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Sweat is a promising, yet relatively unexplored biofluid containing biochemical information that offers broad
insights into the underlying dynamic metabolic activity of the human body. The rich composition of electrolytes,
metabolites, hormones, proteins, nucleic acids, micronutrients, and exogenous agents found in sweat dynami-
cally vary in response to the state of health, stress, and diet. Emerging classes of skin-interfaced wearable sensors
offer powerful capabilities for the real-time, continuous analysis of sweat produced by the eccrine glands in a

manner suitable for use in athletics, consumer wellness, military, and healthcare industries. This perspective
examines the rapid and continuous progress of wearable sweat sensors through the most advanced embodiments
that address the fundamental challenges currently restricting widespread deployment. It concludes with a dis-
cussion of efforts to expand the overall utility of wearable sweat sensors and opportunities for commercialization,
in which advances in biochemical sensor technologies will be critically important.

1. Introduction

Emerging classes of skin-interfaced wearable sensors offer a powerful
set of capabilities for the non-invasive assessment of the biochemical,
biophysical, and kinematic signals arising from the natural physiological
processes of the human body. Conventional wearable biosensors,
designed in wrist-worn, chest-strapped, and apparel-integrated formats,
offer quantitative assessment of physiological parameters in continuous
modes of operation by leveraging the integration of multimodal sensors.
While existing classes of wearable technologies [1] have enabled remote
monitoring of health, performance, environmental safety, and activities
of daily living, they lack the ability to characterize important metabolic
processes, which are essential for creating a comprehensive under-
standing of health, nutrition, and wellness status.

Standard approaches to monitoring body chemistry require invasive
blood-based analysis using bulky laboratory equipment. Alternative
biofluid targets to blood, such as saliva, tears, and sweat, represent
attractive noninvasive media for biomarker analytics with the potential
for remote health monitoring outside of controlled laboratory settings
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[2]. Sweat is of particular interest owing to the rich composition of
electrolytes, metabolites, hormones, proteins, nucleic acids, micro-
nutrients, and exogenous agents [3-7]. Laboratory-based sweat analysis
techniques have utilized a combination of strap-based flexible tubes,
absorbent pads, wicking materials, and adhesive tapes for collection
with evaluation to follow on separate laboratory instrumentation. Such
an approach is sufficient for medical diagnostics or controlled sports
performance monitoring; however, the need for trained personnel, uti-
lization of costly equipment, and complex sampling procedures restrict
utility to highly controlled laboratory environments. Recent advances in
material science, biochemical sensors, and flexible/stretchable elec-
tronics form the foundations for a new class of skin-interfaced wearable
platforms that could assess the biomolecular composition and dynamics
of sweat in either a continuous or intermittent fashion, unencumbered
by a reliance on external instrumentation [3,8-10]. The consequences
are significant in terms of enhanced measurement accuracy, modes of
deployment, and integration with other body-worn sensors. Real-time
measurement of sweat constituents, either singularly or in tandem,
along with sweat dynamics (e.g. total sweat volume and rate variations)
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offers broad insights into the underlying dynamic metabolic activity of
the human body.

This perspective highlights the latest key advances in wearable sweat
biosensors, with particular emphasis on the biosensing concepts key to
shaping the directions of future platform developments. Recent reviews
contextualize wearable sweat sensors within the scope of skin-interfaced
devices [1,3,6,10-12] or examine progress within the context of sensing
technologies [9,11,13-19], specific applications [5,7,8,14,19-22], ma-
terial systems [23,24], and fabrication methods [25]. By contrast, this
perspective examines the rapid and continuous progress of wearable
sweat sensors through the most advanced embodiments that address the
fundamental challenges hindering widespread deployment. A short
introductory section summarizes key sensing schemes and fabrication
constructs underpinning these wearable sweat systems. The second part
broadly classifies the technical challenges according to needs in fluid
handling, analytical performance, and power management with repre-
sentative examples of the current approaches. The perspective concludes
with a discussion of efforts to expand overall utility and opportunities
for commercialization, in which advances in biochemical sensor tech-
nologies will be critically important.

