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Stretchable, Wireless Sensors and Functional Substrates
for Epidermal Characterization of Sweat

Xian Huang, Yuhao Liu, Kaile Chen, Woo-Jung Shin, Ching-Jui Lu, Gil-Woo Kong,
Dwipayan Patnaik, Sang-Heon Lee, Jonathan Fajardo Cortes, and John A. Rogers*

This paper introduces materials and architectures for ultrathin, stretchable wireless
sensors that mount on functional elastomeric substrates for epidermal analysis of
biofluids. Measurement of the volume and chemical properties of sweat via dielectric
detection and colorimetry demonstrates some capabilities. Here, inductively coupled
sensors consisting of LC resonators with capacitive electrodes show systematic
responses to sweat collected in microporous substrates. Interrogation occurs through
external coils placed in physical proximity to the devices. The substrates allow
spontaneous sweat collection through capillary forces, without the need for complex
microfluidic handling systems. Furthermore, colorimetric measurement modes are
possible in the same system by introducing indicator compounds into the depths of the
substrates, for sensing specific components (OH~, H*, Cu®, and Fe**) in the sweat. The
complete devices offer Young’s moduli that are similar to skin, thus allowing highly
effective and reliable skin integration without external fixtures. Experimental results
demonstrate volumetric measurement of sweat with an accuracy of 0.06 uL/mm?’
with good stability and low drift. Colorimetric responses to pH and concentrations of
various ions provide capabilities relevant to analysis of sweat. Similar materials and

device designs can be used in monitoring other body fluids.

1. Introduction

Emerging wearable sensor technologies offer attractive solu-
tions for continuous, personal health/wellness assessment,-2!
forensic examination?® patient monitoring**! and motion
recognition.[®”] Recent advances in epidermal electronics!®!
provide classes of skin-mounted sensors and associated elec-
tronics in physical formats that enable intimate, conformal
contact with the skin. The soft, non-irritating nature of this
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contact yields an interface that simultaneously provides high
precision, accurate measurement of biophysiological param-
eters, such as temperature,’] hydration,'! strain,'!l and
biopotential.l'?l Such epidermal sensors are ultrathin, breath-
able and stretchable, with mechanical and thermal properties
that closely match to the skin itself, to enable effective skin
integration with minimum constraints on natural processes.
The results provide unique capabilities in long-term, reliable
health monitoring.

An important measurement mode in such devices may
involve the analysis of body fluids (blood, interstitial fluid,
sweat, saliva, and tear), to gain insights into various aspects
of physiological health.[3-1] Such function in wearable sen-
sors, generally, and epidermal electronics in particular, is
relatively unexplored. Existing devices either use complex
microfluidic systems for sample handlingl!’2%! or involve
purely concentration-based measurement without sample
collection and storage, or access to parameters related to
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quantity and rate.? 2] In addition, mechanical fixtures,

straps and/or tapes that are typically required to maintain
contact of these devices with the skin do not lend them-
selves well to continuous, long term monitoring without
discomfort.2* In the following, we report a set of materials
and device architectures that provide advanced capabilities
in this area. The key concept involves the use of functional
soft substrates to serve as a means for microfluidic collec-
tion, analysis and presentation to co-integrated electronic
sensors and/or external camera systems. The pores of these
substrates spontaneously fill with body fluids that emerge
from the skin, where they induce colorimetric changes in
the substrate and alter the radio frequency characteris-
tics of integrated electrical antenna structures. The results
offer valuable insights into the properties and volume of
sweat, and their relationships to fluctuations in body tem-
perature,®] fluid and electrolyte balance,?®] and disease
state.[?’ The devices also eliminate the need for direct skin-
electrode contacts, thereby minimizing irritation that can be
caused by contact between the skin and certain metals,28]
while at the same time enabling repeated use of a single
device with minimal noise induced by motion artifacts.
The sensors exploit inductive coupling schemes, without
on-chip detection circuits but with some potential for com-
patibility using near-field communication systems that are
found increasingly in portable consumer electronic devices.
The entire sensing system offers flexible and stretchable
mechanics, with form factors that approach those of epi-
dermal electronics.

