ion Selective Electrodes (ISE) to capture 
ionic components [19, 27], and by using bio enzymes 
such as Lactate Oxidase [8, 28, 29] and Glucose 
Oxidase [29–32] to capture organic compounds 
present in sweat for analysis. 
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Table 1  Sweat Components and Their Corresponding Physiological Response 

Component Physiological Response 

Alcohol Increase triggers hypoglycemic glucose levels [18]. 

Ammonium Ions Increase is related to an increase in anaerobic metabolism, which involves the glycolysis pathway 
and purine nucleotide cycle (PNC) [8]. 

Calcium Ions 
Excessive accumulation in bio-fluids affects the function and structure of human body, causing 
myeloma, acid−base balance disorder, cirrhosis, renal failure, and normocalcaemic hyperparathy-
roidism [13]. 

Chloride Ions Potential indicator of Cystic Fibrosis where presence of potential fibroids results in an above 60mM 
concentration level of Chloride ions in sweat [19]. 

Cortisol 

Cortisol is released in response to stress and low blood-glucose concentration. Excess release 
increases blood sugar through gluconeogenesis, suppress the immune system, and aid in the me-
tabolism of fat, protein, and carbohydrates while also decreasing bone formation. This can also be 
used to diagnose Cushing’s syndrome and Addison’s disease [20]. 

Glucose Diabetes and accompanying complications including cardiovascular and kidney diseases, stroke, 
blindness, and nerve degeneration [21]. 

Lactate Lactate concentration levels is an indicator of physical exhaustion levels pressure ischemia and 
formation of pressure ulcers. It is also important for diabetes control and sports medicine [8], [11], [22].

Immunoglobulin-A Plays a major role in immune defense mechanisms [23]. 

Sodium Ions 

Holds a key role in the ionic equilibrium of body fluids and has a strong co relation between heart 
rate, sub-lingual temperature, and sweat rate. Patients with Addison's disease admitted to the hos-
pital with severe deoxycorticosterone acetate intoxication have demonstrated abnormally low 
concentrations of sweat sodium and chloride, which could in turn be used as a potential indicator of 
the disease [5, 12]. 

Urea, Uric Acid & 
Creatinine 

Uric Acid has been found to be a risk factor for cardiovascular disease, type 2 diabetes2, renal 
disease, and gout [24].  

Zinc Ions Change in zinc concentration in bio fluids is related to muscular damage and immune damage due to 
physical stress [25]. 

 

1.3  Limitations and Challenges of Using 
Sweat as an Analytical Medium for Bio-sensors 

Several challenges persist when using sweat as 
an analyzing medium. Challenges include irregular 
or low sweat generation rates during exercise, 
susceptibility of contamination with skin (bio) 
markers; cross contamination from old sweat, 
irreproducible sample transport over the detector 
surface, and lack of control of sample evaporation 
and volume [7]. Other challenges include prevention 
of cross contamination and enabling evaporation 
after the analysis, and avoiding potential microbial 
growth on the accumulating surface [3]. Furthermore, 
sample collecting may also present itself as a 
concern. Studies have shown that measurement of 
ionized calcium for clinical applications is not  

easily accessible due to its strict procedures and 
dependence on pH, therefore collection, measure- 
ment and analysis is required to be conducted under 
prescribed pH conditions [33]. Moreover, certain 
substantial variations may also present itself 
depending on the individual. Medical studies have 
concluded that the secretion of sweat chloride ions 
may vary from person to person, and the frequency 
of clinical diagnosis of Cystic Fibrosis may change 
especially within the intermediate range of 
30-60mM [19]. On the other hand, literature presents 
instances where a correlation between the 
concentration of the constituent in blood and sweat 
cannot be established. [30] has stated that their 
research has concluded that an individual’s blood 
glucose changes are not consistently matched by 
sweat glucose changes and that fasting sweat 
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glucose levels do not strongly correlate with fasting 
blood glucose levels. [34] also follows this 
perception from a medical point of view, 
concluding that sweat uric acid concentration is 
minimal, and hence may be insignificant for 
comparison across individuals. However, it does 
not bar the possibility of more complex, individual- 
specific correlations [30]. 

1.4  Overcoming These Challenges through 
Application of Wearable Technology 

An ongoing proliferation persists in the field 
of developing wearable biosensors for non-invasive 
monitoring of chemical/biological markers. Tech 
giants, including Apple and Google, are currently 
exploring avenues to access biochemical data, to 
move beyond the mature sensor technologies 
currently employed in exercise and sports, which 
are based on physical transducers or imaging 
technologies embedded within smart devices [1]. 
Wearable electronics itself has developed over the 
years and is at the brink of commercialization with 
products such as Lifeshirt®, Vivometrics®, 
Bodymedia® a body monitoring system, and the 
Nike Apple iPod Sports Kit that facilitates 
controlled individual feedback on performance 
during exercise [35]. With wellness devices being 
recognized as such, commercially, one basic 
challenge that needs to be addressed is the 
requirement of continuous, non-invasive monitoring 
of bio chemical markers to determine current 
physiological status as well as to detect underlying 
chronic health conditions [18]. 

2  Investigation of Wearable Bio-sensor 
Technology 

2.1  Colorimetric Analysis 

Earlier literature studies have demonstrated whole 
body wash down techniques after a rigorous physical 
activity [4, 8, 26]. However, this cannot guarantee high 
accuracy, and can also be regarded as an invasion of 

privacy. Other sampling methods include skin patches 
attached to adhesive membranes [36], textile based [37] 

with colorimetric analysis techniques. Colorimetric 
analysis determines the concentration of the compound 
using a color reagent. Nevertheless, these systems 
are not able to provide real-time data since there is a 
substantial delay between data collection and 
analysis [26]. Furthermore, risks involving cross 
contamination of the samples, during sample handling 
and analysis [26], issues such as inability to quantify 
sweat volume, inability to extract and store sweat for 
further analysis [3], exist in this method. On the other 
hand, colorimetric analysis is simple and cost 
effective [3]. Moreover, colorimetric analysis has also 
been incorporated into miniature cartridges that can be 
inserted into smartphones, together with a luminometer 
for analysis. To the contrary, background florescence 
and light scattering present in smart phones exist as key 
challenges that need to be addressed regarding this 
methodology [22].  

2.2  Enzymatic and Electrochemical Analysis 

One major requirement of a wearable 
electrochemical sensor is its ability to selectively 
discriminate and measure target components [13]. 
Literature presents instances where electrochemical 
analysis has been coupled together with or without 
enzymes, as presented in Table 2. 

The use of portable electroanalytical techniques 
in sweat-based wearable technology includes 
amperometric, cyclic voltammetry, Chrono ampero- 
metric, and Electrochemical Impedance Spectroscopy 
(EIS) [20]. However, the use of enzymes has 
demonstrated issues in some instances. [15] states that a 
stimulation of sweat ethanol with enzymatic analyzing 
has been left with two unsolved disputes including 
where the rapid increase and gradual decay in sweat 
generation rate with time which had obstructed 
prolonged monitoring and unpredictable analyte 
dilution due to hydrogel reservoir where the enzymatic 
sensor is located. 