2. Enabling technologies for wearable sweat sensors

Wearable, sweat-based biochemical analytical systems must operate
across a broad range of applications ranging from passive modes of
sweat collection to intense exercise. Environmental conditions could
also vary in humidity or temperature (tropical vs desert climate) or
include wet settings (e.g. aquatic sporting activities). These demanding
use cases necessitate careful designs that establish and maintain a robust
conformal interface with the epidermis, in order to support continuous
sampling and collection of sweat. Such demands also apply to the design
of chemical sensors with key performance requirements, including
operational stability, precision, sensitivity, selectivity, power efficiency,
and methodology of data transfer. Emerging classes of wearable sweat
sensing platforms, classified as either colorimetric, electrochemical, or
hybrid sweat sensors, highlight key strategies to address these opera-
tional parameters.

2.1. Colorimetric sweat sensors

Epidermal microfluidic (‘epifluidic’) devices exploit low-modulus,
biocompatible elastomeric substrates with embedded microfluidic
channels for the capture and storage of sweat. Integration of colori-
metric [3,26] (Fig. 1A) or fluorescent [27,28] (Fig. 1B) assays enable the
quantitative analysis of sweat constituents of interest. Such devices
utilize the natural pressure generated by sweat glands to characterize
sweat rate and concurrently route sweat to individual chambers where
sweat components interact with the specific chemical reagents that
develop a distinct optical signal corresponding to a target analyte con-
centration. Smartphone-based image capture and color-based analysis
offer a simple, inexpensive analytical pathway with recent reports
demonstrating quantification of targets including sweat chloride, pH,
glucose, urea, creatinine, and lactate [26,29-32].

2.2. Electrochemical sweat sensors

Real-time monitoring of sweat biomarkers is critical as concentra-
tions of sweat constituents have been shown to dynamically vary in
response to the state of health, stress, and diet [33]. Skin-interfaced
electrochemical sensors leverage conductometric, amperometric,
potentiometric, and voltimetric measurement techniques (Fig. 1C-E) to
provide continuous monitoring of target analytes in sweat [34-36].
These methods generate electrical signals proportional to analyte con-
centrations with high sensitivity and specificity, demonstrate rapid
response times, and require minimal power capacity, thereby enabling
miniaturized sensor designs suitable for integration into wearable
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platforms, which utilize onboard memory modules and wireless
communication to transmit data to an external personal device assistant
(i.e. smartphone or smartwatch) for real-time sweat analysis.

2.3. Hybrid sweat sensors

Recent developments [37] in wearable sensors highlight a hybrid
strategy that integrates both electrochemical and optical sensing tech-
nologies into a single analytical platform for the wireless, battery-free,
multimodal analysis of biomarkers in continuous and spot check
modes of operation (e.g. cortisol, ascorbic acid, glucose, and sweat rate)
(Fig. 1F). This dual sensing approach utilizes colorimetric lateral flow
immunoassay for monitoring cortisol, fluorescent assays for ascorbic
acid and glucose, and impedance-based sensors to capture sweat rate
and galvanic skin response for assessing sweat gland activity. Field trials
demonstrate these capabilities in multi-day physiological tracking of
parameters relevant to physical and mental stresses. The modes of
deployment that result from this type of hybrid approach offer signifi-
cant promise for long-term continuous and intermittent monitoring of
physiological parameters and conditions.

3. Key technical challenges

Continued progress in the field of wearable sweat sensing requires
further advances in manufacturing processes, biosensor development,
testing, validation in uncontrolled field settings, and miniaturization of
sensor and fluidics packaging to address the remaining technical chal-
lenges, which can be broadly classified according to the following cat-
egories: (1) rapid collection, sampling, and storage of sweat in remote
environments (fluid handling); (2) high sensitivity biosensing across
various environmental conditions (analytical performance); and (3)
adequate power and memory capacity for continuous operation (energy
requirements).