X. Huang et al.

2. Results and Discussion

Figure 1a shows images and schematic illustrations of a
typical device (22 x 28 mm? for the surface area of the sub-
strate, and 10 x 15 mm? for the dimension of the sensor) that
includes an inductive coil and a planar capacitor formed with
interdigitated electrodes. The coil consists of four turns of thin
copper traces in a filamentary serpentine design that affords
both flexibility and stretchability. The width of the trace is
140 pum, and the lengths of the inner and outer turns are 4.8
and 9.5 mm, respectively. The electrodes consist of serpen-
tine wires (50 um in width) that have lengths between 6.5 to
8.4 mm, to form 9 digits with a digit-to-digit spacing of 600 pm.
The dielectric properties of the microporous supporting sub-
strate strongly influence the capacitance of the structure.

In this way, the sweat sensor enables capacitive detection
of the change of the dielectric properties of the substrate as its
pores fill with biofluids (e.g. sweat). An external primary coil
generates a time varying electromagnetic field that induces a
current flow within the sensor. The impedance of the sensor
is then determined by the amount of sweat within the sub-
strate; this impedance influences that of the primary coil
placed in proximity to the device. The resonance frequency
(fy) of the sensor can be determined from the frequency of
a phase dip (or a peak in the phase difference, A9, obtained
from the subtraction of the phase of the primary coil with
and without the sensor underneath) in the phase-frequency
spectrum of the primary coil.?®-?l At measurement frequen-
cies examined here (100 to 200 MHz), free water molecules

— 1 cM

— 1 M

— { cm

Figure 1. (a) Schematic illustration of a passive wireless capacitive sensor designed for sensing of sweat from the surface of the skin. Pictures of
a device in (b) longitudinal and (c) latitudinal states of deformation, and crumpled between the fingers (d). Pictures of a device mounted on the
skin in (e) undeformed, (f) uniaxially stretched and (g) biaxially stretched configurations.
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are under the influence of & relaxation.’3] The response of

the functional polymer substrates only involve contribu-
tions from induced charges. The movement of the water mol-
ecules and dynamics of the induced charges are sufficiently
fast to respond to the external electromagnetic field. As a
result, the combined dielectric properties of substrate and
the sweat exhibit an invariant dielectric response over a wide
range of frequencies (Figure Sla). For present purposes, the
frequency-dependence in the dielectric properties of the sub-
strate can be ignored.

The sensor offers mechanical properties (elastic mod-
ulus=80 kPa) similar to those of the skin.[**l The thickness of
the substrate (1 mm), along with its lateral dimensions and
porosity define the amount of fluid that it can capture. The
devices exhibit robust, elastic behavior under axial stretching
(Figure 1b and 1c) and other more complex modes of defor-
mation (Figure 1d). Attachment of the sensor onto the
skin (Figure le) using a thin layer of commercial spray-on
bandage as adhesive leads to reversible skin/sensor bonding
that can withstand significant extension and compression
of the skin with sufficient mechanical strength to prevent
delamination (Figure 1f and 1g).

In vitro experiments involve slow introduction of 0.6 mL
of buffer solution (phosphate buffered saline, Sigma-Aldrich
Corporation, St. Louis, Mo, USA) onto the substrates with
a syringe pump, over the course of =40 minutes (Figure 2d).
The resonance frequency of the sensor (f;), as measured by
the shift of the phase peak of a primary coil placed in prox-
imity to the device (Figure 2c), decreases with increasing
buffer solution content in the substrate. This response reflects
increases in the permittivity due to replacement of air with
buffer solution in the pores of the substrate, leading to an
increase in the capacitance of the interdigitated electrodes
associated with their proximity to the substrate. For a typ-
ical porous polyurethane (PUR) (PUR permittivity = 7,3
PUR substrate permittivity = 1.42 at 0.93 porosity in air)
(Figure 2a), f, shifts from 195.3 to 143.3 MHz in this experi-
ment (Figure 2d). Drying of the sensor in air at room tem-
perature leads to the recovery of f;,, eventually to the original
value (195.3 MHz) over a period of =6 hours, indicating a
reversible response with relative insensitivity to residual salt
that might remain in the substrate.