2.3  pH-based Analysis 

By way of an alternative, pH is an easier to 
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Table 2  Developments Associated with Enzymatic and Electrochemical Analysis 

Development Reference

Paper based microfluidic electrochemical glucose biosensor on RGO-TEPA/PB sensitive film [38] 

3D micro patterned stretchable substrate [39] 

Three-dimensional paper-based microfluidic electrochemical integrated devices (3D-PMED) for wearable 
electrochemical Glucose detection 

[9] 

Development of a wearable electrochemical sensor for voltammetric determination of Chloride ions [40] 

Epidermal microfluidic electrochemical metabolite detection [7] 

A stretchable and screen-printed electrochemical sensor for Glucose determination [41] 

Skin-attachable, stretchable electrochemical sweat sensor for Glucose and pH detection [42] 

Flexible and ultrasensitive electrochemical biosensor for sweat Glucose detection [10] 

A wearable electrochemical platform for noninvasive simultaneous monitoring of Ca2+and pH [13] 

Dual signal amplification of Glucose Oxidase-functionalized nanocomposites as a trace label for ultrasensitive 
simultaneous multiplexed electrochemical detection of Tumor markers 

[43] 

A wearable electrochemical sensor for the real-time measurement of sweat sodium concentration [44] 

Wearable/disposable sweat-based glucose monitoring device with multistage transdermal drug delivery 
module 

[21] 

Ion sensor for the quantification of Sodium in sweat samples [45] 

 
measure physiological parameter in sweat [26]. The 
analysis of the acidic nature of human excreted sweat, 
which corresponds to the pH measurement, dates back 
over a century where in 1892 Heuss outlined the acidic 
nature of the skin. Preliminary analysis has concluded 
that Acute eczema with skin surface erosion, 
Seborrheic dermatitis, Atopic dermatitis and 
Xeroderma is caused due to fluctuations in pH levels of 
the surface of the skin due to excreted sweat [46], hence 
facilitating pH monitoring as both an indicator as well 
as an analysis technique. In addition to that, pH is not 
heavily influenced by ambient temperature and 
measuring reagents (if used), and interferes minimally 
with complex bodily fluids [13].  

Moreover, literature studies have demonstrated 
successful incorporation of pH sensitive dyes unto 
textile substrates [26], barcode systems using ionic 
liquid polymer gels [35], ISFET (Ion Sensitive Field 
Effect Transistor) membranes [47], and other wide range 
of substrates to evaluate the change in pH conditions of  

body sweat. Therefore, pH analysis techniques can be 
considered as a suitable approach to monitor sweat 
components, however, certain limitations exist in this 
regard. The concentration change should be sufficient 
to trigger a response in the pH level and the 
components should be of acidic or basic nature. On the 
other hand, a pH sensitive reagent can be introduced to 
the substrate itself, without incorporating additional 
devices, with real-time analysis data accessible 
through the process itself [26, 47], which is an added 
advantage over colorimetric analysis techniques. Thus, 
the pH analysis technique can be considered congruous 
with real-time sweat monitoring of acidic and basic 
components. Hence, the requirement of a technique for 
monitoring neutral components, and components with 
a small variation in the pH values can be considered 
still prominent. 

2.4  Conductivity Based Analysis 

A real time sweat analyzing system for artificial 
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and human sweat based on alternating current 
conductivity has been developed with an efficient 
sweat collecting and detection system for dehydration 
based on 3D printing. Further studies have provided 
theoretical and experimental factors on the electrical 
and chemical behavior of artificial sweat with various 
concentrations within a temperature range of 50C - 
500C [17].  

This research presents that, in this system, the 
impedance measurement of solutions has been 
obtained using parallel-plate copper electrodes using 
the principle that when an electrode is immersed into 
an electrolyte solution, a layer is formed on the 
electrode surface from the adsorbed ions defining the 
inner Helmholtz plane (IHP), with the diffusion of ions 
occurring at the outer Helmholtz plane as represented 
by Warburg Impedance. Conductivity values required 
for the analysis has been obtained by conductance 
measurements with cell constant calibration and the 
respective values of different solutions have been 
plotted relative to the lowest concentrations predefined 
for each component establishing the relationship 
between relative concentration and conductivity and 
the results of the research is presented below in Fig 1. 

 

 
 

Fig.1  Relationship between Relative Concentration  
and Conductivity [17] 

 
Furthermore, [17] has revealed that the 

conductivity of an ionic solution is partially dependent 
on the temperature which varies according to the 
surrounding weather conditions. As the mobility of 
ions increases while the viscosity decreases when 

temperature increases where both factors increase the 
conductivity. 

Literature presents several methodologies of 
imparting conductivity directly to a textile including 
in-situ polymerization [48], coating using a conductive 
polymer [49] and electrospinning/spraying using a 
conductive polymer [50–55]. Screen printed sensors, 
graphene ink based printed sensors and coated textiles 
are susceptible to mechanical and chemical 
degradation over time [2]. Therefore, imparting 
conductivity to the textile is expected to be conducted 
through electro spinning where the surface areas of the 
bio sensors can also be improved by introducing Nano 
porous structures, [42] in addition to incorporating 
conductivity to the surface.  

Micro controllers can be successfully used for 
such conductivity analysis, while replacing them with a 
specific controller; “Lilypad Arduino” has been 
specifically designed for wearable applications since it 
consists of pins that can be stitched to, using 
conductive threads [56].  

Moreover, Internet of Things (IoT) platforms 
have emerged as a class of rapidly evolving embedded 
technologies that interconnects everyday objects in the 
environment with sensors using internet to create 
application specific solutions for remote, real-time 
monitoring as any contribution to IoT and rendering a 
service from IoT requires synergetic activities [57,  58]. 
IoT has primarily made its way into the bio-sensing 
applications market through continuous self- tracking 
of health indicators [59]. Therefore, the integrated data 
of a wearable devices have been aggregated on IoT 
platforms, to facilitate continuous monitoring [18]. 

3  Investigation of the Flexible Substrates 
Used in Incorporating Bio-sensor Tech-
nology 

3.1  Application of Smart Textiles in Biosen-
sors 

Textiles have been recognized as a promising 
platform for the integration of wearable chemical 
sensors due to their inherent breathability, flexibility, 
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softness and comfort [60]. This multifunctional interactivity, 
enabled by smart textiles, promotes a higher quality of 
life and progress in biomedicine, as well as in several 
health-focused disciplines, such as biomonitoring [61], 
telemedicine [62, 63], teleassistance [64-66], ergonomics [67], 
rehabilitation [65, 68] and sport medicine [69].  

Consequently, textiles have been functionalized 
as smart textile sensors [70], as substrates for electro 
chemical devices [60], to incorporate Nano-spider 
technology as wound dressings and filter mediums [71], 
as potentiometric pH sensors [72], for textile based bio 
mechanics [73] and smart wound dressings [74], to be 
successfully utilized in the bio medical industry.  