3.1. Fluid handling

Wearable sweat sensors that harness the natural pressure of activated
eccrine sweat glands can passively route sweat to biochemical sensors
via networks of microfluidic channels. These devices must support
operation under a wide range of flow conditions, including anatomical
variations in sweat gland density, physiological changes (e.g., stress,
diet), and differing environmental conditions (humidity, temperature
effects). These external factors could significantly influence the rate of
sweat production and biocomposition. Continuous monitoring of sweat
using electrochemical sensing approaches requires a constant flux of
newly excreted sweat to permit a constant reaction/analysis process on
the sensor surface. Conversely, colorimetric and fluorescence-based as-
says require the collection of defined volumes of sweat to ensure a
complete reaction and evolution of optical signals. These competing
needs, as well as additional constraints from operating conditions and
body-interfacing locations, requires sophisticated and nuanced strate-
gies for device designs.

Research efforts seek to adapt well-established microfluidic-handling
techniques, developed using hard, rigid device constructs, into soft,
stretchable microfluidics suitable for epidermal interfaces. Initial device
demonstrations utilized simple networks of microchannels and reser-
voirs to capture sweat directly from the epidermis. More recent em-
bodiments impart more complex valves (Fig. 2A,B) and fluid mixing
(Fig. 2C) strategies. Passive valve constructs utilize geometry-defined
pressure variations (capillary bursting valves [38]), surface functional-
ization (hydrophobic/hydrophilic [39]), or one-time chemical reactions
[40] to route sweat to specific isolated sensing regions. Combinations of
such valves enable microfluidic designs that permit the “chronosam-
pling” of sweat in a time (or volume) sequenced manner. Powerful in the
simplicity of implementation, passive valves exhibit two key drawbacks:
they are irreversible once activated and prone to failure when utilized
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Fig. 1. Sensing methods for sweat analysis. A. Representative example of integration of multiple colorimetric assays in an epidermal microfluidic device for
quantifying sweat constituents. Adapted with permission from Ref. [3]. Copyright 2018 American Association for the Advancement of Science. B. An image of a
fluorescent-assay based epidermal microfluidic device for the measurement of sodium and chloride in sweat. Adapted with permission from Ref. [27]. Copyright
2018 The Royal Society of Chemistry. C. Utilization of sweat conductivity measurements enables the real-time measurement of sweat rate. Adapted with permission
from Ref. [34]. Copyright 2019 The Royal Society of Chemistry. D. Functionalization of electrodes permit amperiometric measurements of nicotine in sweat for
monitoring of secondhand smoke exposure. Adapted with permission from Ref. [35]. Copyright 2020 American Chemical Society. E. Voltimetric measurements using
functionalized laser-engraved graphene electrodes enable biochemical monitoring of signals associated with gout and metabolic disorders (uric acid, UA; tyronsine,
Tyr) in a wearable device. Adapted with permission from Ref. [36]. Copyright 2020 Springer Nature. F. Demonstration of a multimodal epidermal microfluidic
platform that integrates electrochemical and colorimetric sensors with a lateral flow assay for the detection of stress-related parameters. Adapted with permission

from Ref. [37].
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Fig. 2. Fluid handling. A. Series of optical images highlighting the use of capillary burst valves (CBV) to enable the time/volume sequenced sampling of sweat.
Adapted with permission from Ref. [38]. Copyright 2017 The Royal Society of Chemistry. B. Example of a wearable platform utilizing a thermo-responsive hydrogel
with miniature heaters as valves to programmatically route sweat when activated by localized heating. Adapted with permission from Ref. [42]. Copyright 2020
Springer Nature. C. Demonstration of a wearable sensor that utilizes electrical-field induced thermal gradients for in situ mixing. Adapted with permission from
Ref. [44]. Copyright 2019 The Royal Society of Chemistry. D. A battery-free approach combines manual (finger-press) activation with micro-molded flaps for
on-demand sample mixing. Adapted with permission from Ref. [45]. Copyright 2019 American Chemical Society. E. Ingress of sweat activates periodically-spaced
galvanic cells to enable temporal, battery-free sweat analysis via colorimetric assays. Adapted with permission from Ref. [47]. Copyright 2019 WILEY-VCH Verlad
GmbH & Co. F. Control of fluid permeability is necessary for enabling deployment of sensors in demanding environments or to ensure accurate measurements in
clinical settings by eliminating evaporation-induced sample degradation. Adapted with permission from Ref. [32]. Copyright 2019 American Association for the
Advancement of Science. G. Integration of hard/soft materials enables optimization of device geometries to resist mechanical deformations from physical impact.
Adapted with permission from Ref. [48]. Copyright 2020 WILEY-VCH Verlad GmbH & Co.
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for high-intensity applications. Active valving represents a potential
means for addressing these limitations by enabling dynamic control of
fluid  transport.  Although  many  variations  exist for
lab-on-chip/lab-on-CD systems [41], few examples exist for wearable
sweat analytical platforms. The most recent demonstration [42] utilizes
thermo-responsive hydrogels and wireless heating elements as fast
response valves integrated in a microfluidic network for dynamic fluid
control. The control enabled by this embodiment suggests significant
potential programmatic, system-level control of sweat routing and
subsequent sensor interaction.

