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A sweat-sensing device requires a wearable device for the temporary attachment of its main components, including sensors,

sweat collection devices, and electronic devices to the body’s skin region.

sweat-sensing applications wearable device real-time measurement

| 1. Sweat-Sensing Device (SSD)

A sweat-sensing device requires a wearable device for the temporary attachment of its main components, including sensors,
sweat collection devices, and electronic devices to the body’s skin region. There are three primary types of wearable devices
that are most commonly found in sweat applications: sweatbands LI, epidermal patches [, and textiles 3. Several factors to
be considered in selecting which types of wearable devices are best suited for use in SSDs include the skin surface on a body
location, sample collection techniques, and environmental conditions, whether on dry land or in aquatic exercise. For
example, a sweatband is appropriate for wearing on specific body parts such as the wrist 4, arm &, back [¢!, or forehead [,
where the bands can be tightened, as shown in Figure 1a. In addition, most of the literature prefers wearable sweatbands on
the arm for cystic fibrosis tests during the conducting of conventional pilocarpine iontophoresis and sweat collection samples
B8, The band can be worn repeatedly with reusable electrodes during pilocarpine iontophoresis to trigger perspiration at any
time due to the ease of detachment and reattachment of the electrodes from the band.

An epidermal patch is characterized by a disposable style of adhesive skin tape. It is low-cost, making it a practical SSD in a
disposable format (22, Wearable epidermal patches in SSDs typically come in various forms, such as skin patches 21, tattoos
(1213] and bandages 2415 as shown in Figure 1b—d. The elements of substrate epidermal patches can promote strong skin
adhesion, high mechanical strength, stretchability, and resilience in water conditions to manipulate physical skin performance.
Moreover, an epidermal patch has a high flexibility for wearing on any part of the body’s skin and a good adaptability in high-
intensity exercise. Furthermore, they are versatile enough to be worn for use in water sports such as swimming 18. Reeder et
al. proposed an epidermal patch for colorimetric sensing integrated with microfluidic and water-proof electronic systems that
can perform real-time physiological measurements on swimmers and dryland athletes 7. In particular, most colorimetry
sensing applies epidermal patches as wearable devices, as this device can be used for the single-shot measurement of sweat
biomarkers once they change color, as reported by previous studies 181291,

A textile-based sensor has advantages over sweatbands and epidermal patches in terms of substrate washability when
exposed to humidity and dirt. Moreover, the textile can serve either as a sweat collection device by absorption or as a
wearable device. Recent textile-based sensing devices have a fitted sensor on regular cloth such as a t-shirt 22211 as shown
in Figure 1e. Thus, they offer the advantages of being comfortable and allowing users to wear in any regular clothes.
Recently, some SSDs have been woven with sensor and electronic components into highly stretchable fibers, making them
suitable for applications requiring high-motion applications. The detection of motion and physiological signals by a fitted
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sensor into a t-shirt also enable the easy examination of numerous physiological valuable data, including a person’s
movement for the detection of Parkinson’s disease and stress levels 22123124 Recently, several technologies and materials
used in textile-based sensing devices have been improved to ensure they can operate under intense mechanical tension
during regular activities and be reused without interfering with the analytical performance of a sensor after washing.
Wicaksono et al. 29 and Martinez-Estrada et al. 22 developed a highly robust sensor-based textile that integrates with
electronic component reusability after washing. A smart textile comprises water-resistant and detachable electronics for the

convenience of washing, as well as a comfortable fabric sensor to prevent skin irritation for long-term monitoring 28],

An SSD can be composed of a single sensor or a combination of sensors with certain types of sweat collection devices to
perform sweat analysis. A single sensor in an SSD is designed for direct skin contact to detect and measure sweat biomarkers
such as metabolites that quickly degrade over time [ZZ. Thus, adopting a sweat collector, particularly a serpentine microfluidic
device for analyzing proteins, is undesirable because sweat flow into a microchannel is time-consuming 28, However, a
sensor that has direct contact with the skin can irritate due to a rough sensor surface and contamination by perspiration from
nearby areas. Combining a sensor with certain types of sweat collection devices can overcome these limitations. For
example, utilizing paper-microfluidic integration with a sensor can prevent skin inflammation and contamination 29, Moreover,
the addition of paper to a microfluidic device is able to increase the flow rate of the transportation of sweat analytes into a
sensor surface by absorption Y. Therefore, sweat collection devices are essential components that can be added to an SSD.
In addition, human sweat glands have small duct diameters, which are 5—40 um for secretory coils and 10-20 ym for dermal
ducts and upper coiled ducts B2, that limit the volume of sweat secretion. As a result, a sweat duct secretes a tiny portion of
sweat from the bottom duct into the upper coiled duct region, with a microliter volume of total sweat being released at the

skin's surface.
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Figure 1. Types of wearable devices in sweat-sensing devices. (a) Sweatband (22, (b) skin patch; reprinted from (1
copyright (2022), with permission from Elsevier. (c) Tattoo patch (3], (d) bandage of epidermal patch 23] (Reused with the
permission of copyright 2014, John Wiley, and Sons). (e) Textile 21

A microfluidic device basically has a channel dimension of tens to hundreds of micrometers to reduce sample consumption
and miniaturize microscale instruments for portability 241, It largely uses body fluid samples such as sweat for the point-of-
care diagnosis of diseases and certain laboratory tests. A microfluidic device can be sorted into the mechanism of active
micropumps 3511361 gng passive micropumps [S7I[SBI[S9N404L] Ay gctive micropump requires an external power source to guide
a continuous fluid flow with an adjustable flow rate into a microchannel. Typically, an electronic pump is used to deliver a
solution efficiently with a setup of a steady flow rate at an inlet cavity that is similar to the natural average velocity 35
pressure, and mass flow rates of a biofluid. It is mainly used to enhance the smooth movement of liquid in a hydrophobic
based material channel. Hydrophobic surface will increase resistance of capillary action to the fluid flow during passive flow.
Its low surface energy makes it hard to wet on the wall surface, resulting in time-consuming sweat collection on a sensor