Assessment of performance with human subjects involves
use of sensors on cellulose paper (CP) and silicone substrates
attached to the arms of two volunteers. Reference substrates
made of the same materials with similar sizes placed in close
proximity to the sensors provide means for determining the
accuracy and establishing a calibrated response (Figure 2b).
The monitoring includes measuring the value of f; of the sen-
sors and the weight of the reference substrates every 5 min
for a period of 2 hours. The results indicate that f; is inversely
proportional to the weight of the reference sensor, such
that the response can be calibrated with any two measured
weights. The calibrated results closely follow weight changes
of 0.4 (Figure 2¢) and 0.2 g (Figure 2f) in the reference sub-
strates, corresponding to 0.4 and 0.2 mL of sweat over the
sensing areas.

Dimensional changes associated with deformation of the
skin or swelling of the device caused by sweat absorption
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could, conceivably, lead to changes in f; Strain induced
effects can be examined by biaxially stretching a device and
measuring f;, at various states of deformation (Figure S2a).
The results show changes of only =0.9 MHz for biaxial strains
of 27% (Figure 2g) that are comparable to those caused by
the absorption of water (Figure S2b). The modest changes in
fo under biaxial stretching may be attributed to the symmetric
design of the sensor coil as well as mutual compensation of
the changes in lengths and spacings of the interdigitated elec-
trodes. We note that the effects of temperature are also small.
In particular, data indicate (Figure S1b) that f; shifts from
199.25 MHz to 196.63 MHz when the temperature is changed
from 25 to 45 °C. Finally, although the salinity and ionic con-
tent of the sweat may lead to changes in both conductivity
and permittivity, experiments with buffer solutions having
various concentrations of sodium chloride (0 to 4.5 g/L)
reveal only small variations in f;, (=0.6 MHz; Figure 2h).

The sensors exhibit excellent repeatability and are suit-
able for repeated use. Multiple (i.e. five) measurements using
sensors on CP and silicone substrates serve as demonstra-
tions. Between each measurement, immersion in water fol-
lowed by drying on a hot plate regenerates the devices. The
changes in f; are repeatable for experiments that involve
injection of 0.6 mL buffer solution (Figure 2i and Slc). The
average change in f; is 58.3 MHz with a standard deviation
of 1.1 MHz for the sensor on CP; the corresponding values
for silicone are 60.1 MHz and 3.6 MHz, respectively. The
changes in f;, undergo different temporal patterns, as might
be expected due to the differences in chemistry, microstruc-
ture and pore geometry for these two substrates. Measure-
ments over 3 hours show no drifts in f; (Figure S1d). The
noise levels are <0.7 MHz; this parameter, together with an
average change of f; of 58.3 to 60.1 MHz for 0.6 mL buffer
solution over a surface area of 22 x 28 mm?, suggests a meas-
urement accuracy of =0.06 mL/mm?,

The coil structures can be mounted onto various types of
functional substrates. Demonstrated examples include recy-
cled cellulose sponge (RCS), polyurethane sponge (PUR),
polyvinyl alcohol sponge (PVAS), cellulose paper (CP),
and silicone sponge (Figure 3a). Cutting with a hot-wire
device (PUR, silicone) or with a razor blade (other) yields
the appropriate lateral dimensions and thicknesses. Spin-
coated silicone films with accurately controlled thickness
(=10 um; Figure 3b) enable strong bonding between each of
these functional substrates and the sensors through surface
chemical functionalization, while preventing direct contact
between the sensors and the sweat. Relative characteristics in
water absorption are also important to consider, as described
in the following.