A logical extension of valve-based fluidic controls is the integration
of active mixing in epidermal microfluidic constructs to facilitate com-
plex sample processing and fluid analysis. As sweat-based devices
operate in a low-Reynolds number regime, the resulting laminar flow
profiles preclude non-diffusive passive mixing strategies. Moreover,
most designs seek to avoid diffusive sample interaction to reduce assay-
to-assay cross contamination. Traditional microfluidic devices offer
insight into an alternative approach by which the application of external
fields (electrophoretic, acoustophoretic, magnetophoretic) or physical
structures (flaps, valves) mix fluids [43]. Such methods often utilize
form factors that preclude utilization in wearable formats; however, a
recent demonstration [44] (Fig. 2C) utilizes local temperature gradients
induced by the application of a non-uniform oscillating electric field to
facilitate on-demand sample mixing. Another approach [45] combines
air chambers and flap valves to permit mixing through manual pumping
(Fig. 2D). Continued expansion of the library of active mixing ap-
proaches, when paired with programmatic fluidic control, will enable
further development of high-precision sensing approaches for low con-
centration biomarkers targets of interest.

Field deployment of complex epidermal microfluidic sensors re-
quires careful assessment of both operating conditions and the sweat-
based biomarkers of interest. Some sweat constituents tend to change
dynamically as a function of sweat rate (e.g. sodium chloride concen-
trations) and physiological or mental state (e.g. cortisol) [46]. Contin-
uous electrochemical sensing and colorimetric technologies have
enabled accurate correlation of sweat biomarkers with sample time. One
recent colorimetric device platform [47] employs a simple timing
strategy that incorporates sweat-activated “stopwatches” in the form of
low cost flexible galvanic cells, thereby enabling temporal sweat anal-
ysis with passive colorimetric assays (Fig. 2E). Devices that support
time-dependent sweat analysis in a battery-free manner are particularly
attractive for demanding applications such as athletic performance
monitoring. In this context, devices must ensure measurement accuracy
by mitigating potential sample loss through evaporation or device de-
formations. One representative microfluidic device platform [32] em-
ploys tortuous microfluidic networks and polymeric materials with low
water permeability to significantly reduce evaporation and facilitate use
in high-intensity activities in aquatic environments (Fig. 2F). A more
recent strategy [48] (Fig. 2G) integrates high modulus, impermeable
polymers for use as microfluidic structures embedded in low modulus
elastomers. Optimized channel geometries enable this configuration to
resist mechanical deformation as a result of physical impact while
maintaining a conformal, fluid-tight interface with the epidermis. Such
application-dependent considerations are essential for fully realizing the
promise of these epidermal microfluidic platforms. As the application
space for wearable sweat sensors continues to grow, so too will the need
for additional fluid-handling techniques.

3.2. Analytical performance

The intrinsic, time-dynamic nature of sweat necessitates that wear-
able sensing platforms must operate in rapidly evolving environments
where sensor performance and/or changes in biochemistry pose signif-
icant challenges in achieving accurate, high-quality measurements. As
detailed elsewhere [1,3,4,11,12,18,33,49,50], the rich matrix of elec-
trolytes, metabolites, hormones, and small molecules found in eccrine
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sweat offer valuable insights into human metabolic and physiological
status with many constituents present only in extremely low concen-
trations. While there is significant interest in the utilization of sweat for
tracking disease progression, mental health, and overall physical
well-being, the measurement of low-concentration species requires
careful consideration of sweat stimulation methodology, correlation
with physiological condition, and sample contamination [2,10,11,46,
49].