surface 42,
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The combination of a microfluidic device, absorbent-based materials, and microneedle injection demonstrates the best
improvements in sweat collection devices, which has a high potential for efficiently transporting a solution in a short time while
sharing its combined advantages and overcoming each other’s limitations. Figure 2 shows a summary of various SSD
structures, including the types of wearable devices, categories of sweat collection devices, and sweat-sensing devices. There
are two main groups for classifying sweat-sensing devices: continuous flow (CF) and non-continuous flow (NCF), based on
the presence or absence of an integrated device outlet and real-time measurement. A microfluidic device consists of an outlet,
allowing fresh sweat to continuously pass through a sensing area, providing the capability of performing continuous real-time
analysis (4344l Real-time computation is essential for evaluating precise and valid current sweat analyte concentration
withdrawal at a particular time, especially for sweat analysis over a longer period of time 8. A sensor is commonly used to
measure target sweat analytes in real time. CF and NCF SSDs can also be varied in terms of the types of wearable devices

and sweat collection devices.

Structures of Sweat Sensing Devices

Category of Sweat Collection
Devices
Sweat Sensing Device (SSD)

Types of Wearable
Devices ¢ Microfluidic device
¢ Sweatband 4 Continuous flow (CF)
¢ Epidermal patch % Active micropump )
. szlile P % Passive micropump ¢ Non-continuous flow (NCF)

4 Absorbent-based materials

% Absorption-based material
% Stimulant-based materials

& Microneedles injection  with
transdermal drug delivery

Figure 2. Summary of sweat-sensing device structures.

2. Recent Advances of SSDs: Optimal in Designs, Functionalities,
and Performance

2.1. Sweat Collection Device

Adopting pharmacologic agents of sweat-stimulation such as hydrogel and pilocarpine can induce the skin to generate local
sweat without requiring physical activity. The iontophoresis of pilocarpine can produce a sufficiently small amount of
perspiration within the range of 15-100 pL [45] Typically, the minimum volume capacity that a chemical sensor can react to
and measure is at least 10 to 100 microliters 48, In addition, this sweat stimulation can also be used to increase the biofluid
for an individual that produces a low volume of sweat secretion during exercise. Moreover, the average sweat rate is
approximately 1-15 pL min-1 during active secretion [47148]  \which slows fluid generation. Therefore, the use of
pilocarpine/hydrogel is advocated for stimulating eccrine glands to elevate perspiration levels quickly for exercise and rest.
However, most conventional pilocarpine iontophoresis methods are commonly utilized separate processes for collecting sweat
samples that are inapplicable outside of the laboratory. Moreover, this process exposes electrical power that can cause skin
burning, relying on expensive laboratory equipment and both bulky electrodes and benchtop analyzers 6181 Thys, adding a

sensor while using this method can provide the dynamic real-time monitoring of target biomarkers on the spot. Kim et al.
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developed an SSD that can simultaneously implement the iontophoresis of pilocarpine and the real-time measurement of the
continuous monitoring of sweat glucose and alcohol 131,

Employing multiple sweat collection devices in a single SSD can efficiently accumulate a sufficient volume of sweat in a short
duration and is able to provide fast hydration monitoring. Gunatilake et al. demonstrated a signal detection time readout of 4
min for lactate and 6 min for glucose using microfluidic paper-based analytical devices by incorporating a hydrogel of alginate-
based materials and a colorimetric biosensor 2. In addition, Alizadeh took 7—10 min for a hydration monitoring application
using hydrogel that induced more sweat secretion while utilizing hydrophilic glass wicking in a microfluidic device B9, In
contrast, Nyein et al. only applied a single sweat collector in a microfluidic device which took 30-45 min B8, However, the
period for fithess performance analysis does not mostly depend on the number of sweat collection devices used because it
can be flexible when continuously measuring at the user’s preferred target time for estimating the loss of the electrolyte
composition. The assembly of various sweat collection tools is primarily concentrated on supporting and maximizing the
functions of each other. Incorporating a microfluidic device can hinder the problem of contamination, fast evaporation that
reduces the sample collection, and an inevitable blend of renewal sweat concentration 2152l |n addition, the introduction of a
hydrophilic channel can promote capillary pressure, wall adhesion, and hydrostatic forces for the sweat flowing optimally in
and out of the chamber. Ideally, a paper-based microfluidic patch could be a viable option to eliminate the direct contact with
sensors that causes abrasion, avoid blocking the breathability of glands on the skin, and avoid backflow by increasing the
pressure at the inlet during long-time monitoring 3. Moreover, it facilitates continuous flow collection by transporting the

sweat composition in liquid-filled paper channels, and it can also reduce the mixing of old and new sweat 24,

Microneedle transdermal injections can introduce new microbiomes from the surroundings into the skin’s micropores.
Although research has demonstrated that skin barrier function can recover the micropores within a few hours B3, utilizing
wearable microneedles increases the risk of infection because bacteria can circulate through open micropores on the skin 58],
Moreover, hollow microneedles may fail and shatter due to additional compression, shear stress, excessive motion, the
inherent discrepancy in complexion, or any other related pressures 4. So, standard operating protocols for the use of
microneedles are necessary for implementing proper clinical practice. Several mechanical and biological factors of evaluation
approaches could be performed in vitro and in vivo to precisely assess possible risks and examine the safety of skin contact

with innovative devices, especially when microneedles are used 58159,

The repeatability of a microfluidic device is vital to ensure it can be frequently reusable, more practicable, prevent the waste of
equipment, and avoid relying on disposable products even if they are the cheapest. Yang et al. introduced a reusable
microfluidic device that integrated a high selectivity of concurrently detecting lactate and uric acid 9. Their microfluidic device
is portable, small in size, and has lower sample consumption, showing a good design for application prospects in clinical
testing and personalized healthcare. Another study developed a microfluidic device that can be repeatedly reused by requiring
its chips to be flushed with deionized water to remove the previous biofluid-measured ionic background . Their microfluidic
device collects the sweat volume with a small depth size to reduce time-consuming fluid flow. Their wearable microfluidic
device is integrated with optimally modified sodium sensors that can measure several applications, such as fitness

performance and diagnose cystic fibrosis.

