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Glove-based sensors for multimodal monitoring

of natural sweat
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Sweat sensors targeting exercise or chemically induced sweat have shown promise for noninvasive health
monitoring. Natural thermoregulatory sweat is an attractive alternative as it can be accessed during routine
and sedentary activity without impeding user lifestyles and potentially preserves correlations between sweat
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and blood biomarkers. We present simple glove-based sensors to accumulate natural sweat with minimal evap-
oration, capitalizing on high sweat gland densities to collect hundreds of microliters in just 30 min without
active sweat stimulation. Sensing electrodes are patterned on nitrile gloves and finger cots for in situ detection
of diverse biomarkers, including electrolytes and xenobiotics, and multiple gloves or cots are worn in se-
quence to track overarching analyte dynamics. Direct integration of sensors into gloves represents a simple and
low-overhead scheme for natural sweat analysis, enabling sweat-based physiological monitoring to be-
come practical and routine without requiring highly complex or miniaturized components for analyte collection

and signal transduction.

INTRODUCTION

In recent years, a variety of sweat sensors have been developed to
monitor biomarkers for athletic and health monitoring applications
amid a wider movement to determine what noninvasively and con-
tinuously accessible biofluids, including tears and saliva, can indi-
cate about the physiological state of the body (1-15). Common to
these platforms is a need for active sweat stimulation, either through
exercise, iontophoretic/chemical stimulation, or heat treatment. Out-
side of a controlled laboratory environment, active stimulation poses
practical limitations for widespread and routine sweat sensor use.
Not only is it inconvenient to have to exercise or enter a sauna to
obtain sensor measurements, but this may also be physically impos-
sible for certain user groups, including patients and the elderly. Local
iontophoretic stimulation poses its own challenges, including de-
creased sweating rates after repeated current application and con-
cerns regarding local skin burning. Practically, sweat sensors must
be able to autonomously access sweat without damaging the skin
and must be compatible with routine activity, giving physiological
insights without impeding user lifestyles. Natural thermoregulatory
sweating, or background sweat that individuals continually secrete
to microregulate body temperature without active stimulation, is
a much more promising method for noninvasive and convenient
biomarker access (16). Sweat is naturally secreted even during sed-
entary or routine activities like sleeping, sitting, and walking. Secre-
tion rates are typically relatively low (~0.1 nl/min per gland versus
over 1 nl/min per gland for exercise) but involve large-area sweat gen-
eration that produces nontrivial volumes of sweat overall (17-19).
Furthermore, lower sweat rates reduce dilution of secreted analytes,
better preserving equilibrium correlations between biomarkers in
the sweat gland and those in surrounding interstitial fluid or blood
(18, 20, 21). In this way, natural sweat could potentially provide bet-
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ter insight into the molecular state of the body compared to actively
stimulated sweat.

While reducing sensor size (and thereby sample volume require-
ments) is one way in which sweat analysis can be supported by natural
sweating, other methods include targeting body regions with par-
ticularly high sweat gland densities and inhibiting evaporation—a
particular concern for distributed and low-rate sweat generation. Here,
we present glove-based sensing platforms to analyze sweat naturally
secreted on the hands and fingers during sedentary or routine activity
(Fig. 1A). The fingertips, palm, and back of hand have some of the
highest sweat gland densities on the body and therefore present at-
tractive sites for accessing natural sweat (22, 23). Gloves made of
moisture-impermeable nitrile efficiently accumulate natural sweat by
markedly limiting evaporation (fig. S1), enabling hundreds of micro-
liters to be collected within half an hour while at rest. These large
volumes could be harnessed for traditional off-body sweat analysis,
already constituting a much more efficient and convenient method
of sweat collection compared to exercise or chemical stimulation.
Going a step further, sensors can be directly functionalized onto the
inner surfaces of nitrile gloves (Fig. 1B) and finger cots (Fig. 1C) to
allow in situ natural sweat analysis of analytes, including ions, heavy
metals, xenobiotics, and nutrients (Fig. 1, D and E), without the
need for miniaturized sensors. By taking advantage of a familiar and
easy-to-wear form factor, glove-based analytics prioritize user com-
fort and convenience, providing a promising route to making sweat
sensing routine for real-world application.