The advantages in application of smart textiles 
include the ability to impart desirable properties 
through selection and functionalizing of fibers, yarn 
spinning methods, fabric construction methods and 
fabric finishes. Such fiber functionalization has been 
presented in literature, including the development of 
Textile organic electrochemical transistors (txOECTs), 
where the selectivity of a textile biosensor has been 
improved by directly functionalizing the textile device 
with ion selective membranes through consecutive 
functionalization of the textile fiber [70], and the 
application of fiber-based implants (BTFIs) such as 
silk-based biomaterials (SBBs) for extracorporeal 
implants, soft tissue repair, and healthcare/hygiene 
products [75], as demonstrated below in Fig.2 (a), (b) 
and (c).  

On the other hand, the fabric construction method, 
such as knitting and weaving technologies, have been 
used to develop textile-based wearable electrochemical 
devices that can be incorporated onto T-shirts and other 
apparels and to develop multiplex patch-based 
chemical sensors assembled into a textile, which 
exhibited excellent sensing performance by the 
hierarchical woven and porous structures [60]. 

Therefore, it is evident through literature that a 
textile possesses the capacity to be adapted and 
developed according to the requirements of a wearable 
sensing device, after adapting suitable techniques for 
incorporation onto the garments.  

3.2  Adaptation of Smart Textile-based Sub-
strates onto Wearable Devices 

In terms of wearable substrates paper based 
analysis has become popular due to less sample 
consumption, rapidness, miniaturization, and low cost. 
However, paper based analysis is limited to colorimetric, 
electro-chem-luminescence, chem- luminescence and 
surface based Raman spectroscopy [38]. Therefore, real 
time in-situ analysis based on conductivity, which the 
current research is based on, cannot be proclaimed on a 
paper based approach. Nevertheless, fabrics can be 
considered as a suitable substrate due to excellent 
contact with the skin, which could be enhanced by 
developments of the textile. The large surface area also 
provides ample space for integrating supportive 
electronics [40]. 

Moreover, a textile substrate has many 
advantages including ease of manufacture, economical 
adaptability, compatibility with human skin and ease of 
incorporation into apparels [61]. Furthermore, Cotton, 
Wool and Nylon have proven to offer a wide variety of 
physical and chemical properties, favorable for bio 
chemical sensors [2]. Literature studies have presented 
several low cost textile-based electrochemical senses, 
that have utilized these favorable attributes. Besides, , 
textile substrates that have been used for developing 
wearable sensors consists of other inherent properties, 
in addition to those expected as a substrate material. 
These properties include a combination of moisture 
wicking properties and moisture absorbency [56]. 

Moreover, textile based structures can be utilized 
to create micro-fluid structures within the substrate [76, 77] 

as presented in Fig.3. The use of microfluidics 
enhanced the bio-fluid sampling process and achieved 
higher temporal resolution for wearable sensing by 
constantly supplying newly secreted bio-fluids to the 
sensor [24], therefore achieving this through the 
application of a textile substrate has been conducted in 
many researches. 

Nonetheless, studies have revealed that the use of 
textiles in the field of wearable body-fluid monitoring 
devices is limited. This may be due the requirement of 
certain optimal properties of the substrate, including 
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possessing inert properties, non-interference with the 
electrochemical behavior of the analyte [40], and the 
ability to generate a response based on colorimetric, 
amperometric or electric signals and triggers [7, 36, 40, 61]. 
Therefore, many textile-based devices have required 
external detection systems or external triggering 
systems to indicate a response upon receiving 
biometric data. 

Moreover, fabrics are an excellent substrates to be 
developed as wearable sensors due to their durability, 
lightweight and its various physical and chemical 
properties, which could be utilized with electrochemical 
sensors [61, 78]. Most of the textile based electrochemical 
sensors are screen-printed onto various fabrics where  

the effect of various fabrics on the print quality and the 
analytical responses of the printed sensors have been 
examined under different conditions of mechanical 
stress and washing [78] . Researches have been 
conducted with healthcare monitoring electrochemical 
amperometric sensors printed directly on the elastic 
waist of undergarments and has detected positive 
responses and measurements [79]. In addition, textiles 
have proved to have excellent microfluidic capacities. 
Voids between fibers form capillary channels that 
facilitate liquid flow without the requirement of 
external pumping [77]. Researchers have used woven 
cotton cloth which have been considered to have 
wettability and hydrophilicity due to the porous 

 

 
 

Fig.2  Textile Integrated Health Monitoring Devices (a) Textile organic electrochemical transistors [70], (b) Dry spun  
Gold fiber as a Lactate sensitive electrode [60], (c) A schematic and real image of a wireless tattoo-based  

resistive sensor for Staphylococcus aureus [2] 
 

 
 

Fig.3  A Multi-inlet–single-outlet Design Fabricated Using Hydrophilic Cotton Yarn on a Superhydrophobic Textile [36] 
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structure of cloth formed by the gaps between the 
woven threads, demonstrating that this porous 
structure is sufficient for providing capillary force and 
rapid wetting and wicking [80], which is essential for 
collecting body fluids for health monitoring. 

4  Investigation of Flexible and Wearable 
Device Technology 

4.1  Classification of Recent Advances in 
Wearable Bio-sensor Technology 

Different techniques and developments have been 
introduced to overcome several concerns that have 
been posed. Literature presents such research 
conducted on sweat analysis using a wide variety of 
different analyzing techniques that  include 
calculating the sweat rate through a fabricated 
capacitive sweat sensor by measuring the capacitance 
vs voltage [81], measuring the volume and the chemical 
properties of sweat using dielectric detection, and also 
using colorimetric demonstrations, while using 
capacitive electrodes integrated with flexible and 
stretchable wireless sensors [82], using soft epidermal 
microfluidic devices for sweat monitoring have been 
developed to capture and store sweat for colorimetric 
analyzing [83], using fluorometric analysis integrating 
an imaging module which could be paired with a 
smartphone to measure the sweat content (chloride, 
sodium and zinc concentrations) [84], developing 
stretchable wireless sensor patches based on 
electrochemical analysis [31] and many other novel 
methods.  

As of recent, the developed methods with the 
highest sensitivity per sweat component have been 
compared below in Table 3. 

Furthermore, these devices possess unique 
technologies, such as water proofing techniques to 
facilitate use in aquatic and arid systems [12] as 
demonstrated micro fluidic channels with fluorescent 
probes to react separately with sweat components [86], 
and battery free wireless electronic sensing platform 
based on biofuel cells which integrates chronometric 
micro-fluid platforms to detect sweat rate, pH, lactate, 

glucose and chloride, where data transferred through 
NFC electronics, as shown in Fig.4. 