Adding multiple inlet openings to a microfluidic device increases the exposed skin region that releases sweat into the
channels while reducing time-consuming sweat secretion that depends on the accumulation in one hole. Xu et al. designed a
microfluidic device consisting of eight inlets to reach a reservoir channel at the surface contact of a uric acid electrode sensing
interface through the capillary effect 7. During off-body test, they tested the performance of the microfluidic device by
inserting a dye solution with a flow rate of 15 pL min-1 at the inlet. The time required to fill the microfluidic reservoir
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completely was 166 s. They switched the concentration of the solution between 0-80 pM with a flow rate of 15 yL min-1,
while the well-mixed renewal sweat could be used to determine the renewal time, which came out at 4.68 min. Meanwhile,
adding multiple outlet openings in a microchannel could also improve passive pump performance through the spontaneous
evaporation effect. Cheng et al. developed a wearable sweat sensor consisting of three micropores of the outlet with an inlet
cavity (23, The old sweat solution was quickly transported out by the fluid filling induced by capillary force and followed the

spontaneous evaporation effect of micropores at three outlet cavities.

A simulation must be conducted for the fluid flow rate in a microfluidic device before developing its prototype. This is to
determine the future channel size and what material properties of the wall are used to provide sufficient pressure without
applying external energy. Moreover, a fluid simulation can also be used to mimic a real experiment for the validation of the
channel performance of a microfluidic device by defining the average velocity of biological sweat secretion at the inlet. In the
experiment, a flow rate sensor must be integrated with a microfluidic device to accurately measure the fluid flow rate. A high
correspondence of a good flow rate and short-time results between the fluid simulation and experimental results exhibit the
best verification of the effective working of microfluidic device channels. Nyein et al. 28 and the iIGEM teams [44] realized both
tests, varying the flow rates and solution concentrations. Hence, they had the advantage of exploring and gaining more
information about the performance and capability of their device through a variety of changing channel sizes, shapes, and

materials via theoretical simulation while saving time and money.

Table 1 shows other more recently developed SSDs with some features related to sweat collection device design. Most of
them are CF SSDs that are integrated with sensors for real-time measurement and consist of an outlet in a microfluidic
device. In addition, their developed microfluidic device promotes repeatability even though the wearable device is a single-
use, disposable epidermal patch. This patch could be replaced with a new patch to allow the sweat collection device to be
reused. Moreover, several of them incorporated microchannels with three, six, and eight inlets. Suction pumps and valves
were also added to their microfluidic systems to control and increase fluid flow movement. Furthermore, the proposed
microfluidic device’s validation method was tested, including at least off-body test (calibration) and on-body tests to compare
both evaluation performances. In addition, a few of them included a simulation to test the mechanical performance 263! a5
well as the performance in terms of fluid flow (4631 Mechanical testing is required to establish the level of flexibility and
robustness of the microfluidic device in terms of bending, stretching, and twisting to identify which types of extreme activities
they are appropriate for use in. For textile SSDs, it is essential to undergo a process of cleaning and drying for reusability.

However, its design should be unaffected by the process, allowing it to retain its functionality.

Table 1. A summary of the latest SSDs’ sweat collection device features advancements in 2022.

Categories of Flow Rate
Sweat Wearable Dimensions/Depth and Time . Additional Validation Mechanical
Collection e Devices of Channel to Fill LUl L Features Method Testing GELEC
Devices Channel
Microfluidic
device,
portable 5 mm (Outer N/A. . .
. . . . 15 min Multiple Bending,
iontophoresis Epidermal diameter), - . On-body . [62]
(Total Reusability inlets stretching,
of patch 1 mm (Inner _ test L
: . . volume (n=3) twisting
pilocarpine, diameter) 32 L)
adding H
hydrogel
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Categories of
Sweat
Collection
Devices

Modification
of
hydrophobic
microfluidic
device to a
hydrophilic
surface

Microfluidic
device

Modification
of
hydrophobic
microfluidic
device to a
hydrophilic
surface

Microfluidic
device

Microfluidic
device,
absorptive
pad

Textile

PACA LTS IVIVITIIUUITINTY Ui DU T DVTOUUL wiiCiliMiiyouiiviii £Uay, 4u; 4uvd 4auuu.

e Devices

Epidermal

Ch patch

Epidermal

e patch

Epidermal

Ch patch

Epidermal

o5 patch

Epidermal

Ch patch

Stitched
fabric with
three
button
joints

NCF

of Channel

10 mm (diameter),
1 mm (thickness)

N/A

1.5mm
(Inlet diameter),
4 mm
(Reservoir
diameter),
200 pm (thickness)

1 mm (diameter),
330 pm (thickness)

N/A

N/A

Flow Rate

Wearable Dimensions/Depth and Time

to Fill
Channel

0.05-0.5
m/s
(Total
volume
200pL)

3-12
mm/s
13 min
for
indoor
exercise,
20 min
for
outdoor
exercise

0.14
puL/min
(each
inlet),
0.84
pL/min
(total)
14 min
(Total
volume
11.8 pL)

174.6
yL/min

(Total
volume
20uL)

5 pL/min
(Total
volume
10uL)

N/A

Reusable/Disposable

Reusability

Reusability

N/A

N/A

Reusability

Reusability

Additional
Features

Tesla
valves

Multiple
inlets
(n=3)

Multiple
inlets
(n=6)