Electrodes can be fabricated in versatile patterns and locations
on the inner surfaces of nitrile gloves and finger cots by simply de-
fining electrode areas using a shadow mask and then evaporating
conductive electrode materials. As a demonstration, we pattern gold
and bismuth electrodes on the glove surface contacting the back of
the hand—a region with particularly high sweating rates—and func-
tionalize them into electrochemical sensors for sweat alcohol, zinc,
chloride, and pH (24). We similarly fabricate a three-electrode sys-
tem within nitrile finger cots to be selective for vitamin C. We verify
the mechanical robustness of these platforms against the strains of
on-body wear and demonstrate them for representative natural sweat

10f9

0202 ‘2T JaqWanoN uo /610 Bewasualos saoueApe//:dny woly papeojumod


http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

A B C
Sensing
Cot sensor electrodes Cot upper
i for finger surface

Glove upper Al

surface
Sensing electrodes
for back of hand Cot lower
surface
Hand

Glove lower Hand

surface

Glove sensor

Ethanol ?_,f” Vitamin C
an= Glutarald. He cr é.: :
(J

AlOX PVBINaCI ® e Nafion
B  PBINIHCF Ag/AgCl Ag/AgCl  [IPolyaniine®  Ag/AgCl Ag/iAgCl [ AscOx |
Au Au Au Au Au Au Au Au Au Au
Nitrile I ” | | Nitrile
~ ® L 1 O
A I A7
L V) Sensing electrodes on cot

Sensing electrodes on glove

Fig. 1. Glove-based analytics for natural sweat analysis. (A) Glove-based sensors, including functionalized gloves and cots allow natural sweat analysis during sedentary
and routine activity without active sweat stimulation. (B) Electrochemical sensors can be fabricated on versatile glove positions such as the back of the hand to target high
sweat rate sites. The glove’s nitrile material crucially protects against evaporation for rapid sweat accumulation. (C) Nitrile cots can be functionalized to target sweat
gland-rich fingertips while offering a condensed form factor. (D) Cross-sectional schematic of the sensing layers and measurement schemes for zinc, ethanol, pH, and
chloride sensors functionalized on a nitrile glove, and (E) vitamin C sensor functionalized on a nitrile cot.

monitoring applications, including using a sequence of gloves and
cots to compare sweat and blood alcohol dynamics and to conduct
multiday tracking of sweat vitamin C levels following vitamin sup-
plement intake. In this way, we extract semicontinuous, dynamic
information about sweat xenobiotics that are found to cohere with
preexisting understandings of their metabolism and excretion in
sweat, validating that each glove provides a faithful snapshot of sweat
composition at that time. Single-point measurements obtained with
individual gloves are therefore promising for rapidly gauging the
physiological state of the body in applications where the presence of
a chemical beyond a threshold level in sweat is noteworthy (such as
for determining dangerous heavy metal exposure) or when a sweat
analyte has an established correlation with blood (such as when mon-
itoring alcohol levels). As these measurements can be obtained in just
30 min at rest, the functionalized gloves and cots present a valuable
advantage over other sweat sensor systems that rely on exercise or
chemical stimulation to access sweat or those that demand lengthy
accumulation periods at low sweat rates. Overall, the presented sen-
sors are found to be effective platforms for collecting and analyzing
natural sweat during resting and routine activities, and relatively
comfortable, inexpensive alternatives to the costly and invasive tests
associated with traditional hospital-based monitoring of human health
and physiological status.

RESULTS AND DISCUSSION
High sweat gland densities on the hand make it a promising site for
sweat analysis compared to other body locations traditionally used
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for wearable sweat devices. Sweat gland densities are characterized
for five subjects (two females and three males) on the index finger
pad, palm, back of hand, wrist, forearm, forehead, and back of neck
(Fig. 2A). Impressions of the glands are obtained using an iodine-
soaked paper patch for the latter two regions to accommodate their
firm yet curved skin surfaces, while the remaining regions are spotted
with bromophenol dye to directly color the sweat glands, as discussed
in Materials and Methods (25, 26). Sweat glands are counted from
these images for each subject and body site, revealing that the five
subjects have average sweat gland densities of 441, 318,290,212, 171, 208,
and 110 glands/cm” on the finger, palm, back of hand, wrist, fore-
arm, forehead, and back of neck, respectively (Fig. 2B). The sub-
stantially higher densities on the hand surfaces cohere with previous
findings and make them valuable target areas for sweat capture and
analysis (22). By creating an enclosed region where secreted sweat is
protected against evaporation, gloves and finger cots can capitalize
on these high sweat gland density sites to rapidly accumulate sweat
for analysis.