Adequate, facile stimulation and collection of sweat constitute sig-
nificant challenges for both established sweat-based diagnostics (cystic
fibrosis [51]) and novel wearable sweat sensors [46,52]. Typical
methods of sweat harvesting require strenuous activity, thermal gradi-
ents, or exposure to localized chemical stimulation to generate sweat in
sufficient volumes for analysis [3]. Localized sweat stimulation is the
primary inducement method for stationary or diagnostic applications to
circumvent the need for intense physical activity (Fig. 3A). Here,
transcutaneous delivery of sweat-inducing drugs via iontophoresis ini-
tiates a localized sweat response for subsequent collection and analysis.
While each method can yield adequate sweat volumes for biochemical
sensing, the rate of production is method dependent [53]. This, in turn,
can result in additional variability in biomarker concentrations. Hence,
the establishment of alternative methods that enable repeatable stimu-
lation and consistent flow rates is necessary to support daily health di-
agnostics. Recent efforts demonstrate potential alternative methods
such as capturing sweat generated during showering [30] (Fig. 3B) or
employing hydrogel patches [54,55] (Fig. 3C) to wick sweat generated
by natural perspiration at a consistent flow rate [56].

Sweat constituents such as glucose, ammonia, urea, and ethanol
serve as surrogates for target analytes in blood for monitoring important
metabolic health conditions (i.e. diabetes or kidney health) [50]. Prior
to the emergence of skin-interfaced sensing platforms, traditional sam-
pling approaches enabled only limited sweat-based biochemical analysis
in the form of aggregated measurements of high-concentration species
(electrolytes) at singular sampling instances in time [10]. Initial dem-
onstrations of epidermal microfluidic devices supported the hypothe-
sized relationship between sweat and blood analytes [29,57-59]
(Fig. 3D). A more recent embodiment [60] has established the un-
equivocal correlation through the detection of ethanol via continuous
stimulation and sampling of sweat (Fig. 3E). Such clinical validation
studies are essential for sweat biomarkers, especially those present in
ultra-low concentrations.

To support such validation efforts, minimization of sample contam-
ination during collection and/or extraction is critical. Typical strategies
include optimization of the device/epidermal interface and ensuring
consistent flow across sensor surfaces to reduce effects of interfering
species. One recent approach [61] yields a “clean” sweat sample by
eliminating operator interaction during sample extraction by optimiza-
tion of the device-to-world interface. Custom extraction hardware
cleanly evacuates the epidermal sweat collection device into a cryotube
for analysis of cytokine concentrations via the application of positive air
pressure (Fig. 3F). Other methods circumvent specific contamination
issues with electrochemical sensors by implementing novel designs to
reduce or eliminate biofouling on the sensor surface [62,63] (Fig. 3G,H).