4.2  Limitations and Challenges of Existing 
Wearable Devices Used for Non-invasive Sweat 
Monitoring 

Literature has indicated several affairs that 
contribute negatively to the performance of existing 
sweat monitoring devices. According to the conducted 
literature survey, most wearable microfluidic platforms 
are based on silicone elastomers, which require 
complicated fabrication processes and expensive 
microfabrication facilities [11, 24, 86]. Moreover, sweat 
based Glucose sensing using Glucose Oxidase itself 
presents several challenges including activation of 
Glucose Oxidase due to Lactic acid secretion, 
surrounding temperature changes, mechanical friction 
causing the enzyme to delaminate and deformations of 
the skin [21]. Neverthless, studies on sweat Uric Acid, 
and their use for dynamic health monitoring and 
personalized intervention has not been investigated, 
since the task at hand has been considered challenging 
because of their low concentrations [24], and several 
researches have been conducted to find solutions for 
the elimination of  the challenging factor of using 
sweat sensors in aquatic or arid environments. 
Researchers have discovered materials and designs for 
waterproof microfluidic systems for sweat patches to 
enable sweat collection, storage and analysis even in 
aquatic environments using laminated structures [87] 

Other challenges include device resiliency, long 
term stability and bio compatibility, where additional 
issues are faced by textile based sensors of which 
washing exerts mechanical, heat and chemical 
degradation. Moreover, target analytes may require bio 
affinity protocols, which could be overcome through in 
vitro  with s sensors being subjected to harsh 
conditions. Literature suggests further challenges 
including ability to detect low bio marker levels, 
powering the wearable device, where the latter has 
been addressed through wearable biofuel cells, 
piezoelectric energy harvesting, and thin film 
batteries [2]. 
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Table 3  A Comparison of Developed Sweat Analyzing Devices 

Sweat 
Component Substrate Method of Detection Sensitivity 

Alcohol 

A gold Zinc Oxide (ZnO) thin 
film electrode stack has been 
fabricated on a flexible sub-
strate 

Immobilization has been achieved by incorporating enzyme 
complexes specific for alcohol detection on the Active ZnO 
region. The bio molecular interactions occurring at the elec-
trode-surface interface have been detected by the changes in the 
impedance and capacitive currents, occurring as a result of 
charge modulation [18]. 

0.01mg/dl [18]

Calcium 
Ions 

A flexible printed circuit 
board has been used. 

Detection has been achieved through a disposable and flexible 
array of Ca2+ and pH sensors. An inductively coupled plas-
ma-mass spectrometry technique and a commercial pH meter 
has been used for validation [13]. 

0.25Mm [13] 

Chloride 
Ions 

A flexible sweat patch has 
been used 

Detection has been conducted through a reference electrode and 
an array of chloride selective electrodes. The chloride sensitive 
electrodes have been produced by screen printing AgCl paste on 
a polyethylene terephthalate (PET) substrate [85]. 

0.001M [85] 

Cortisol 
Uses MoS2 Nano-sheets and 
a Nano-porous flexible elec-
trode system. 

The MoS2 Nano-sheets have been surface functionalized with 
cortisol antibodies to develop a biosensor and sensing has been 
achieved by measuring impedance changes associated with 
cortisol binding along the MoS2 Nano-sheet interface using 
electrochemical impedance spectroscopy [20]. 

1ng/ml [20] 

Glucose 
Adapts a three-dimensional 
paper based micro fluidic 
device 

Detection has been conducted through fabricating wax 
screen-printed layers of cellulose paper and a PET glucose 
sensing screen-printed integrated device. The corresponding 
glucose levels have been measured by an amperometric 
device[9]. 

0.1mM [9] 

Lactate An amperometric enzyme 
based highly flexible sensor 

Consists of a highly flexible laminate with highly porous Po-
lycarbonate membranes providing lateral support to the Lactate 
Oxidase enzyme, immobilizing through cross linking. Flexibil-
ity of the laminate has been achieved through using a Polyamide 
substrate [11]. 

1mM [11] 

 Technology has been incor-
porated into a smart phone 

Detection has been achieved with the technique of chemilumi-
nescence.3D printing technology has been utilized to manu-
facture a disposable cartridge that can be inserted into the 
phone. An enzyme coupled reaction using Lactate Oxidase has 
been used for the luminometer to detect the presence of Lactate 
[22]. 

0.1mM/l 
(0.9mg/dl) [22]

Sodium 
Ions 

A watch format in which 
platforms are designed to be 
securely attached to the skin 
using a Velcro strap. 

Sweat enters into the device and passes over solid-state so-
dium-selective and reference electrodes and into high-capacity 
adsorbent material. The liquid movement is driven by capillary 
action, and the flow rate through the device can be mediated 
through variation of the width of a fluidic channel linking the 
electrodes to the sample storage area [1]. 

0.1mM [1] 

 

A microfluidic component 
that is embedded with 
ion-selective sensors on a 
flexible plastic substrate 

Sampling is achieved by sweat flowing into the microfluidic 
device, governed by the pressure induced by the secreted sweat, 
electrochemical detection via a defined sweat collection 
chamber and a directed sweat route [86]. 

1µl/min [86] 

Urea, Uric 
Acid & 

Creatinine 

A laser-engraved sensor for 
simultaneous sweat sam-
pling, chemical sensing, and 
vital-sign monitoring 

A laser-engraved graphene-based chemical sensor (LEG-CS) 
has been used for monitoring low concentrations of Uric Acid 
with multiplexed LEG-based physical sensors (LEG-PS) for 
monitoring temperature and respiration rate and a la-
ser-engraved multi-inlet microfluidic module for dynamic 
sweat sampling [24]. 

0.74µM [24] 
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Fig.4  A Battery Free Wireless Electronic Sensing  
Platform [67] 

 

5  Conclusion 

A variety of different sensor embedded 
technologies have been used to develop wearable 
non-invasive health monitoring devices, since invasive 
sampling consists of difficulties such as, infections 
from frequent sampling, being more prone to 
defilement, limited storage period, and difficulties in 
continuous monitoring which can be eliminated 
through non invasive sampling of human excreted 
saliva, tears and sweat. 

Colorimetric, electro chemical, enzymatic, and 
conductive sensors have been developed with an array 
of different sensitivities to different components 
present in such excreted body fluids. These devices 
have been coupled together on different substrates 
including films, paper, and textiles. The devices that 
have been developed so far, consist of inherent 
capabilities as well as limitations, that are yet to be 
addressed through advancements of wearable 
technology. 

References 

[1] T. Glennon et al., “‘SWEATCH’: A Wearable Platform 

for Harvesting and Analysing Sweat Sodium Content,” 
Electroanalysis, vol. 28, no. 6, 2016, doi: 
10.1002/elan.201600106. 

[2] A. J. Bandodkar and J. Wang, “Non-invasive wearable 
electrochemical sensors: A review,” Trends in Biotech-
nology, vol. 32, no. 7. Elsevier Ltd, pp. 363–371, 2014, 
doi: 10.1016/j.tibtech.2014.04.005. 