To characterize how much natural sweat is obtained for analysis
with these platforms, subjects are recruited to wear nitrile gloves
and cots during sedentary or routine activity at ambient tempera-
tures. The volume of sweat accumulated after 30 min is identified by
weighing the glove before being worn and after the 30 min of wear
and calculating the difference. In addition, to capture any residual
sweat left on the hand surface after glove removal, an absorptive pad
is swiped across the hand immediately after glove removal and also
weighed, faithfully recovering residual sweat to within a few micro-
liters due to the rapid collection time under 1 min. This study is first
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Fig. 2. Comparative sweat gland densities across body locations. (A) Sweat glands are imaged with bromophenol blue on the finger, palm, back of hand, wrist, and
forearm. Sweat glands on the forehead and neck are imaged by imprinting onto iodine patches. Blue squares indicate locations of the sampled densities. Sweat gland
images share the same scale. (B) Sweat gland densities are found by counting glands in the images from (A) across body sites for five subjects. A unique color is used for

each subject. Photo credit: Mallika Bariya, University of California, Berkeley.

conducted for the nitrile glove platform (Fig. 3A). For 12 subjects
(6 females and 6 males) sitting at ambient indoor workplace tem-
peratures between 65°F and 70°F (approximately 18°C to 21°C) for
half an hour, up to several hundreds of microliters of sweat is accu-
mulated (Fig. 3B). The males produce an average of 475 ul of sweat
on each hand, while the females produce an average of 180 pl of sweat
on each hand, consistent with known biological differences (27). Since
the nitrile gloves do not directly laminate the skin to suffocate any
sweat glands and do not produce substantial local heating to raise core
temperature or overcome the body’s natural radiative and insensi-
ble evaporation mechanisms of heat loss, these large accumulated
volumes are due to the body’s natural thermoregulatory sweating
process combined with low evaporation through the nitrile material
(28, 29). Similar volumetric secretion can be expected even without
wearing gloves, but in this case, the exposed sweat rapidly evap-
orates and obscures the high volumes actually produced, leaving in-
sufficient sweat for analysis. Creating an evaporation barrier is therefore
a critical aspect of the glove-based sensing platform.

To more closely investigate factors that affect natural sweating
rates, the influence of activity level and temperature is probed for a
smaller subgroup of subjects. Six subjects (three females and three
males) wear nitrile gloves for 30 min at ambient workplace tempera-
ture and at different activity levels, including sitting, standing, and
light walking at under 75 steps per minute (Fig. 3C). Sweating rates,
in general, are seen to increase with more strenuous activity, with
some subjects nearly doubling their total secreted sweat volumes when
standing compared to sitting. Next, activity level is kept fixed, while
the temperature dependence of secreted sweat volume is studied for
the six sitting subjects (Fig. 3D). Sweating rates generally increase
with temperature, although more markedly for some subjects than
others. The exact relationship between activity, ambient tempera-
ture, and accumulated sweat volume will depend on a host of other
subject-dependent factors including body mass, hydration level, met-
abolic rate, etc., but overall, we find that for most subjects undergoing
routine activity at ambient temperatures, large volumes of sweat
in excess of 100 ul are available for natural sweat analysis within
30 min of glove-based accumulation (30).

Instead of wearing an entire glove, a nitrile cot worn on a single
finger can provide an even less intrusive platform for natural sweat
analysis while still accumulating substantial volumes of sweat due to
the exceptionally high sweat gland densities on the fingers (Fig. 3E).
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To gauge how much sweat can be accumulated on each finger, four
subjects (two females and two males) wear a cot on each finger for 30 min at
ambient indoor temperature near 65°F (about 18°C) while sitting
(Fig. 3F). Tens of microliters are secreted on each finger, with the
thumb offering slightly higher volumes due to its larger surface area and
the pinky secreting slightly less. Sweat contributions from the fingers
constitute 30 to 50% of the overall sweat obtained from the hands of
these subjects. These volumes are sufficient for sensing at least one
biomarker without requiring miniaturized electrodes and indicate
that any finger would be a suitable choice for natural sweat analysis.