Capillary
bursting
valves,

colorimetric,
multiple
inlets
(=8

Suction
pump reset
after filling
the channel

Washability

Validation Mechanical

Method

Simulation,

off-body
test, on-
body test

Off-body
test, on-
body test

Simulation,

off-body
test, on-
body test

Simulation,

off-body
test, on-
body test

Off-body
test, on-
body test

On-body
test

Testing

N/A

Bending,

stretching,

twisting,
tensile

Bending,
pressing

Bending,

stretching,

twisting

N/A

Washing,
drying
(thermal)
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incrggﬂv%tr@difqmrgf@f:@/&qgﬁ,sFgg}%g}@'%dﬁg,h;}g@!ylwggs_ gtygeinre of the ChPBN layer provided a high interfacial

area that enhanced the effectiveness of the ion sensing and induced greater selectivity (103—104 times higher) towards
2s|‘:’doli\{|1%r§i()nnesg-lﬁssturr%gnadr)|/\,/l m(')\ép (r)?g]ié %fi)[l):oesrer)](? ggq%ilgrarggfae’riaé’; L%gdlfolrmnpoal %fg aenl I:a%téjnré% s\ér a{gg iP|1il:£1)6eag)1r%moted
goo\élg%%iiﬂg/ gﬂ r[enpbe%%ia%(?h% ?;)er)ﬁglneg-%-:‘errrhsgggi §se gsr%'ésulg,(%%(gr‘elv@as?’ ﬁg ‘ildnophore leaking from the ISE into the solution;
26uK o oH seHghvity, dndstHesstaty, WereHiaseiainbil vialitothe K. SteysSenistoSkiadcdhguetyibg caosat v gaapanents
haviin @weolsitébibfy. thid> todbeidimgsy ofeth diRPhaigNE M HistesiB ation alrduitedConfe regsisiaonePorEgiudirgdvhich is
advdbiep s togdaC pragiicahareasljuerogniseitivifiecgnceotraizoms. 12—16 September 2016; pp. 487—-490.

Ao 5TEES W iAtini HSBIIRRofe DS RRANTRR: Figh tal S Blontardd LR IR F i BREE b brg R ALRS ian
inhésrrgrﬁllp%}lrjnfga ||¥)(/:Os%{a%t|ﬁ(|: 3 Itrﬁehlrjerpggnm Wweat ‘B‘Qt%é&% Iijonnes),(%\%rv?frjldj pie rr]rglearlngr)grpé] 15 elt%I(:Fl %%%Slsoerlléctively (Z61[95]
Hov@el\ygr(,)Qéﬁp&xygglc%’n%a(?hsz&%ﬁé%%l toxicity that has been often ignored and could be a daunting challenge. A potassium-

28n Brditte MMETGaratimo, (B8] GISHELRE . caddingsed, D rEp@Bomtralingyicn tin 3ol dfisidioiaem Tdls witheeansanbillycan
potewtigtite opin FIVGEBiessdd bitierndevdsegl200ith 130688e63®r an ISM coating for sensing potassium ions

zpotentiometrically. PILI can also serve as SC-ISEs with a sirg;le-piece structure that is already present with directly mixed SC
9. Mogera, U.; Guo, H.; Namkoong, M.; Rahman, M.S.; Nguyen, T.; Tian, L. Wearable plasmonic paper—

and ISM for ion-response realization. Thus, this SC Ialyer_ is capable of both ion recognition and ion-to-electron fransduction
based microfluidics for continuous sweat anal ¥5|s. Sci. Adv. 2022, 8, 1736. )
functions. Moreover, it can prevent the creation of a water layer at the SC/ISM phase boundary as well as prevent the leaking

36 IBlbasiasdndritdViblan, Jf. isith Eré Kaystendy, tHeOsNBekes boft¥ytaaiie papethintegraedhaisddhidibaedtery
mafetigegyantst ayabwinoltneasdassmoncapiay peipseSrABNDIRGYaA0Lolidd (SMABD4) electrode exhibits

A NeBHRR FSARRS LR S sIeadiy an Biagdaer e ssiving B SR Harjgpiss Bondaarssd
Sck%‘ﬁé;fﬂ[cﬁ?éﬂﬂ'gﬁbe,”ﬁ. 1% SE“?WQ'M{E\%}ISI%%V B A ULRARL'S FE R BYMaS IR h o B IRARYT JARAESRRYG, ©
corl[YSWWt?&Hé%ﬁd@%%@ﬂﬁ@“ﬂﬁ6%/51%5. Biomicrofluidics 2015, 9, 031301.

33iiIsgroplicaP sseairg afoss s ehdltes e prodigRroM. ligHesIRefy. Adicatliater Biesenrying daiRaiakiel Qrayedyof
preSaMephABABISiSAOSoPaN®r202h, the A4RSt-8Yd IColorimetric sensors 52 and fluorescent sensors 229 are the forms

2 BHTRLYERI, VAL LIRS G SRAn IR 2h FRRoRRAAGE! T GO B RRGAJRoBEE e raslgn icic
devisgdiGAIAL SERREYY6 RSARoring WULRG I E14REILSASITERIPSGES 58 changsl phgaged the color indicators
depending on the loss of iron, zinc, calcium, and vitamin C nutrients. Their device then triggered the delivery of similar

bR of Wes¥ Atk dts Wit 9602 an RBRRa- Yrer BRI - MRS S e BRI AN R NRLDSSIEAE hnel.
Mog?ﬁ%mneth@geﬁwl@ﬁp&%%% %in?pﬂ@ﬁégia]?f@vithout a required electronic device, wireless communication, soft, flexible

3Brangidn thinnvetrygtuie) apgROPITIEKNY HNEraxigs, \@td the iegideynas; %%‘T. !"(ﬂﬁfﬂ(@%@ﬁ%‘lé@ﬂ@fém‘ate
SDQﬁf@ré@%ﬂﬁrﬁﬁdP r@rﬂdﬂﬁ‘?er%?@éafq)%{f’eWﬂ%riiﬁd%itﬁpﬁﬁaéM%Y%Mmf@élvé%ﬁé&fqm%dﬂ?ﬂﬂéﬁ@ﬂ!@,V!!tb‘, the

targpgtpweat biomarker. For example, the chemical reaction and absorbance of sweat analyte concentrations by reagent

substances in a colorimetric sensor can change color when presenting a specific biomarker 1921 Meanwhile, a fluorescent
36. Nyein, H.Y.Y.; Tai, L..C.; Nr%o, P.; Chao, M.; Zha(f?’ G.lﬁ.; Gao, W.; Bariya, M.; Bullock, J.; Kim, H,; Fahad,
sensor contains an active chemical fludrescent dyé fo detéct the' presénce’ of tafget aralyte concentratioh chHanges by