The percentage gain in weight of the various porous mate-
rials after immersion in water defines their ability to hold
fluids; the results are =2300% (RCS), =1200% (PUR), =750%
(PVAS), =350% (CP), and =1500% (silicone) (Figure 3c).
These data, together with measured volume changes yield the
porosity levels: 0.97 (RCS), 0.93 (PUR), 0.90 (PVAS), 0.83
(CP) and 0.95 (silicone) (Figure 3d). The water permeability
can be determined from the capillary water absorption rate
by combining Darcy’s lawl*] and the Hgaen-Poiseuille equa-
tion.[’”] Strips of the substrates (3 mm in width and 28 mm
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Figure 2. (a) Scanning electron micrograph of a sensor on a PUR substrate coated with a thin silicone film; the regions colorized in yellow represent
the interdigitated gold electrodes. (b) Picture of a sweat sensor and a reference sensor on the arm of a volunteer for in-vivo testing. (c) Picture
of a sweat sensor underneath a primary coil. A syringe needle inserted into the sensor delivers controlled amounts of a buffer solution through
a syringe pump. (d) Representative data showing the response of the sensor (resonant frequency, f,) as a function of time after introduction of
0.6 mL buffer solution (labeled 1). The initial response (labeled 2) corresponds to wicking of the solution into the porous substrate, to yield a stable
overall shiftin f; (labeled 3). As the solution evaporates over the next several hours, f, recovers to approximately the initial value. The inset shows
the phase difference measured by the primary coil at the three time points indicated in the main frame. (e, f) Results of testing on two volunteers,
with comparisons to changes in weight evaluated using similar porous substrates (without detection coils) placed next to the sensors. Both f, and
the weight of the sensors calibrated from f; are shown, along with comparison to the weight of the reference substrates. (g) Phase response of a
sensor under biaxial strain from 0 to 27%. (h) Phase response as a function of concentration of sodium chloride, from 0 to 4.5 g/L. (i) Change in
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f, of a sweat sensor on a CP substrate as a function of time during controlled injection of 0.6 mL buffer solution.

in length) are partially immersed into water with red dye
(3 mm under the water). A camera enables measurements
of changes in height of the absorbed water as a function of
time (Figure 3e). The CP material exhibits the fastest absorp-
tion rate (complete filling in =6 s), followed by the RCS
(=25 s). The PUR shows the smallest rate, with an increase in
height of 8.3 mm over 130 s (Movie S2). These rates depend
strongly on the pore size and degree of interconnectedness
and on the contact angle. The latter can be determined opti-
cally (Figure S3b); the former can be obtained by scanning
electron microscopy (Figure S3a) or by calculation and meas-
urement of the height of absorbed water at a long period of
time (details in supporting information). The permeability of
the five substrates are 2.4 (RCS), 0.3 (PUR), 0.4 (PVAS), 8.7
(CP), and 8.6 (silicone) pm? (Figure 3f).

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

In addition to dielectric response, absorption of water
changes both the transparency, due to index matching effects,
and the overall dimensions, due to swelling (Figure 4a and
4c). These effects can be used as additional measurement
parameters to complement the electrical data described pre-
viously. The optical behavior can be illustrated by placing a
sensor on a region of the skin with a temporary tattoo pat-
tern. Continuous introduction of a buffer solution, up to a
total of 0.6 mL, leads to increasing levels of transparency.
Selected regions of the images in Figure 4a can be used to
obtain RGB (red, green, and blue) intensities at different
locations. The resulting data (Figure 4b) indicate that the
water content is inversely proportional to the ratio of the
RGB intensity on the sensor and the skin. The water also
induces changes in the lateral dimensions. These changes
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Figure 3. (a) Wireless sweat sensors based on different porous substrates. (b) SEM images of the substrates coated with thin layer of silicone to
facilitate chemical bonding between the sensors and the substrates. (c) Weight gain of different substrate materials associated with immersion
in water. (d) Porosity of the substrate materials. (e) Images of strips of the substrate materials when partially immersed into water with red dye.

(f) Water permeability of the substrate materials.

can be measured by optically tracking the displacements
of an array of opaque dots (Cr, by electron beam evapora-
tion through a shadow mask) on the device (Figure 4c). The
results indicate a large displacement response to introduction
of 0.2 mL of the buffer solution (=2.3 mm dot displacement),
but with diminishing response for an additional 0.4 mL
(=0.5 mm dot displacement). Nevertheless, these motions,
which may be limited by mechanical constraints associated
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with mounting on the skin, might have some utility in meas-
uring sweat loss.