Electrodes can be fabricated at diverse sites within the glove due
to the simple shadow mask and evaporation-based patterning scheme,
and can be customized to target any analyte of choice. While elec-
trodes can be patterned to access the fingertips, palm, or multiple sites,
for demonstration purposes, we fabricate sensors on the glove sur-
face contacting the back of the hand (Fig. 4A) as this site is particu-
larly immune to bending strains that might arise during hand motions.
We create two demonstrative sets of electrochemical sensors—the
first set executes xenobiotic sensing of alcohol and zinc using two
working electrodes and shared reference and counter electrodes,
while the second conducts electrolyte monitoring of sweat chloride
and pH using two working electrodes and a shared reference. An
alcohol sensor is included in the glove because sweat alcohol has
been shown to correlate with blood alcohol concentration (BAC),
potentially allowing the glove sensor to inform users of their body’s
alcohol absorption and warn against overdose (10, 31). Zinc is tar-
geted because heavy metals are commonly excreted in sweat, and
while Zn is important for the immune system, it can be harmful
when body levels are consistently elevated (32, 33). Sweat chloride
and pH can together indicate the body’s acid/base balance and are
further targeted to demonstrate that the glove sensor can support
diverse electrochemical detection schemes (34, 35). The xenobiotic
array comprises four gold electrodes—two are functionalized with
alcohol oxidase enzyme and bismuth metal, respectively, to target
alcohol and zinc, one is an exposed gold counter electrode, and the
last is developed into an Ag/AgCl reference electrode. The electrolyte
array has three gold electrodes—one is coated in Ag/AgCl ink to
target chloride ions, the second has electrodeposited polyaniline to
measure pH, and the third becomes a polyvinyl butyral (PVB) refer-
ence electrode. Cross-sectional schematics of the functional layers are
shown in Fig. 1D. The alcohol, Zn, pH, and chloride sensors fabricated
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Fig. 4. Electrochemical characterization of glove-based sensors. (A) Gold electrodes are evaporated on the inner glove surface and functionalized with sensing layers
to target zinc, ethanol, pH, and chloride ions in sweat. Calibration curves in buffer solutions of different analyte concentrations are shown for (B) ethanol, (C) Zn, (D) pH, and
(E) chloride. (F) three-electrode system on the inside of a finger cot composed of evaporated gold functionalized with sensing materials to detect vitamin C. (G) Calibration
curve of vitamin C sensor in buffer solutions. Photo credit: Lu Li, University of California, Berkeley.

on the glove are calibrated in Fig. 4 (B to E). The alcohol sensor is  of sensitive detection in fig. S2 to accommodate expected sweat alco-
sequentially tested in 1x phosphate-buffered saline (PBS) buffer solu-  hol levels (36, 37). The zinc sensor is tested in 0.001 M acetate buffer
tions of 0, 0.25, 0.5, 0.75, 1, 1.5, 2.5, 4.5, and 6.5 mM ethanol (Fig. 4B),  solutions of zinc (0, 400, 800, 1200, 1600, and 2000 pg/liter; Fig. 4C),
with calibration curve inset, and shown to have an even wider range  giving a linear calibration curve. Note that the signal magnitudes
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obtained from the alcohol and zinc sensors scale with working elec-
trode area and are therefore subject to the particular geometry of the
patterned electrodes. The pH sensor is sequentially tested in Mcllvaine
buffer solutions of pH 4, 5, 6, and 7, which encompass the typical
pH range of sweat (Fig. 4D), giving a nearly ideal Nernstian sensitiv-
ity at 60.3 mV/pH. The chloride sensor is tested in 1x PBS buffer solu-
tions at 25, 50, 100, and 200 mM NaCl, also giving a near-Nernstian
sensitivity at an average of 15.9 mV per doubling in chloride con-
centration or 52.8 mV per decade (Fig. 4E). Overall, the performance
of these sensors on the glove’s soft, nitrile substrate is similar to what
has been previously demonstrated by our group and others on more
planar, rigid polyethylene terephthalate (PET) (3, 10, 33, 38).

Given the smaller surface area available, a single three-electrode
system for xenobiotic sensing of vitamin C is patterned on the nitrile
cot to analyze natural sweat on the fingertips (Fig. 4F). The electrode
heads are centered on the finger pad, a location that is relatively im-
mune to strains associated with bending of the fingers. Vitamin C is
chosen to target as its presence in sweat could indicate levels of daily
intake or vitamin deficiency (39, 40). This array has with three un-
derlying gold electrodes—one is coated in Ag/AgCl ink to be the ref-
erence, the second is functionalized with ascorbate oxidase to interact
with vitamin C, and the third is left as bare gold to act as the counter
electrode. A cross-sectional schematic of the electrode layers is shown
in Fig. 1E. This system’s response to vitamin C concentrations be-
tween 0 and 300 UM in increments of 50 uM is linear and highly sen-
sitive (Fig. 4G), with similar performance compared to our group’s
previous demonstrations on PET (41).