[3] S. B. Kim et al., “Super-Absorbent Polymer Valves and 
Colorimetric Chemistries for Time-Sequenced Discrete 
Sampling and Chloride Analysis of Sweat via 
Skin-Mounted Soft Microfluidics,” Small, vol. 14, no. 12, 
Mar. 2018, doi: 10.1002/smll.201703334. 

[4] S. Robinson and A. H. Robinson, “Dill (5 I), Robinson (I 
TO), Winslow and Her-rington (221),” 1954. 

[5] A. Cazalé et al., “Physiological stress monitoring using 
sodium ion potentiometric microsensors for sweat anal-
ysis,” Sensors Actuators, B Chem., vol. 225, pp. 1–9, 
Mar. 2016, doi: 10.1016/j.snb.2015.10.114. 

[6] A. Mena-Bravo and M. D. Luque de Castro, “Sweat: A 
sample with limited present applications and promising 
future in metabolomics,” J. Pharm. Biomed. Anal., vol. 
90, pp. 139–147, 2014, doi: 10.1016/j.jpba.2013.10.048. 

[7] A. Martín et al., “Epidermal Microfluidic Electrochem-
ical Detection System: Enhanced Sweat Sampling    
and Metabolite Detection,” ACS Sensors, vol. 2, no. 12, 
pp. 1860–1868, Dec. 2017, doi: 10.1021/acssensors. 
7b00729. 

[8] K. Mitsubayashi’, M. Suzuki, E. Tamiya, and I. Karube, 
“Analysis of metabolites in sweat as a measure of phys-
ical condition the increasing desire to naturally enhance 
the performance of sportsmen and athletes through,” 
1994. 

[9] Q. Cao, B. Liang, T. Tu, J. Wei, L. Fang, and X. Ye, 
“Three-dimensional paper-based microfluidic electro-
chemical integrated devices (3D-PMED) for wearable 
electrochemical glucose detection,” RSC Adv., vol. 9, no. 
10, 2019, doi: 10.1039/c8ra09157a. 

[10] H. Yoon et al., “A chemically modified laser-induced 
porous graphene based flexible and ultrasensitive elec-
trochemical biosensor for sweat glucose detection,” 
Sensors Actuators B Chem., p. 127866, Feb. 2020, doi: 
10.1016/j.snb.2020.127866. 

[11] E. L. Tur-García, F. Davis, S. D. Collyer, J. L. Holmes, H. 
Barr, and S. P. J. Higson, “Novel flexible enzyme lami-
nate-based sensor for analysis of lactate in sweat,” Sen-
sors Actuators, B Chem., vol. 242, pp. 502–510, Apr. 



INSTRUMENTATION, Vol. 7, No. 2, June 2020  47 
 
 
 
 
 

 

2017, doi: 10.1016/j.snb.2016.11.040. 
[12] J. W. Conn and A. Arbor, “ELECTROLYTE 

COMPOSITION OF SWEAT Clinical Implications as 
an Index of Adrenal Cortical Function,” 1948. 

[13] H. Y. Y. Nyein et al., “A Wearable Electrochemical 
Platform for Noninvasive Simultaneous Monitoring of 
Ca2+ and pH,” ACS Nano, vol. 10, no. 7, 2016, doi: 
10.1021/acsnano.6b04005. 

[14] J. Moyer, D. Wilson, I. Finkelshtein, B. Wong, and R. 
Potts, “Correlation between sweat glucose and blood 
glucose in subjects with diabetes,” Diabetes Technol. 
Ther., vol. 14, no. 5, pp. 398–402, May 2012, doi: 
10.1089/dia.2011.0262. 

[15] Z. Sonner, E. Wilder, T. Gaillard, G. Kasting, and J. 
Heikenfeld, “Integrated sudomotor axon reflex sweat 
stimulation for continuous sweat analyte analysis with 
individuals at rest,” Lab Chip, vol. 17, no. 15, 2017, doi: 
10.1039/c7lc00364a. 

[16] M. M. Delgado-Povedano, M. Calderón-Santiago, M. D. 
Luque de Castro, and F. Priego-Capote, “Metabolomics 
analysis of human sweat collected after moderate exer-
cise,” Talanta, vol. 177, pp. 47–65, Jan. 2018, doi: 
10.1016/j.talanta.2017.09.028. 

[17] G. Liu et al., “Real-time sweat analysis via alternating 
current conductivity of artificial and human sweat,” Appl. 
Phys. Lett., vol. 106, no. 13, Mar. 2015, doi:10.1063/ 
1.4916831. 

[18] A. Bhide, S. Muthukumar, and S. Prasad, “CLASP 
(Continuous lifestyle awareness through sweat platform): 
A novel sensor for simultaneous detection of alcohol and 
glucose from passive perspired sweat,” Biosens. Bio-
electron., vol. 117, pp. 537–545, Oct. 2018, doi: 
10.1016/j.bios.2018.06.065. 

[19] F. Vermeulen, P. Lebecque, K. De Boeck, and T. Leal, 
“Biological variability of the sweat chloride in diagnostic 
sweat tests: A retrospective analysis,” J. Cyst. Fibros., 
vol. 16, no. 1, pp. 30–35, Jan. 2017, doi:10.1016/ 
j.jcf.2016.11.008. 

[20] D. Kinnamon, R. Ghanta, K. C. Lin, S. Muthukumar, and 
S. Prasad, “Portable biosensor for monitoring cortisol in 
low-volume perspired human sweat,” Sci. Rep., vol. 7, 
no. 1, 2017, doi: 10.1038/s41598-017-13684-7. 

[21] H. Lee et al., “Wearable/disposable sweat-based glucose 
monitoring device with multistage transdermal drug de-
livery module,” Sci. Adv., vol. 3, no. 3, 2017, doi: 
10.1126/sciadv.1601314. 

[22] A. Roda, M. Guardigli, D. Calabria, M. Maddalena 
Calabretta, L. Cevenini, and E. Michelini, “A 3D-printed 
device for a smartphone-based chemiluminescence bio-
sensor for lactate in oral fluid and sweat,” Analyst,    
vol. 139, no. 24, pp. 6494–6501, Nov. 2014, doi: 
10.1039/c4an01612b. 

[23] T. (Bio C. R. I. Okada and H. Konishi, 
“1988-Identification_of_secretory_immunoglobulin_A_
in_human_sweat_and_sweat_glands,” Soc. Investig. 
dermatology, vol. 90, no. 5, 1988. 

[24] Y. Yang et al., “A laser-engraved wearable sensor for 
sensitive detection of uric acid and tyrosine in sweat,” 
Nat. Biotechnol., vol. 38, no. 2, pp. 217–224, Feb. 2020, 
doi: 10.1038/s41587-019-0321-x. 

[25] J. Kim et al., “Wearable temporary tattoo sensor for 
real-time trace metal monitoring in human sweat,” 
Electrochem. commun., vol. 51, pp. 41–45, 2015, doi: 
10.1016/j.elecom.2014.11.024. 