Establishing operational equivalency for wearable sweat sensors
with traditional biochemical methods requires employing strategies that
enable stable, predictable sensor operation invariant of external envi-
ronmental conditions [18]. Wearable systems not only must address the
challenges posed by sweat stimulation, physiological relevance, and
contamination, but also employ sensor constructs, either electro-
chemical [62,64-87] or optical [88-91], that can transduce meaningful
signals from ultralow concentrations of target analytes [92] under un-
controlled environmental conditions. Such targets could necessitate
integration of complementary sensors (e.g. pH, temperature) or complex
pretreatment, calibration, or reaction steps for accurate sensing to
support operation in a skin-interfaced form factor. Thus, the develop-
ment of wearable platforms and biochemical sensing systems, that
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Fig. 3. Analytical performance. A.-C. Highlight typical methods for stimulating a sweat response including stimulation by iontophoresis or exposure to thermal
gradients arising from physical exertion. A. A representative example of a device that integrates iontophoretic stimulation and electrochemical analysis. Adapted with
permission from Ref. [59]. Copyright 2018 WILEY-VCH Verlad GmbH & Co. B. Exposure to elevated temperatures during bathing (shower or bath) induces sufficient
sweat for biochemical analysis. Adapted with permission from Ref. [30]. Copyright 2019 The Royal Society of Chemistry. C. Utilization of absorbent hydrogels
enables collection of sweat generated passively during normal daily activities. Adapted with permission from Ref. [55]. Copyright 2020 The Royal Society of
Chemistry. D. One demonstration using an epifluidic sweat sensor correlates blood and sweat glucose concentrations over a multi-day period by periodic sampling.
Adapted with permission from Ref. [29]. Copyright 2018 American Association for the Advancement of Science. E. A recent demonstration using a wearable
electrochemical sensor with integrated iontophoretic stimulation correlates sweat and blood ethanol concentrations over a 4 -h period. Adapted with permission from
Ref. [60]. Copyright 2018 The Royal Society of Chemistry. F. Elimination of operator interaction through an optimized device-to-world interface minimizes
contamination during sample extraction for external laboratory analysis. Adapted with permission from Ref. [61]. Copyright 2020 Elsevier. G. Optimization of fluid
pathways enables strategies for minimizing biofouling of electrochemical sensor surfaces. Here, the embodiment utilizes on-demand sample measurements activated
a finger-press to periodically measure sweat cortisol. Adapted with permission from Ref. [62]. Copyright 2020 Elsevier. H. Alternative strategies for mitigating
biofouling rely upon multilayer sensor constructs or optimized coatings to maintain consistent sensor performance. Adapted with permission from Ref. [63].

Copyright 2020 Elsevier.

decouple target signals from external sources of noise, while protecting
against assay degradation and contamination, represent important di-
rections for continued research.

3.3. Energy requirements

Power management is an overarching challenge for wearable sweat
systems with active, continuous-mode sensors due to the requirements
for miniaturized form factor, size, and weight needed to support
conformal skin-interfacing. Additional considerations result from spe-
cific sensor requirements in terms of sampling frequencies, communi-
cation bandwidth, operating distances, and device lifecycle. For most
wearable platforms, batteries represent the most versatile option for
supporting continuous operation [1] with key limitations imposed by
the battery footprint and weight. Moreover, wireless communication
strategies, compatible with these form factors, have particularly
demanding power requirements, especially for short/long range opera-
tions, location tracking, and across different bandwidths.

Although advances in energy storage densities and alternative
chemistries are important for continued progress, several recent dem-
onstrations that exploit energy harvesting [29,47,93-105] suggest new
compelling directions to circumvent these power management issues.
Several examples incorporate sweat-activated batteries [96,101,
104-106] or supercapacitors [95] to supply power to both sensing and
data communication components (Fig. 4A-D). Such platforms utilize a
combination of materials and device architectures to achieve power
generation performance largely independent of sweat composition. An
alternative energy harvesting approach incorporates near-field
communication (NFC) capabilities [29,107] to allow for battery-free
operation when close proximity to a radio frequency (RF) source is
feasible (Fig. 4E,F). One recent demonstration [29] illustrates the use of
this approach for nonclinical diagnostics in a device that integrates
wireless, skin-interfaced electrochemical sensors for sweat glucose and
lactate. Combinations of these energy harvesting approaches may prove
attractive for applications in which additional bulk size and footprint
would impede operation. Ultimately, power management remains a key
area for continued research needed to achieve equivalence between
active and passive measurement methods, while preserving simplicity in
operation and miniaturized physical designs.

4. Opportunities and outlook

Advances in soft microfluidics, sensing modalities, energy storage
technologies, and system integration strategies serve as a powerful
foundation for skin-like wearable biochemical systems for sweat anal-
ysis. These solutions are capable of non-invasively unlocking clinical
grade insights about performance, battlefield hydration, disease
screening, stress, and metabolic health tracking in real-world settings.
As this class of biosensors continues to mature, additional challenges
will rise in prominence with particular consideration in data collection
and fluid handling. Broad adoption of platforms capable of long-term