As the sensors’ electrical signals are relayed through long electrode
lines that end at the wrist of the glove or edge of the cot where a
measurement system can be connected, it is important that the elec-
trodes are mechanically robust when the glove-based platforms are
worn. Specifically, the sensors’ underlying electrodes must have re-
coverable conductivity or resistance values when the platforms are
deformed during motion and wear, as deformation is expected to
occur along the extended electrode length but not so much at the
very head of the electrode where the sensing membranes are located.
To characterize this electromechanical stability, we pattern an 8-cm-
long electrode line on the nitrile substrate and calculate its resistance
between 0 and 15% strain (Fig. 5A), a conservatively broad range
given that strains during on-body wear are typically under 2% for
electrodes contacting the back of the hand (as seen in fig. S3) (42).
Note that resistance changes associated with deformation during
insertion of the hand into the glove are ignored as this is a one-time
operation that can be conducted carefully and introduces negligible
baseline strains, and any residual resistance changes are accounted
for during calibration after on-body testing. While the electrode de-
formation produces a change in resistance during strain, the resist-
ance goes back to its original, prestrained value when relaxed back
to 0% strain, as indicated by the red star. This highlights the recov-
erability of the system, indicating that the electrode does not crack
or undergo permanent damage when stretched. This behavior arises
because the nitrile glove is originally extended over the sample
holder during gold evaporation, forming a percolating network of
Au clusters or ligaments, rough surface features that connect over
fine cracks to ensure electrical conductivity of the relaxed nitrile, as
demonstrated previously for other thin metal films on elastomeric
substrates (43, 44). This structure is formed because of a large mis-
match of thermal expansion coefficients of the elastomer and metal
during evaporation. When the substrate is strained, the metal net-
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work accommodates by twisting or deflecting out of the plane but
remains bonded to the soft substrate, effectively deforming elastically
without fatigue and keeping the Au microstructure intact. Once the
substrate is relaxed and strain withdrawn, the network of clusters
returns to its original state, and the original electrical resistance of
the electrode is recovered. Overall, contact between the clusters changes
but does not sever under strain as the rough gold surface elastically
deforms and recovers back to the original rough contact when the
nitrile is relaxed. This explanation is supported by optical microscope
images of the gold electrode layer before, during, and after 15%
strain in fig. S4. Note that at rest, conductivity of the approximately
150-nm-thick evaporated Au film is measured to be around 8 x 10°
S/m, around two orders lower than that of bulk Au, as expected for
thin films. Resistance rather than conductivity values are reported
for the electrode under deformation in Fig. 5 since information on
the exact change in geometric structure of the electrode under
deformation is not available. Furthermore, note that strains and
resistance measurements are applied and obtained with the nitrile
substrates in their final right-side-out configurations that match the
state of functionalized gloves or cots ready for on-body wear, indi-
cating that these platforms are mechanically robust for use.

To ensure that the electrode layer recovers even after numerous
deformation cycles, the same electrode is put through 100 cycles of
2% strain, with resistance measured during the relaxed state after
each cycle (Fig. 5B). The measured resistance values after 0, 1, 5, 10,
50, and 100 cycles are 180, 176, 180, 169, 193, and 193 ohms, respec-
tively, essentially identical values given a variation of around 10 ohms
with the multimeter measurement system. Extended strain testing
with more complex twisting and bending cycles and higher tensile
strain bears this robustness out further in fig. S5.

While the electrode does not break under strain and recovers to
its original state, the change in resistance during deformation seen
in Fig. 5A could potentially causing noisy sensor signals when the
hands or fingers are moved. To characterize how severe the change
in resistance is from different types of deformation, we probe the elec-
trode under relaxed, folded, twisted, and stretched (or 2% strained)
states in Fig. 5C. The resistance recovers when the electrode is re-
laxed after each type of deformation, indicating mechanical robustness.
Furthermore, strain is seen to most severely affect the electrode re-
sistance. To gauge whether this change in electrode resistance affects
the final sensor signal, we functionalize the electrode into a repre-
sentative chloride sensor and calibrate it under relaxed and strained
states (Fig. 5D), with a potentiometric sensor chosen for testing here
since enzymatic sensors with nanotextured mediator layers have sen-
sor signals limited by the amount and accessibility of enzyme, which
quickly stabilizes under strain as studied in previous works (45-47).
Figure 5D shows that strains on the order of those expected during
routine hand motions (as quantified in fig. S3) do not have a sub-
stantial impact on the overall sensor response—for example, no notice-
able shifts in overall potential occur during transitions from relaxed
to strained states. This indicates that signal contributions from the
sensing layers’ interaction with the target analyte dominate over changes
in the electrode wire resistance. Overall, these electromechanical
tests highlight that the evaporated Au electrodes do not crack under
the glove deformations typically undergone during on-body wear,
have recoverable characteristics, and do not ultimately constitute a
substantial source of noise in the glove sensor response.