[26] V. F. Curto, S. Coyle, R. Byrne, N. Angelov, D. Di-
amond, and F. Benito-Lopez, “Concept and development 
of an autonomous wearable micro-fluidic platform for 
real time pH sweat analysis,” Sensors Actuators, B 
Chem., vol. 175, pp. 263–270, Dec. 2012, doi: 
10.1016/j.snb.2012.02.010. 

[27] C. M. Yang et al., “Capacitive Sweat Sensor Constructed 
by Gui Diatomaceous Earth,” Procedia Eng., vol. 168, pp. 
181–184, 2016, doi: 10.1016/j.proeng.2016.11.212. 

[28] H. Guan et al., “A self-powered wearable 
sweat-evaporation-biosensing analyzer for building 
sports big data,” Nano Energy, vol. 59, pp. 754–761, 
May 2019, doi: 10.1016/j.nanoen.2019.03.026. 

[29] A. J. Bandodkar et al., “Battery-free, skin-interfaced 
microfluidic/electronic systems for simultaneous elec-
trochemical, colorimetric, and volumetric analysis of 
sweat,” Sci. Adv., vol. 5, no. 1, 2019, doi:10.1126/ 
sciadv. aav3294. 

[30] H. Y. Y. Nyein et al., “Regional and correlative sweat 
analysis using high-throughput microfluidic sensing 
patches toward decoding sweat,” Sci. Adv., vol. 5, no. 8, 
2019, doi: 10.1126/sciadv. aaw9906. 

[31] W. Dang, L. Manjakkal, W. T. Navaraj, L. Lorenzelli, V. 
Vinciguerra, and R. Dahiya, “Stretchable wireless sys-
tem for sweat pH monitoring,” Biosens. Bioelectron., vol. 
107, pp. 192–202, Jun. 2018, doi:10.1016/j.bios.2018. 
02.025. 

[32] A. Salim and S. Lim, “Recent advances in noninvasive 



48 M.H. Medagedara et al: Review of Recent Advances in Non-invasive, Flexible, Wearable Sweat Monitoring Sensors 
 
 
 
 
 

 

flexible and wearable wireless biosensors,” Biosensors 
and Bioelectronics, vol. 141. Elsevier Ltd, 15-Sep-2019, 
doi: 10.1016/j.bios.2019.111422. 

[33] W. Gao et al., “Fully integrated wearable sensor arrays 
for multiplexed in situ perspiration analysis,” Nature, vol. 
529, no. 7587, pp. 509–514, Jan. 2016, doi: 10.1038/ 
nature16521. 

[34] C.-T. Huang, M.-L. Chen, L.-L. Huang, and I.-F. Mao, 
“Uric Acid and Urea in Human Sweat,” 2002. 

[35] F. Benito-Lopez, S. Coyle, R. Byrne, C. O’Toole, C. 
Barry, and D. Diamond, “Simple barcode system based 
on inonogels for real time pH-sweat monitoring,” in 
2010 International Conference on Body Sensor Net-
works, BSN 2010, 2010, pp. 291–296, doi: 
10.1109/BSN.2010.9. 

[36] V. A. T. Dam, M. A. G. Zevenbergen, and R. van Schaijk, 
“Toward wearable patch for sweat analysis,” Sensors 
Actuators, B Chem., vol. 236, pp. 834–838, Nov. 2016, 
doi: 10.1016/j.snb.2016.01.143. 

[37] D. Morris, S. Coyle, Y. Wu, K. T. Lau, G. Wallace, and 
D. Diamond, “Bio-sensing textile based patch with in-
tegrated optical detection system for sweat monitoring,” 
Sensors Actuators, B Chem., vol. 139, no. 1, pp. 231–236, 
May 2009, doi: 10.1016/j.snb.2009.02.032. 

[38] L. Cao, G. C. Han, H. Xiao, Z. Chen, and C. Fang, “A 
novel 3D paper-based microfluidic electrochemical 
glucose biosensor based on rGO-TEPA/PB sensitive 
film,” Anal. Chim. Acta, vol. 1096, pp. 34–43, Feb. 2020, 
doi: 10.1016/j.aca.2019.10.049. 

[39] B. Y. Kim, H. B. Lee, and N. E. Lee, “A durable, stret-
chable, and disposable electrochemical biosensor on 
three-dimensional micro-patterned stretchable substrate,” 
Sensors Actuators, B Chem., vol. 283, pp. 312–320, Mar. 
2019, doi: 10.1016/j.snb.2018.12.045. 

[40] J. Bujes-Garrido and M. J. Arcos-Martínez, “Develop-
ment of a wearable electrochemical sensor for voltam-
metric determination of chloride ions,” Sensors Actua-
tors, B Chem., vol. 240, 2017, doi: 10.1016/j.snb.2016. 
08.119. 

[41] A. Abellán-Llobregat et al., “A stretchable and 
screen-printed electrochemical sensor for glucose de-
termination in human perspiration,” Biosens. Bioelec-
tron., vol. 91, 2017, doi: 10.1016/j.bios.2017.01.058. 

[42] S. Y. Oh et al., “Skin-Attachable, Stretchable Electro-
chemical Sweat Sensor for Glucose and pH Detection,” 
ACS Appl. Mater. Interfaces, vol. 10, no. 16, pp. 

13729–13740, Apr. 2018, doi: 10.1021/acsami.8b03342. 
[43] G. Lai, F. Yan, and H. Ju, “Dual signal amplification of 

glucose oxidase-functionalized nanocomposites as a 
trace label for ultrasensitive simultaneous multiplexed 
electrochemical detection of tumor markers,” Anal. 
Chem., vol. 81, no. 23, pp. 9730–9736, Dec. 2009, doi: 
10.1021/ac901996a. 

[44] B. Schazmann et al., “A wearable electrochemical sensor 
for the real-time measurement of sweat sodium concen-
tration,” Anal. Methods, vol. 2, no. 4, pp. 342–348, Apr. 
2010, doi: 10.1039/b9ay00184k. 

[45] E. K. Wujcik, N. J. Blasdel, D. Trowbridge, and C. N. 
Monty, “Ion sensor for the quantification of sodium in 
sweat samples,” IEEE Sens. J., vol. 13, no. 9, pp. 
3430–3436, 2013, doi: 10.1109/JSEN.2013.2257168. 

[46] K. Chikakane and H. Takahashi, “Measurement of Skin 
pH and Its Significance in Cutaneous Diseases,” Elsevier 
Sci. Clin. Dermatology, vol. 13, pp. 299–306, 1995. 

[47] S. Nakata, T. Arie, S. Akita, and K. Takei, “Wearable, 
Flexible, and Multifunctional Healthcare Device with an 
ISFET Chemical Sensor for Simultaneous Sweat pH and 
Skin Temperature Monitoring,” ACS Sensors, vol. 2, no. 
3, pp. 443–448, Mar. 2017, doi: 10.1021/acssensors. 
7b00047. 