H.M,; et al. A Wearable Microfluidic Sensing Patch for Dynamic Sweat Secretion Analysijs. ACS Sens.
responding to a fluorescence |ntens?ty change Mghls sensing r'r}g'gho uses opt;[cal modu?es cont |n|lng LEDs, fﬁters, and a

2018, 3, 944-952. . .
camera to ma%e ws?kﬁe fluorescent probes that detect biomarker concentrations 199,
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3Reddntly, Yiyearain iclkswsaRapecBlegarsdentiBlifofchitewiothian driguichah&S neobtihdhiufface sedPhypmgiReéy cetitus0® land
pro8dsNapitGmes, data analysis, data transfer, data storage, and cloud software systems have been developed 224, Ardalan
o LB FSeTR BB R RBSSISRARRLIL ARGk PR dRS sho B st adce
rang%%.sigﬁﬁagi%rgagiei%inzggitime, including sweat rate, glucose, lactate, chloride, and pH 195, In their studies, paper
discs with fluorogenic reagents were equipped as sensors, threads in the microchannels retrieved the sweat fluid and
3rbangit Yo haethpbs 54RBY ahd libinshaRRNBhedic&HaRHeSad RN sKwefeUYaRD ke ST stbs MRB pperkiRd
thrdBtgifResstaiGrRilvidicigievicsaanith RacarsnaLhamBeES AN AyspRhrbis: Yabues iRy pertsdieationand
refl@&a&lb{l%irscﬁé?%i%iﬁa@%ﬁQo@@@r@E@%&lor indicator analysis and for multiple analyte measurements that more than

AbSRIRES'S RAYLeTiRUARIRiSH oF HydrophfleTissértis StostyamielnyiaseprIoe oaalsl Mrirsiifrptica
assgwgggg@ﬁgerig%ﬁﬂ%%ﬁ%§yrj@%.a%ﬂam@ B}iﬂrﬁgl:lidic device to store and analyze sweat. In addition, there is no
neqet{Rr/AYee SERINTR LB ATRAR AT EXFLIB &5t GRB ARSI KBTS iRt IPdBiGRIAIPANERTPBAH fS%SBgr%]s_paper_lg.pc

(accessed on 26 February 2022).
However, optical sensors perform limited monitoring of sweat sensing in discontinuous flow mode. Thus, adopting an

4die EREPRRAQI ReRaMas-hAreBts crabie MREtINEZsNMPS: ArgeriMabMr eoRHESR MUBQoMnud B AIRe TR,
Cohtifd§tBaRAE TMaIREMEN TRAIPKOSEORZ Al G- ifedfitanzVallYeY. dulet RAEMRIAL a fhidloMitiRIQRS WeABD R
interisthnnd PLRORHANEsHVeRhiRHINROAIINIDs SeRsURSHAOrS BLBBRsiRO2L B 7dd«#§948Biscontinuous flow

DRSSP BN MR SRRIGERAABIR AINIOA'SREsRIY FRskelMAS 2BHF deSISHIMY nRidNifdiB e TR At ARl
promgtgﬁ ﬁeﬁgsgei%étirnelg_tion, sample collection, and sweat analyzing. Moreover, an electrochemical sensor has a
transducer to detect the target analyte concentration in sweat and convert this chemical reaction into a readable electrical

130 r{?ur>éﬁw5@é’ge9mp>ce%¥'rmec5e§'fo'?’yérrﬁ%lif'%ati(c_?n-r%%e'dgfa %?6%sgﬁgwe,§maifi¥aﬁ)(¥rpals '}'éqa}ég‘?é‘qrjc?e'ase the
reab SIS SRS el RPEGHIM S aHGE! BLLMPDIINNG RARELON A eRARIS RIS LA'S98S T G ation of
anaﬁ;ll?etgqiﬁr%v'v%%?rig %gtlsrrlwgamﬂ'%gﬂb"gnsml ?ﬁaaﬁ%ag%s ml?i’c%rr%eo ar %lers%"r}]?ela_nla yzz‘inlg3gf7r_e%1§§€'lé signals of analytes

4are3érd inteanatio nedrGenieticaly it iyirareice dvidacine d GE M ) cafa hdwiarelgiviotedl uidicy Bieselestipehednical signal
meameit Bebvive)dioEeseBoucal JoRedAncelabeatiniiaepy (EIS) B8 potentiometric [XEBY, and cyclic
voltareet2 A2V ifEH-H gfeuiteR cuintisteld Hhaidvesr iv/dirtee Ingh s oe Sseth uin@ G Rdaies dnysR@aRYsIng electrochemical
sensors. Before being performed in sweat analysjs on the body, an electrochemical sensor re,ciuires a validation and

45, Li, S.; Hart, K.; Norton, N.; Rlyan, C.A.; Guglani, L.; Prausnitz, M.R. Administration of pilocarpine by )
calibration test to establish a reliable electrode. However, an optical sensor can only be used once, which_can simply direct

microneedle patch as a novel method for cystic fibrosis sweat testing. Bioeng. Transl. Med. 2021, 6,
measluor%rgsnt without the need for calibration. Furthermore, an electrochemical sensor can also capture and transmit data

e .
digitally by wireless wearable electrochemical sensors that track the metabolic activity and physiological state with great

4esHlimon) in denfuia MR Hanek ddtiddpadrdkasnsing rdids \bh; ths Wnaliio dhe radxa@nal e Waeheht technique
in eégaiatetaeqrenpiation sensendor ikealiine fsaespmeatRingPeEOR: thigddinasyvatiubleHasesment and
me&RIHHUBe\ERIS apadlyb-4Rith the electrode fabrication not exceeding three sensors. In addition, optical and

A2 RELEFhGIIYSB. P ETEED % ORHBK /A B A%Bh BRI S P PEISE TS FRjaBIHC and
SO e SRS NP RIPA Ul RIVHETMENT eresioh RECHTR AIF AU 0SB AR 505 B LRSS0 BEtate:

B [m] . . . . . . . . . . .
Ch'?ﬂf@; fﬁ@é'ﬁ?weat rate . Remarkably, it realized visual and excitation light delivery with a detailed readable signal via

the amperometry method.
48. Lin, H.; Tan, J.; Zhu, J.; Lin, S.; Zhao, Y.; Yu, W.; Hojaiji, H.; Wang, B.; Yang, S.; Cheng, X.; etal. A

Evdil 0giamimaipie ¢ pideignradweisr afpidicivial ey S)ie M ple eanable ibinluid danagemeditanthemni@isiviadeeply
undeieraadk@e analys setaibrs oampracRORDadaly2440%. disease conditions. For example, in kidney diagnosis, urea and

ABRNNGIRAEC0 Br° SERdARAGIBOSB KA IEsasEnl. BusHoN' PHEERRRISFRY. Rty Alaisstupages of
chrafigiliie Hy i 8GRNEERIRSHF fo 18 SYRIUEHAL R P SR SRR ESIFALPRA RS ER RIESRT IS 85 R S A psP L)
anqA@fﬁ%g&rﬁﬁfr%@nggf@%_wﬁﬂ Sweat pH declines when the lactic acid concentration drops while the calcium

concentration increases. On the other hand, the sweat pH is also relevant, coupled with the sodium concentration for

monitoring hydration. pH measurement gives individual variability in the reproducible evaluation of sweat sodium
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Sthnatinmaliim A4 Bhrossidnalye nighdif éeetiimiscliRipAariy, iibirRonter, adpptde@au s dvisp Bal tats, ieindiamigretpDited
for Waitah|2.S8Dalinfspeear abédy patchHicr acntiausiusymapuitedngeofsuaaigelestialytesnd uingopientismsbeBhihe
assPOih8o1l 8f 2aBPerRbdikctrolyte sensors in a single SSD provides a better fitness performance analysis, which contributes

5tf.al\9lcéjrrt?}1e, W.e;aﬁ?r%e,rﬁe.;nizwniawan, J.F.; Sempionatto, J.R.; Moreto, J.R.; Tang, G.; Campbell, A.S.; Shin, A.;

Adé?t?oeriall\{ly,Yé;nLéléDxfhgtt i%'!_égrg{gse r\mﬁl \M}%L?sf Ilé Cgr%igé?%gggoqg@é%aglgoe tk?ec?e(:)a%%/dg Eﬁr‘r}wzu tl?ahs %%egwg\é\{e%plications

ﬁamg}l ngcqndd Metabolite Detection, A?? Sens. 2017, 2, 1860-1868. . . .
such as medrical diagnostics and the analysis of fitness performance, to reduce time consumption by simultaneously analyzing
She @hieredt; Xiyms¥s Siawdat iRegsurdtpReEodeinsianceB amdoakal, Aedeldfaadgy BvextunBtipkdxac gesirg aystan dhat
mofStafts $hin-teropetadreniGratiedigsyste madorhingds wingeseatieter tdl disteprbaay essig ene rateck atr dhiensof faeze
bioohtkerslkiorieymeaing sive spefdindindsabcCinipi @Bl Znd HyAEidA2668s 115, Furthermore, Nyein et al. developed
53U IR SIS CRRETIOF SRR SOBPIHAS, B FAIRECT 90k 207 ACKRIRR, SRR TSBn WS et taey to
A i R T Wt B SRR R RIS e al SRS Vibh Proieefivs Bie s oA abon
[116] V\{hen at rest, avxéatin maore ar les mﬁY b(—{: @n additianal il‘% of auton mic %ysfu ctjon HiabBtes, c%ebrogascular

~ Materials Based Gas Sensor Developnient View project A'Smartwatch Int raed with a Paper-base _
dlsﬁiscer’oﬁ‘)lﬁrilaﬂslgpesc ﬁrgg%s(ﬁyg%dézgé%jl%g,sybc&g@ggfl stress such as anxiety or pain . Sweat pH can indicate acid—
base imbalances [, whereas chloride levels are helpful in testing for cystic fibrosis, electrolyte balance, and hydration status

5y L 8 X dasdaieEdbga-SeBaRRIE . douiBYEmBale 18- treS4brameais Mo ByikheytesigafR e M apRiy basechily
maRiRGEaAnAMicalHexieas it am eatRirHy BigRlesirienes, ferRdRal-aMGHIR 2tkiIndRarddhibh08.

55. Kalluri, H.; Kolli, C.S.; Banga, A.K. Characterization of microchannels created by metal microneedles:

I t lysis, addi hysj i ical si .g., blood , heart rate, and elect di that
n gram%?% S§h8 glgg J} eySA%E%%SKﬂB%I?[? 1%9%?,6_'21%31[3 (e.g., blood pressure, heart rate, and electrocardiograms) tha
integrate with a chemical sensor can provide a sufficient overview of a patient’s health condition, the body’s response, and

Sy MslegrxilteehfueSRo@ily. SetividaYiSehbiniBerisve AssesrinaihesBatertialLimpsst A VECLRPReEISod pressure
and'REARPARTIaRORRMatiRalinrarhARBlIgatiens Madicings 2M8@geRous chemical levels (caffeine and alcohol)
S, RGEHRE Sest eistap Bropsiiopxgreiseorionkaresist aptrexiestatitraibdurk g abintrAlitinsuppbAiFRoN B
ThesigRRRALKSH SRS R &P PRy S EREtPYR RIS 1eR. Wi PRE s a bt sedgnaniaypd A1 gemrsgdally activities such

as eating, drinking, and exercising. Their SSD was optimized to provide good mechanical resilience and a dependable
Ot ERM e BN AP iR R Z Mk B e RO B R R RO ) QRS i B 2 G p BN S5 A
patgiwa%sa e(:E)u %I cctl)rrll{%tgzﬁllyilv'[?(':rleJs:w%g Farltc)tlatg?elge seagg %%é‘ %i%’ngllé_(:qpn'currently to assess a wearer’s physical strength,
SexeBase SINENIRUSSIh, BsURavR IS aBBUWSHalt Jid\ possitle dsseesitrenthef Besty afdnforsticedié tieapsar using
ele¢irgerndiegiamEuwhile Fingah |a8Ete299 808 5)te@atiap2an be used to monitor an individual's fitness performance and

diagYnose tissue oxe_(gen_ation and pressure ischemia. This device offers_a practical approach to researching and developing
60. Yang, S.; Lu, F; Liu, Y.; Ning, Y.; Tian, S.; Zuo, P.; Ji, X.; He, Z 8)uantum dots-based hydrogel
multimodal wearable sensors that incorporate physical, electrophysiological, and chemical sensors to further measure human
microspheres for visual determination of lactate and simultaneous detection coupled with microfluidic
physiology comprehenswe\lly.
device. Microchem. J. 2021, 171, 106801.