The substrates can be rendered more highly functional,
from an optical standpoint, by introduction of chemicals or
immobilized biomolecules. Resulting interactions with the
sweat can be evaluated through electrical dielectric meas-
urement or simply colorimetric detection. For example, sili-
cone substrates doped with colorimetric indicators render
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Figure 4. (a) Images that illustrate a simple colorimetric detection scheme, based on systematic increases in transparency with water absorption.
(b) The ratio of RGB intensity for a sensor like the one illustrated in (a), as a function of water absorption. (c) An image and vector diagrams
corresponding to a sensor and its expansion due to water absorption. (d) Series of pictures of a sensor doped with a pH indicator, each collected
with absorbed water at a different pH value. (e) Absorbance of RGB channels at different pH values. (f) Absorbance of RGB channels at different
copper concentrations. (g) Absorbance of RGB channels at different iron concentrations.

sensitivity to relevant biophysical/chemical parameters,
such as pH values (Figure 4d), free copper concentrations
(Figure S4a), and iron concentrations (Figure S4b). To dem-
onstrate pH detection, standard buffer solutions with pH
values from 4 to 9 are introduced into a substrate that is
dyed with a mixture of several different pH indicators (bro-
mothymol blue, methyl red, Methyl yellow, thymol blue, and
phenolphthalein). These chemicals reversibly react with free
—OH groups and/or protons in the buffer solutions, leading
to changes in absorption spectra. Accordingly, the substrate
undergoes a series of color changes that reveal the pH
values (Figure 4d). In addition, buffer solutions with copper
(Figure S4a) and iron (Figure S4b) at physiological concen-
trations (0.8 to 1 mg/L) can also be detected using similar
colorimetric schemes. The intensities of individual colors
(red, green, and blue) extracted from the images determine
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changes in analyte concentrations (Figure 4e, 4f and 4g). This
type of strategy has potential utility when used in combina-
tion with the sorts of wireless schemes introduced here. For
example, near field communication®®! enabled devices such
as cellphones also offer digital image capture capabilities, for
simultaneous colorimetric measurement.

3. Conclusion

The results presented here provide materials and design
strategies for integrating flexible and stretchable wireless
sensors on functional substrates. Demonstrated devices inti-
mately mounted on the skin enable non-invasive, wireless
quantification of sweat loss as well as colorimetric detec-
tion of sweat composition. Similar strategies can be used to
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develop sensors for monitoring a range of key parameters
associated not only with sweat but with other body fluids.

4. Experimental Section

To fabricate the device, a layer of polydimethylsiloxane (PDMS,
20 um thick) is first spin-coated onto a glass slide (Figure S5a).
Curing the PDMS at 120 °C for 10 min and treating its surface with
reactive ion etching (RIE) for 5 min (20 sccm O,, 300 mTorr pressure,
150 W power) allows conformal spin-coating of a layer of polyimide
(PI; 1 pm thick) on top. A bilayer of chrome (5 nm) and gold (200
nm) deposited by electron beam (ebeam) evaporation is photolitho-
graphically patterned to form serpentine interdigitated electrodes
(Figure S5b). An additional spin-coated PI (1 um) electrically insu-
lates the surfaces of the electrode patterns, while selective regions
on the PI layer is etched by RIE for electrical contact between the
electrode and serpentine coils formed by patterning a layer of ebeam
deposited copper (6 um) (Figure S5¢). The entire patterns are encap-
sulated by another spin-coated PI layer (1 pm). Patterned RIE yields
an open mesh layout, capable of release onto the surface of a target
substrate by use of water-soluble tape (Aquasol ASWT-2, Aquasol
Corporation, North Tonawanda, NY, USA). To prepare the functional
substrates, a layer of uncured silicone (10 pm thick) is spin-coated
onto a water soluble tape fixed on its edges to a glass slide by Scotch
tape. Pre-curing the silicone at 150 °C for 1 min transforms the liquid
precursor into a tacky, soft solid (Figure S5e). Placing the substrates
on the silicone film with gentle pressure allows the partially cured
film to crosslink with porous structures on the surface. The silicone
and the substrates are then fully cured at 120 °C to achieve robust
bonding (Figure S5f). The resulting structure is removed from the
glass, and rinsed with water to remove the water soluble tape. Depo-
sition of Ti/SiO, (5/60 nm) onto the exposed backside of the sensor
facilitates chemical bonding to the PDMS film on the functional
substrates after UV ozone activation. Dissolving the water soluble
tape yields an integrated device with excellent levels of mechanical
stretchability and flexibility (Figure S5g and Figure 1b). The func-
tional substrates can be immersed into colorimetric indicators, fol-
lowed by baking at 100 °C on a hotplate to dry the devices.