[48] N. D. Tissera, R. N. Wijesena, S. Rathnayake, R. M. de 
Silva, and K. M. N. de Silva, “Heterogeneous in situ 
polymerization of polyaniline (PANI) nanofibers on 
cotton textiles: Improved electrical conductivity, elec-
trical switching, and tuning properties,” Carbohydr. 
Polym., vol. 186, pp. 35–44, Apr. 2018, doi: 
10.1016/j.carbpol.2018.01.027. 

[49] J. Molina, M. F. Esteves, J. Fernández, J. Bonastre, and F. 
Cases, “Polyaniline coated conducting fabrics. Chemical 
and electrochemical characterization,” Eur. Polym. J., 
vol. 47, no. 10, pp. 2003–2015, Oct. 2011, doi: 
10.1016/j.eurpolymj.2011.07.021. 

[50] L. Ge, Y. S. Zhao, T. Mo, J. R. Li, and P. Li, “Immobi-
lization of glucose oxidase in electrospun nanofibrous 
membranes for food preservation,” Food Control, vol. 26, 
no. 1, pp. 188–193, Jul. 2012, doi: 
10.1016/j.foodcont.2012.01.022. 

[51] A. Marrella et al., “‘Green-reduced’ graphene oxide 
induces in vitro an enhanced biomimetic mineralization 
of polycaprolactone electrospun meshes,” Mater. Sci. 
Eng. C, vol. 93, pp. 1044–1053, Dec. 2018, doi: 
10.1016/j.msec.2018.08.052. 



INSTRUMENTATION, Vol. 7, No. 2, June 2020  49 
 
 
 
 
 

 

[52] Y. Zhang, Y. Wang, J. Jia, and J. Wang, “Nonenzymatic 
glucose sensor based on graphene oxide and electrospun 
NiO nanofibers,” Sensors Actuators, B Chem., vol. 
171–172, pp. 580–587, Aug. 2012, doi: 10.1016/ 
j.snb.2012.05.037. 

[53] Q. Feng, X. Li, J. Wang, and A. M. Gaskov, “Reduced 
graphene oxide (rGO) encapsulated Co3O4 composite 
nanofibers for highly selective ammonia sensors,” Sen-
sors Actuators, B Chem., vol. 222, pp. 864–870, Jan. 
2016, doi: 10.1016/j.snb.2015.09.021. 

[54] A. Ahmed et al., “Preparation of PVDF-TrFE based 
electrospun nanofibers decorated with PEDOT- 
CNT/rGO composites for piezo-electric pressure sensor,” 
J. Mater. Sci. Mater. Electron., vol. 30, no. 15, pp. 
14007–14021, Aug. 2019, doi: 10.1007/s10854-019- 
01751-w. 

[55] G. Ren et al., “Electrospun poly(vinyl alcohol)/glucose 
oxidase biocomposite membranes for biosensor applica-
tions,” React. Funct. Polym., vol. 66, no. 12, pp. 
1559–1564, Dec. 2006, doi: 10.1016/j.reactfunctpolym. 
2006.05.005. 

[56] F. Benito-Lopez, S. Coyle, R. Byrne, A. Smeaton, N. E. 
O’Connor, and D. Diamond, “Pump Less Wearable Mi-
crofluidic Device for Real Time pH Sweat Monitoring,” 
in Procedia Chemistry, 2009, vol. 1, no. 1, pp. 
1103–1106, doi: 10.1016/j.proche.2009.07.275. 

[57] L. Atzori, A. Iera, and G. Morabito, “The Internet of 
Things: A survey,” Comput. Networks, vol. 54, no. 15, 
pp. 2787–2805, 2010, doi: 10.1016/j.comnet.2010. 
05.010. 

[58] S. Hiremath, G. Yang, and K. Mankodiya, “Wearable 
Internet of Things: Concept, architectural components 
and promises for person-centered healthcare,” Proc. 
2014 4th Int. Conf. Wirel. Mob. Commun. Healthc. - 
"Transforming Healthc. Through Innov. Mob. Wirel. 
Technol. MOBIHEALTH 2014, pp. 304–307, 2015, doi: 
10.1109/MOBIHEALTH.2014.7015971. 

[59] M. Swan, “Sensor mania! the internet of things, wearable 
computing, objective metrics, and the quantified self 2.0,” 
J. Sens. Actuator Networks, vol. 1, no. 3, pp. 217–253, 
2012, doi: 10.3390/jsan1030217. 

[60] R. Wang, Q. Zhai, T. An, S. Gong, and W. Cheng, 
“Stretchable Gold Fiber-based Wearable Textile Elec-
trochemical Biosensor for Lactate Monitoring in Sweat,” 
Talanta, p. 121484, 2020, doi: 10.1016/j.talanta.2020. 
121484. 

[61] N. Promphet et al., “Non-invasive textile based colori-
metric sensor for the simultaneous detection of sweat pH 
and lactate,” Talanta, vol. 192, pp. 424–430, Jan. 2019, 
doi: 10.1016/j.talanta.2018.09.086. 

[62] C. Textiles and N. Carolina, “Volume 3, Issue 2, Fall 
2003,” Tissue Eng., vol. 3, no. 2, pp. 1–13, 2003. 

[63] A. Alzaidi, L. Zhang, and H. Bajwa, “Smart textiles 
based wireless ECG system,” 2012 IEEE Long Isl. Syst. 
Appl. Technol. Conf. LISAT 2012, 2012, doi: 
10.1109/LISAT.2012.6223206. 

[64] R. Paradiso and D. De Rossi, “Advances in textile 
technologies for unobtrusive monitoring of vital para-
meters and movements BT  - 28th Annual International 
Conference of the IEEE Engineering in Medicine and 
Biology Society, EMBS’06, August 30, 2006 - Sep-
tember 3, 2006,” pp. 392–395, 2006, doi: 10.1109/ 
IEMBS.2006.259307. 

[65] R. Paradiso, L. Caldani, and M. Pacelli, “Knitted Elec-
tronic Textiles,” Wearable Sensors Fundam. Implement. 
Appl., vol. 1, pp. 153–174, 2014, doi: 10.1016/B978- 
0-12-418662-0.00003-9. 

[66] P. J. Soh et al., “A smart wearable textile array system for 
biomedical telemetry applications,” IEEE Trans. Microw. 
Theory Tech., vol. 61, no. 5, pp. 2253–2261, 2013, doi: 
10.1109/TMTT.2013.2247051. 

[67] F. Carpi and D. De Rossi, “Electroactive Polymer-Based 
Devices for e-Textiles in Biomedicine,” vol. 9, no. 3, pp. 
295–318, 2005. 

[68] L. Caldani, M. Pacelli, D. Farina, and R. Paradiso, 
“E-textile platforms for rehabilitation,” 2010 Annu. Int. 
Conf. IEEE Eng. Med. Biol. Soc. EMBC’10, pp. 
5181–5184, 2010, doi: 10.1109/IEMBS.2010.5626148. 

[69] M. Nusser and V. Senner, “High - tech - textiles in 
competition sports,” Procedia Eng., vol. 2, no. 2, pp. 
2845–2850, 2010, doi: 10.1016/j.proeng.2010.04.076. 