Having established the electrochemical and electromechanical
robustness of the glove-based sensing platforms, we next conduct
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Fig. 5. Characterization of electrode robustness under mechanical deformation. (A) Resistance of an 8-cm evaporated Au electrode on the nitrile glove is measured
between 0 and 15% strain. Red star shows relaxed electrode resistance once 15% strain is removed. (B) Resistance of the 8-cm electrode is measured at the relaxed state
after 0, 1, 5, 10, 20, 50, and 100 cycles of 2% applied strain, showing that the electrode consistently recovers even after multiple distortions. (C) The electrode is exposed
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the distortion, but the electrode closely recovers to the original resistance of its relaxed state after each deformation. (D) A representative chloride sensor on the glove is
calibrated while strained and folded. The distortions do not substantially affect the sensor signal. Photo credit: Lu Li, University of California, Berkeley.

representative human subject trials for sweat alcohol and vitamin C
monitoring to demonstrate the flexibility and versatility of glove-
based analytics for natural sweat monitoring. In each trial, the sub-
ject wears a functionalized glove or cot platform for around 30 min
at a time to accumulate sufficient natural sweat during sedentary or
routine activity, with on-body measurements made at the end of this
period once enough sweat is accumulated on the electrodes. Each
glove or cot gives a single measurement that represents the average
sweat analyte concentration over that 30-min interval, since sweat is
continually accumulated and mixed during that time. By wearing
multiple gloves or cots in sequence, the overarching dynamics of the
target sweat analyte can be captured through single-glove snapshots
of the sweat composition in time, allowing semi-real-time tracking
of the overarching analyte dynamics. The first demonstrative trial
tracks natural sweat ethanol content over 6 hours after a subject in-
troduces alcohol into the body by drinking wine (Fig. 6A). A series
of 10 gloves are used with around 30-min accumulation time per
glove and 10 to 15 min in between to wipe down the hand and put on a
fresh glove. In parallel, a breathalyzer is used to simultaneously track
BAC levels for comparison. On the basis of the alcohol content of
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the wine, around 45 ml of alcohol is consumed in total over a 15-min
period, ending at time demarcated 0 min [Fig. 6B(i)]. Following this
intake, BAC level steeply rises to a maximum of 0.13 before slowly
dropping over the next 6 hours [Fig. 6B(ii)]. With a delay of around
30 to 40 min compared to BAC levels, sweat alcohol content elevates
to a maximum of 5.6 mM before tapering down to 2.1 mM at the
end of this measurement period [Fig. 6B(iii)]. Integrity of these mea-
surements is established via comparison of a subset of on-body and
off-body sensor measurements in table S1. Note that each glove’s
sweat measurement marked by a red point in Fig. 6B(iii) is centered
in the middle of the 30-min period of wear, since the measurement
reflects the average sweat composition over that period. On the basis
of the overarching trend, the sweat alcohol content is expected to
keep decreasing toward the preintake level denoted by the first glove/
red point. This sweat trend is similar to what has previously been
reported, underscoring the effectiveness of the glove-based sensor
for dynamic monitoring (7).

A second trial explores how natural sweat can provide insight into
the body’s adsorption and metabolism of vitamin C following sup-
plement intake. A subject consumes 1000 mg of vitamin C dissolved
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Fig. 6. On-body multiglove study of natural sweat analyte dynamics. (A) Subject
introduces alcohol into the body by drinking wine, and subsequent excretion of
alcohol in natural sweat is studied using the glove-based sensing platform. (B) Time
0 indicates when alcohol consumption is finished. (i) Alcohol intake versus time.
(i) BAC as measured by a breathalyzer. (iii) Natural sweat alcohol concentration is
tracked over a 6-hour period using 10 gloves, with each glove providing an average
alcohol concentration measurement for the 30-min time period over which it was
worn. Each glove’s measurement is indicated by a red point at the end of the 30-min
interval. (C) Subject consumes 1000 mg of vitamin C dissolved in water each day
for 5 days, and the resulting vitamin C that emerges in natural sweat is tracked using
functionalized finger cots. (D) Natural sweat vitamin C concentration is plotted with
red dots (each representing a measurement by one finger cot 30 min of accumulated
sweat) over 5 days. Daily peaking behavior demonstrates the competing adsorption
and metabolism mechanisms typical of xenobiotics in the body. Dashed blue lines
indicate time of vitamin Cintake. Photo credit: Lu Li, University of California, Berkeley.

in water at 12 p.m. each day for 5 days, and vitamin C concentration
in subsequent naturally secreted sweat is measured using the func-
tionalized finger cot platform (Fig. 6C). Each day, two to four finger
cots are worn for 30 min at different time points, with the sweat
measurement from each glove marked by a red point centered with-
in its corresponding 30-min interval in Fig. 6D. As seen in Fig. 6D,
sweat vitamin C content is lowest (less than 10 uM) right before
intake (denoted by a vertical dashed blue line) and is elevated 4 to
5 hours later before dropping down overnight. This peaking trend
is common of xenobiotics in the body, where concentrations originally
rise as the chemical is absorbed before lowering as is it metabolized
and removed from the system (40, 48-50). Integrity of the on-body
vitamin C measurements is borne out by comparing a set of on-body
and off-body sample measurements in table S1. Note that more fre-
quent finger cot application could be used to capture the exact vita-
min C peaking point in sweat. Furthermore, note that sweat vitamin
C levels seem to vary day to day, which could be due to variation in
the subject’s daily diet and hydration status amid other factors that
affect physiological status.