cllakéazsho@s ; 0eQaliest yateidde S%@sayE; Zitasi SEnsFajedllreS|endonedsumams dhdd. amenpegyiatsty been
disgessihgsand wirelgisk coractuma@tielss peadornty fes statrsitigebedigah or svoaimAlna). iethibdsiegnodlien-of 1a
6physical/ph()J(sioIogicaI signal sensor. These features ?re essential for determining whether the newest SSDs _can be used
2. Bolat, G.; De la Paz, E.; Azeredo, N.F.; Kartolo, M.; Kim, J.; de Loyola’e Silva, A.N.; Rueda, R.; Brown, C.;
repeatedly over the long term and whether they have already maximized théir advanced performance b\\{ including multiple
Angnes, L.; Wang, J.; et al. Wearable soft electrochemical microfluidic device integrated with iontophoresis
sensors, biophysical sensm%\, and multiple analyte measurement. The Ilfedjgan of the developed sensors was kept stable,

_for sweat biosensing. Anal. Bioanal. Chém. 2022, 414, 5411-5 ] ) ]
with minimal drift of measurement values in current or voftage. In addition, blood testing, together with sweat analysis, can

BsroWR, d- gdoanebripatsoanghdZevalngaowheiNdiubbin GoMuid sakipied. VePseshtpvoaestimbIicalan andHagtene
reliddiggratieie drdgsidlecapid vz raitr afligiastilaiaynas GRNSwASYAAESTE ahyBis2022eR353, tighaiers [11162]

6VEFA 25, RIS FOIBPYFAINE PRI BRI i SRR hRBRs PN S LIR08 RSP HErisHERI @ gHYSe
for B%?f%‘fﬁ@"f%ggéﬂﬂ‘?)ﬂcg* QAR B chemical fingerprint. Npj Flex. Electron. 2022, 6, 60.
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65. Liu, S.; Som Yandrable WangnSnakyueairthellatSekdis®sYselvbod édathids AheampesicAtslin @Gdaxffari, R.; Rogers,
J.A.; John Rogers, C.A.; et al. Soft, environmentally degradable microfluidic devices for measurement of

Physicall Correlate

Analytes Solid Contact  Types of  Physiological Sample with Techniques Reg:gtla_\it::ltyR eference s2022 y 13,
Detection Materials Sensors Signal P Blood Measurements Span
Sensor Test P
Zeolitic
imidazolate
€ valve-based
Levodopa framework/ ¢\ o chemical N/A Sweat Yes Chronoamperometry, A 122
graphene cyclic voltammetry 7 days
oxide (ZIF-
8/GO)
€ i ey, A.
Glucose PB eIeCcotIr((J)r(I:::r:?/t‘:al N/A Sweat, blood Yes Amperometry N/A 162 y’
2022, 7, 1156—
. . Artificial sweat, Convolutional neural 123]
Lactate N/A Colorimetric Temperature P — Yes networks (CNN) N/A
PANI, i
€ reduced nart textile
glucose ECG, s .
Glucose, pH oxidase Electrochemical  temperature, (I IR, Yes Amper.ometry, IRty [
human sweat, blood potentiometry 1 week
(GOx)/ heart rate
PtNPs/ Gold .
€ () -free electronic
Color intensity
. . Artificial sweat, changing 65]
Cl-, pH N/A Colorimetric N/A N/A N/A
human sweat (absorbance,
7 ) Multi-lon
Glucose FAEHAIBENF Electrochemical N/A Sweat, blood Yes Chronoamperometry REEELERTy =
N 1 month
7 Na+, K+ PEDOT/PSS  Electrochemical N/A Sweat N/A Chronoamperometry, Repeatability 181] f E A
potentiometry -
. )an Perspiration.
Na+, K+, pH PEDOT/PSS, Al N/A Sweat N/A Chronoamperometry, Repeatability [124]
PANI potentiometry 30 days
Platinum
— Na+, K+,Pb+2,Li+ nanoparticles  Electrochemical =~ Temperature  NaCl, KCI, LiCl, Pb(NO3)2 Yes Potentiometry N/A 23] . .
/ (PENPS) , Y.; Evans, J.W.;
nveat. APL Mater.
?:cctgf:’ PB Electrochemical Heart rate Sweat Yes Amperometry Disposable [126]
WEEIEr R Avrtificial sweat, human Amperomet
Uric acid framework-7  Electrochemical N/A sweaty N/A . cliclzloltammnelytr N/A 27 .
(MAF-7) v v All-in-one,
Color intensity 5ens. Actuators
Creatinine N/A Fluorescence N/A Sweat, urine Yes CHEWEIHE N/A =28
(absorbance,

wavelength)

74. Yoon, J.H.; Kim, S.M.; Eom, Y.; Koo, J.M.; Cho, HW.; Lee, T.J.; Lee, K.G.; Park, H.J.; Kim, Y.K.; Yoo, H.J,;
et al. Extremely Fast Self-Healable Bio-Based Supramolecular Polymer for Wearable Real-Time Sweat-

2.3/ Eléstio i Deviée Appl. Mater. Interfaces 2019, 11, 46165-46175.