[70] N. Coppedè et al., “Ion selective textile organic elec-
trochemical transistor for wearable sweat monitoring,” 
Org. Electron., p. 105579, 2019, doi: 10.1016/j.orgel. 
2019.105579. 

[71] W. Kaczorowski, P. Louda, S. Mitura, C. Republic, and 
C. Republic, “Potential applications of nanofiber textile 
covered by carbon coatings,” vol. 27, no. 1, pp. 35–38, 
2008. 

[72] L. Manjakkal, W. Dang, N. Yogeswaran, and R. Dahiya, 
“Textile-Based Potentiometric Electrochemical pH 
Sensor for Wearable Applications,” pp. 1–12, 2019. 



50 M.H. Me
 
 
 
 
 

 

[73] M. Pace
“Sensing
mechani
IEEE-EM
Biosenso
10.1109/

[74] R. Artic
35, no. J

[75] C. Engin
ing, H. K
vol. 4,
10.1002/

[76] S. Faraji
Wallace
tile-Base
no. 4, p
8b00126

[77] A. Nilgh
of micro
and texti
2013, do

[78] M. Chua
ing: Effe
romatic 
10.1002/

[79] Y. Yang
textile-b
1230–12

[80] A. Nilgh
Abdul M
“Flexible
using a 
vol. 12,
c1lc2076

[81] C. M. Ya
S. Lai, “
Diatoma
181–184

[82] X. Huan
tional su
Small, v

 

edagedara et al:

elli, G. Loriga,
g fabrics for mo
ical variables: 
MBS Int. Summ
ors, ISSS-MDB
/ISSMDBS.200
le, “Textile-bas

June, pp. 174–18
neering, H. Kon
Kong, and C. Eng
, no. 8, p
/adhm.20150000
ikhah, J. M. Cab
, “Life-Saving 
ed Analytical De
pp. 229–240, 2
6. 
haz, D. R. Balle
ofluidic devices 
iles: A review,”

oi: 10.1063/1.48
ang et al., “Text
ect of Fabric Su

Explosives,” 
/elan.201000434

g, M. Chuang, S
ased amperome

234, 2010, doi: 1
haz, D. H. B. W

Majid, E. Supriy
e microfluidic 
low-cost wax p
, no. 1, pp. 2
64d. 
ang, H. Y. Peng
“Capacitive Sw

aceous Earth,” 
4, 2016, doi: 10.
ng et al., “Stretch
ubstrates for epid
vol. 10, no. 15, 

: Review of Rec

, N. Taccini, a
onitoring physio
E-textile soluti
mer Sch. Symp
BS 2006, pp. 
6.360082. 
ed smart wound
87, 2010. 
ng, C. Engineeri
gineering, “HHS

pp. 1134–115
02.Silk-based. 
bot, P. C. Innis,

Threads: Ad
evices,” ACS Co
2019, doi: 10.1

erini, and W. Sh
based on multi

” Biomicrofluidi
20413. 
tile-based Electr
ubstrate and Det

pp. 2511–25
4. 

S. Lou, and J. W
etric sensors and
10.1039/b92633
Wicaksono, D. 
yanto, and M. 
cloth-based an

patterning techn
209–218, 2012

, W. Y. Zeng, C
weat Sensor Con

Procedia Eng.
1016/j.proeng.2
hable, wireless s
dermal character
pp. 3083–3090,

cent Advances i

and R. Paradiso
ological and bio
ions,” Proc. 3r
p. Med. Device
1–4, 2006, do

d dressings,” vo

ing, C. Enginee
S Public Access
1, 2016, do

, B. Paull, and G
vances in Tex
omb. Sci., vol. 2
1021/acscombsc

hen, “Exploratio
i-filament thread
ics, vol. 7, no. 5

rochemical Sen
tection of Nitroa
18, 2010, do

Wang, “Thick-film
d biosensors,” pp
9j. 
Gustiono, F. A
R. Abdul Kadi

nalytical device
nique,” Lab Chip
2, doi: 10.1039

C. H. Chen, and C
nstructed by Gu
., vol. 168, pp

2016.11.212. 
sensors and func
rization of swea
, Aug. 2014, do

in Non-invasive

o, 
o-
rd 
es 
oi: 

ol. 

r-
,” 

oi: 

G. 
x-
21, 
ci. 

on 
ds 
5, 

s-
a-

oi: 

m 
p. 

A. 
ir, 
es 
p, 
9/ 

C. 
ui 
p. 

c-
at,” 
oi: 

10.
[83] A. 

the
201

[84] Y. 
flu
situ
vol
10.

[85] V. 
Sch
Pro
10.

[86] H. 
Pat
Sen
10.

[87] J. 
epi
bio
ting
aau

Autho

e, Flexible, Wea

.1002/smll.2014
Koh et al., “A 

e capture, storag
16. 
Sekine et al., “
idic device and
u quantitative an
l. 18, no. 
.1039/c8lc00530
A. T. Dam, M

haijk, “Flexible 
ocedia Engineer
.1016/j.proeng.2
Y. Y. Nyein et a
tch for Dynam
nsors, vol. 3, n
.1021/acssensor
T. Reeder et a
idermal microfl
omarker analysi
gs,” Sci. Adv., v
u6356. 

or Biograph

M H

bach

Mora

inter

texti

E

com

Tha

bach

Mor

inter

elec

E

arable Sweat Mo

400483. 
soft, wearable m

ge, and colorime

A fluorometric 
d smartphone im
nalysis of sweat 
15, pp. 2178
0c. 
M. A. G. Zeve
chloride sensor 

ring, 2015, vol. 
2015.08.588. 
al., “A Wearable

mic Sweat Secre
no. 5, pp. 944–
rs.7b00961. 
al., “Waterproo
fluidic devices 
is, and thermog
vol. 5, no. 1, 201

hies 

H MEDAGED

helor’s degree 

atuwa in 2021

rests are Nano 

les. 

Email: hansikam

m 

arushi T S PE

helor’s degree 

ratuwa in 2021

rests are sustain

tronics. 

Email: tshavindy

onitoring Senso

microfluidic dev
etric sensing of s

skin-interfaced 
maging module 

chemistry,” Lab
8–2186, 2018

enbergen, and R
for sweat analy

120, pp. 237–24

e Microfluidic S
etion Analysis,”
–952, May 201

f, electronics-en
for sweat coll

graphy in aquat
9, doi: 10.1126/

DARA, receive

from Univers

. Her main re

technology and

medagedara179@

EIRIS, receive

from Univers

1. Her main re

nability and we

ya@gmail.com

rs 

vice for 
sweat,” 

micro-
for: In 

b Chip, 
, doi: 

R. Van 
ysis,” in 
40, doi: 

Sensing 
” ACS 
8, doi: 

nabled, 
lection, 
tic set-
/sciadv. 

ed her 

sity of 

esearch 

d smart 

@gmail. 

ed her 

sity of 

esearch 

earable 