While the alcohol and vitamin C trials demonstrate that glove-
based analytics for dynamic monitoring of natural sweat biomarkers
are an effective alternative to conventional hospital or home healthcare
devices, these trials primarily validate the accuracy and reliability of
this platform. The true advantage of glove-based sensors over other
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sweat sensing systems is how conveniently and rapidly they can be
used for individual biomarker measurements. Rapid single-point
assessment of physiological status could be done using just one glove
or cot, as demonstrated by measuring the sweat pH and chloride
levels of three subjects to gauge their acid/base balance in fig. S6.
Overall, the glove-based sensing platforms are effective and versa-
tile for natural sweat analysis, with simple electrode fabrication
schemes that allow custom, application-specific sensors to be pat-
terned and functionalized. To make electrode fabrication repeatable
and scalable, stencils or laser-cut tape can be used in future to iden-
tically pattern electrodes on multiple gloves. Paper fluidics can be
developed and incorporated in the gloves to gauge total secreted
sweat volume and approximate sweat rate. Custom printed circuit
boards (PCBs) or application-specific integrated circuit (ASIC) units
can be developed to attach to the electrode stems near the wrist of the
glove or base of the cot, enabling autonomous signal extraction that
would further promote this platform for routine sweat analysis. Going
forward, glove-based analytics represents a valuable tool for perform-
ing physiological and correlation studies on natural sweat to better
understand how sweat analysis can be used to probe the health and
state of the body.

CONCLUSION

We present wearable sweat sensors with convenient glove-based form
factors for rapid accumulation of natural thermoregulatory sweat
without active sweat stimulation. This platform enables sweat sens-
ing under routine and even sedentary activity toward making sweat-
based biomarker monitoring practical for daily life. By targeting high
sweat gland densities on the hand and inhibiting evaporation, glove
and finger cot sensors allow accumulation of hundreds of micro-
liters of natural sweat under an hour of wear, eliminating the need
for highly miniaturized sensors to access natural sweat. We func-
tionalize representative electrochemical sensor on the inner glove sur-
face and conduct on-body measurements to demonstrate the ease
and simplicity of glove-based analytics for tracking xenobiotic dy-
namics in sweat. Functionalized gloves and cots support versatile
electrode placement, are electromechanically robust under the strains
of on-body wear, and retain the high level of performance typically
associated with more rigid and planar substrates. Overall, the pre-
sented glove-based sensing platforms are an accessible, user-oriented
approach to natural sweat analysis and can be adapted for versatile
health and physiological monitoring applications.

MATERIALS AND METHODS

Materials

Bovine serum albumin, glutaraldehyde, alcohol oxidase solution
(from Pichia pastoris), PVB resin BUTVAR B-98, sodium chloride
(NaCl), potassium chloride (KCl), iron (III) chloride, potassium
ferricyanide (K3;Fe[(CN)g]), zinc standard AAS solution (1000 mg/
liter in nitric acid), and aniline were purchased from Sigma-Aldrich.
PBS was purchased from Thermo Fisher Scientific. Powder-free
nitrile gloves and finger cots were purchased from manufacturers
Kimberly-Clark and First Aid Only.