continuous monitoring will vastly expand the volume of collected
data. This scale up in data will necessitate new algorithms, approaches,
and tools to enhance our understanding of large sweat biomarker
datasets, in combination with biophysical markers, and their collective
physiological relevance. A recent validation study [108] represents one
of the first large-scale demonstrations employing advanced rehydration
algorithms, developed to optimize athletic performance based on sweat
rate and electrolyte loss metrics, with a low-cost, epifluidic sweat sensor.
A systematic comparison of sensor performance to gold standard
absorbent patches establishes a strong statistical correlation under both
controlled laboratory environments and uncontrolled field settings
across participants (N = 312 athletes). Such large-scale validation
studies supported by the standardization of best practices for sensor
testing are a critical requirement for the continued broad adoption of
such wearable systems.

Overall, while the skin-interfaced devices highlighted here represent
recent technological milestones in establishing platform utility, many
important and interesting challenges remain in translating these proto-
type systems to commercial products. Such commercialization efforts
require regulatory, clinical, and quality strategies to support adoption in
conjunction with established manufacturing supply chains to scale
production beyond university fabrication laboratories [109] (Fig. 5A).
Recent research [110] in manufacturing methodologies demonstrate
that electrochemical and optical sensors as well as microfluidic con-
structs are compatible with low-cost, high-volume process flows. Key
representative examples from Epicore Biosystems [111] (the G* Sweat
Patch, commercialized by The Gatorade Company and Epicore
Biosystems—Fig. 5B; Skin Track pH sweat sensor, developed by L’Oreal
and Epicore Biosystems—Fig. 5C) utilize established roll-to-roll
manufacturing methods to establish low-cost wearable microfluidic
systems at high volume. Other efforts, such as those by Eccrine Systems
[112] (Fig. 5D), seek to leverage fully integrated sweat stimulation and
analytical platforms to enable continuous, long-term sweat monitoring
for at-home clinical diagnostics. These initial offerings demonstrate the
continued convergence of flexible hybrid electronics and established
large-scale manufacturing processes to support the commercial
deployment of wearable microfluidics and biochemical sweat moni-
toring. Such wearable sweat sensors represent a class of technology with
powerful potential for wide-spread adoption in athletics, military, con-
sumer wellness, and healthcare industries. These solutions are capable
of non-invasively unlocking clinical grade insights about performance,
battlefield hydration, disease screening, stress, and metabolic health
tracking in real-world settings.
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Fig. 4. Energy storage. Two recent demonstra-
tions (A, B) utilize sweat as a bio-battery to
supply sufficient power to the wearable sensing
platform for electrochemical analysis. A is
adapted with permission from Ref. [105].
Copyright 2020 American Association for the
Advancement of Science. B is adapted with
permission from Ref. [96]. Copyright 2020
Springer Nature. C. A similar device utilizes a
paper-based battery construct as the measure-
ment method for determining chloride concen-
trations in sweat. Adapted with permission from
Ref. [106]. Copyright 2019 Springer Nature. D.
Supercapacitors represent an attractive alter-
native as demonstrated in a recent example for
the measurement of sweat glucose, sodium, and
potassium  concentrations. Adapted with
permission from Ref. [95]. Copyright 2019
Elsevier. Other device platforms (E, F) harvest
energy from radio frequency sources (NFC) to
support battery-free operation. E is adapted
with permission from Ref. [107]. Copyright
2019 Elsevier. F is adapted with permission
from Ref. [29]. Copyright 2018 American As-
sociation for the Advancement of Science.
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Fig. 5. Commercialization. A. Integration of wearable sweat sensors into an
existing consumer-adopted watch band. Adapted with permission from
Ref. [109]. Copyright 2019 American Association for the Advancement of
Science. B. The Gx Sweat Patch commercialized by The Gatorade Company and
Epicore Biosystems. Adapted with permission from Ref. [111]. Copyright 2020
Epicore Biosystems. C. The My Skin Track pH device developed by L’Oreal and
Epicore Biosystems. Adapted with permission from Ref. [111]. Copyright 2020
Epicore Biosystems. D. The E-AB (electrochemical, aptamer-based) sensing
platform developed by Eccrine Systems. Adapted with permission from
Ref. [112]. Copyright 2020 Eccrine Systems.
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