75, Lin, P.H.; Sheu, S.C.; Chen, C.W.; Huang, S.C.; Li, B.R. Wearable hydrogel patch with noninvasive,
Miniaturized electronic SSDs in thé form 0f a simple and ‘fashionable daily-worn accessory, such as a smartwatch, can be the

. electrochemical glucose sensor for natural sweat detection. Talanta 2022, 241, 123187.

ideal choice for a sweat monitoring platform routine. Cao et al. introduced a smartwatch integrated with a paper-based
TicdTaidQ parepide e AMangitdinigSe0gidbg uiitdl. display df sl {the \Vaagiod. rSimeof falasstireagd YWdium ions
in Mevicaly Alignec Gold Ssinandreseasofdnetenabie andfiVrarabladcpitigignial| e Spleitts dnteairatledoimercial
protil@ninviasiverdientipte xath SoligiabAs@byists . ahd ale Edaeino 206h 332 , ek ivat O Sntelligence, including incorporating
AR KRR SS ROTS A BPAAR R BTN S 0oF SRS SPRRE™S W, 386 AR RPRRAr T8 PriRRAE"Y
O 4 SR EHARIR R SO S P 0f MG S8 ERHDE BT prePAth B8 D RSN B E i CUBHQSFs S S s flevices
(e.%zg?grtwatches and smartphones through Bluetooth) 48 Their smartwatch application includes the following three main
functions that are accessible via the main selection screen, which also displays the current time: history (which stores and

T§spiiina, Sridelicrbmicrefdbules o JeRRRILIGHARRR {NaWKE 1L O3 ed bm&reBdata), scheduled (which exhibits the
7NHSHES RPARKST e AChedui2TANNe IREMRES -FaISREIONRSIVEAR CIMTERTY WiiehdReBe oIS ARt eoigte).

Based Electrochemical Sensors and Biofuel Cells: Combining Intrinsic and Design-Induced Stretchability.
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and\landebhethd 2@ 1GdiapiEA%Gewd Zrbm which the sensor activation command can be transmitted on-demand by a user who
i i [130][131]
Sﬁlfﬁéﬁiﬁ% 5'3?%??@86,8%'?%& E.; Davies, Z.A.; Yin Yin Nyein, H.; Challa, S.; Ryan, S.P.; Fahad, H.M.;

Chen, K.; Shahpar, Z.; et al. Aytonomous sweat extraction and analysis. lied to cystic fibrosis an

Electngty generaﬁlor? ?or S&Ds can L!:)e c?evecfoped from %atter -?ree systems,y wﬁlgl?%#aers m(l;r}/latunzecg, ﬁg%twe(ljght, and
.glucose monltOJlngcu3|n afull}fﬂlnte rated weal ablée atform. P,I’Oﬁ. Nﬁtl. A]cad. Sci. USA 2017, 114, 4(53%5—
er48833 electronic devices that are more Versatile under dafly use. Typically, this electric energy can be retrieved from
sustae?ngble, portable, and renewable resources such as sunlight 2321, human motion (biomechanical) 138! and biofuel cells
8BAG) 14 it ppdier Ziace QireldsSwdainpleXeleXianick. ;Hoinew@r, Ruhiecetircuisbbardtmpegrdtedhvbaratdeyiosorage
deviaie cilvecelectraddewithtpdade ntialtreatitanifamhightyriep edtebin Sheaatiesprzibolringp sseapachats)atdrisB contain
hazGhiens 26221856 nBsdrl?and require external charging or frequent power source replacement 3813311361 \oreover,
devi d tavoltai | ired to add the .limijtati i d light ilakiljt d

87986 P19 HNG. €50 e ,h\?.%v.;"'la'r%,Cl%)l?sf“;“‘c@”ﬁ‘?ﬂ.;‘k%né?ﬁ?; iR UROTERRY S R an

icient long-t . Rech ble batteri e al ible t losi t
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hugr(ra] 8 ﬁ é‘llt% gp%ec\{\(/a %{%@ugi%gfgi X.resent with sweat, posing safety concerns, which may cause skin burns. Despite
solar energy, human motion and BFC are viable alternatives. Both are types of on-body energy sources that are generally
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Chitosan/Prussian Blue Nanocomposite. Sensors 2017, 17, 2536.
Energy harvesting from human motion generates electricity, which distributes the current into sensors and electronic devices
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PE@&%&HW@?&PW%:‘Hsrﬁ%éﬂ&*ﬂoé%’ﬂ‘ g[ﬂe\g_t@gg@,'&eggag_rostatic potential is generated by piezoelectric material,

inducing an electric current to flow between both the electrodes when subjected to an exerted vertical strain. The electrons’
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low- Pe]q%’e%gy’h%(r)nga_ns;‘n%tion. Moreover, TENGs are flexible and versatile in recuperating the kinetic energy from the
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extigeisepolree ffaneikoR 18otitd, pewadnd B(plexed sweat biochemical sensors and wirelessly transmitting health status
tracking during exercise via Bluetooth to communicate with the user 881 |n comparison. to the prior efforts of TENGs that
89. Barlya, M.; Shahpar, Z.; Pz-lxlr_] :Sun, J.; Jung, Y.; Gao, W.; Nyein, H.Y.Y.; Liaw, T.S.; Tal, L.C.; ngo,_Q.P.;

suffer from low power intensity (1441 “their fabricated FTENG exhjbited great significance in terms_of mechanical and

et al. Roll-to-Roll Gravuré Printed Electrochemical Sensors for Wearable and Medical Devices. ACS Nano

elecztri(i%l rﬂabélg% é':mggsé%bility, in which an outstanding performance in terms of real-time energy usage and longevity for
wearable’ electronics was achieved. They proposed an efficient dielectric modulation strategy to tackle this challenge by
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degradation of Prussian Blue as the sensing architecture. Anal. Chim. Acta 2022, 1210, 339882. )
BFCs also carry a function as a self-powered sweat detecting system. The available target biomarkers in sweat secretion
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Sweat-lactate-based wearable biofuel cells are an effective candidate for addressing power concerns, owing to the fact that
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