Fabrication of functionalized electrodes on the glove
A simple shadow mask is built and applied onto the glove’s inside
surface, keeping electrode areas open and covering the rest of the
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glove. Electron beam evaporation is used to deposit 150-nm Au,
followed by a similar taping and evaporation procedure to deposit
300-nm Bi on the head of the zinc working electrode. For the alcohol
sensor, electrodeposition of Au nanodendrites is followed by cyclic
voltammetry to deposit two interdigitated layers each of Prussian
Blue mediator and nickel hexacyanoferrate (NiHCF) stabilizer, as demon-
strated in previous work (4, 51). For a working electrode area of ap-
proximately 8 mm?, 6 ul of alcohol oxidase enzyme solution (6.5 parts
BSA to 13.5 parts AlO,) is dropcast followed by 3 pl of 0.02% glutar-
aldehyde solution and allowed to dry overnight (solution volumes are
scaled with electrode area). The chloride sensor and Ag/AgCl refer-
ence electrode are fabricated by depositing Ag/AgCl conductive ink
over the Au electrode heads, while the PVB reference involves depo-
sition of a thick layer of PVB solution (saturated with NaCl) over
Ag/AgClink, as demonstrated in our previous work (3). The pH sensor is
fabricated by electrodepositing polyaniline similar to our previous
work (38). Vitamin C working electrode is functionalized by electro-
depositing a solution of 0.02 M 3,4-Ethylenedioxythiophene (EDOT)
and 0.02 M LiClO4for 1 min at 1.1 V versus Ag/AgCl reference. For
an electrode area of roughly 8 mm?, 5 ul of ascorbate (2.5 mg ml™")
oxidase dissolved in 1x PBS buffer was dropcast onto the electrode
surface followed by 4 pl of 0.5% Nafion solution, as demonstrated
in our previous work (41). After electrochemical functionalization is
complete, the glove or finger cot is turned right-side out before it is
calibrated or used for on-body measurement. Note that this invert-
ing process produces negligible change in the resistances of each
electrode, as indicated in table S2.

Imaging sweat glands and characterizing their densities

Two methods were used to image sweat glands using bromophenol
dye and iodine patches, respectively, as demonstrated in previous
work (25, 26). Bromophenol blue was dissolved in pure acetone in a
5% (w/v) solution and then mixed with silicone in 1:1 volumetric
ratio. The mixture was magnetically stirred at 25°C until the acetone
evaporated away and an orange solution was formed. The skin sur-
face was washed and totally dried before the bromophenol dye was
spread in a thin layer and allowed to react with moisture from the
sweat gland, turning the orange dye blue in the sweat gland region
within a few minutes. A photograph of the skin surface with a nearby
ruler (for size calibration) was then captured for software analysis.
The second method involved placing pads of paper in a sealed con-
tainer (of roughly 1-liter volume) with <2 mg of solid iodine for
2 days, such that the paper was impregnated with iodine vapor. The
pads were directly forced against the washed and dried skin surface
for 5 s, transferring images of the sweat glands to the paper. A photo-
graph of the iodine pad was then captured. Sweat gland density
measurements were made by using Image] for both methods. A fast
Fourier transform band-pass filter followed by thresholding was ap-
plied to each image to capture both small and large sweat glands in
the analyzed area. The number of sweat glands was divided by the
measurement area to give the sweat gland density. This process was
repeated three times for each image and averaged to estimate the
sweat gland density per body site.

Characterization of glove sensor response

Sensors fabricated on the glove electrodes were calibrated off-body
using a sequence of buffer solutions prepared with known concen-
tration. For chloride and pH sensor calibration, the sensors were
conditioned in high-concentration analyte solution (200 mM NaCl
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and Mcllvaine buffer of pH 4, respectively) for 10 min before begin-
ning calibration via open-circuit voltage measurement, and 1 min
of stabilization time was used between solutions. Alcohol and vitamin
C sensor calibrations were conducted via chronoamperometry at an
applied potential of 0 and 0.2 V, respectively. For Zn heavy metal sens-
ing, square wave anodic stripping voltammetry was used with 30-s
preconcentration at —1.5 V followed by stripping from —1.5 to 0.5 V.

On-body sweat analysis using the glove sensor

On-body human trials were carried out at the University of California,
Berkeley, in compliance with the human research protocol (CPHS
2014-08-6636) approved by the Berkeley Institutional Review Board.
Subjects washed their hands with soap and water and allowed them
to totally dry before donning the glove sensors or finger cots. Glove
sizes were chosen to comfortably fit the subjects’ hands with a rea-
sonable but not too tight seal near the wrist while ensuring a snug fit
with good glove-to-skin contact. A paper pad was placed over the
electrode heads to retain sweat cumulatively over the duration of
wear and to electrochemically connect the working, reference, and
counter systems without electrically contacting the skin. A protec-
tive barrier layer (Kapton or a 0.0005-inch-thick PET insert) was
used to cover the long electrode lines to prevent shorting and direct
skin contact. The ends of the electrodes near the wrist portion of the
glove or base of the finger cots were connected to a Gamry and/or
CH Instruments potentiostat for signal extraction. Sensor measure-
ments were made once the glove had been worn for roughly 30 min to
ensure accumulation of enough sweat to obtain reliable measurements.
The sensors were calibrated before and after on-body data collection
for accurate conversion of raw signals to concentration estimates.
In future, calibration can be made more user-friendly by introduc-
ing manually activated valves to release calibration solution or by
moving to automated fabrication to reduce intersensor variability.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/35/eabb8308/DC1
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