Five hydrophilic porous substrates serve as the sweat absorp-
tion materials, including Whatman GBO0O03 cellulose paper (GE
Healthcare Life Sciences, Pittsburgh, PA, USA), Scotch-Brite recycle
cellulose sponge (3M Cooperation, St. Paul, MN, USA), polyvinyl
alcohol sponge (Perfect & Glory Enterprise Co., Ltd., Taipei), Ken-
dall hydrophilic polyurethane foam dressing (Covidien Inc., Mans-
feld, MA, USA), and Mepilex silicone foam dressing (Molnlycke
Health Care AB, Sweden). For colorimetric detection, a universal
pH indicator (pH 2-10) (Ricca Chemical, Arlington, TX, USA) yields
responses to buffer solutions with well-defined pH (Sigma-Aldrich
Corporation, St. Louis, Mo, USA). Colorimetric copper and iron ion
detection is enabled by a copper color disc test kit (CU-6, Hach
Company, Loveland, Colorado, USA) and an iron color disc test kit
(IR-8, Hach Company, Loveland, Colorado, USA), while standard
stock solutions of copper and iron (Hach Company, Loveland, Colo-
rado, USA) are diluted to achieve different ion concentrations.

The sensors can be integrated onto the skin using a process
as shown in the movie in the supporting information (Movie S1).
Briefly, spray bandage (Nexcare No Sting Liquid Bandage Spray,
3M Cooperation, St. Paul, MN, USA) is first applied onto the
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corresponding skin region. Evaporation of the solvent results in a
tacky, water-permeable film that does not significantly influence
the transdermal water loss from the skin and provides sufficient
adhesion to fix the sweat sensors onto the skin. The sensor is then
applied to the skin with continuous pressure over several seconds.
The bonding is reversible, but is sufficiently strong to accommo-
date heavy sweating and shear forces.

The electrical reponses of the sensors are evaluated using a HP
4291A impedance analyzer (Agilent Technologies, Santa Clara, CA,
USA) with a frequency range from 1 MHz to 1.8 GHz. The analyzer
connects to a one-turn hand-wound copper primary coil whose reso-
nance frequency is significantly different from the sweat sensor. The
coil is placed 2 mm away from the sweat sensor during the meas-
urement. However, small variations in the distance between the
coil and the sweat sensor are tolerable, with negligible effects on
the results. A xyz mechanical stage and a rotational platform allow
manual adjustment of the position and orientation of the primary
coil relative to the sweat sensor. The primary coil provides a time
varying electromagnetic field that induces alternating voltages in the
sweat sensor. Changes of sweat content within the substrate of the
sensor lead to changes in the capacitance of the sweat sensor and
its fo. A syringe pump (KD Scientific Inc., Holliston, MA, USA) is used
to deliver buffer solutions to the sensors during the in vitro experi-
ments. The sweat sensors with a CP substrate and a silicone porous
material are mounted on the arms of two volunteers for 2 hour in
vivo testing, with reference substrates of the same materials and
sizes placed in close proximity to the sweat sensors (Figure 2b).
For the first hour, the volunteers exercise continuously to generate
sweat, and then stop to rest for the second hour. During the meas-
urement, the sweat sensors remain on the skin, while the reference
sensors are peeled off every 5 min to record their weight using a pre-
cise balance and reattached back to the same positions afterwards.

The absorbance values are estimated from the digital images
by accessing the RGB (red, green, blue) values of the selected
regions on the experimental images using Image).?% The average
RGB values are determined from multiple pixels enclosed within a
rectangular frame drawn by Image] with a plugin called, “measure
RGB”. The Absorbance (4) defined as the negative log of the trans-
mittance (/,,//pianid» is then calculated using the following formula:

A=—log(/n/lbian) 1)

in which /, denotes the R, G or B values for the functional sub-
strates and I, the R, G, or B value for the background, both
obtained from the experimental images.

Supporting Information

Supporting Information is available from the Wiley Online Library
or from the author.
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