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7) ABSTRACT

Embodiments of the disclosed invention provide devices and
methods to incorporate suspension-based, i.e., hydrogel-
based and thixotropic compound-based, ion-selective elec-
trodes and reference electrodes into a wearable sweat sens-
ing device. Embodiments of this device are configured to
monitor sweat electrolyte concentrations, trends, and ratios
under demanding use conditions. The accompanying
method includes use of the disclosed device to track fluid
and electrolyte gain and loss in order to produce an elec-
trolyte estimate, such as a sweat electrolyte concentration, a
sweat electrolyte concentration trend, a sweat rate, or a
concentration ratio between a plurality of electrolytes.
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SWEAT ELECTROLYTE LOSS
MONITORING DEVICES

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] The present application is a continuation-in-part of
PCT/US17/56750, filed Oct. 16, 2017; and claims priority to
U.S. Provisional Application No. 62/408,097, filed Oct. 14,
2016; U.S. Provisional Application No. 62/461,562, filed
Feb. 21, 2017; and U.S. Provisional Application No. 62/526,
810, filed Jun. 29, 2017, and has specification that builds
upon PCT/US2016/36038, filed Jun. 6, 2016, the disclosures
of which are hereby incorporated herein by reference in their
entirety.

BACKGROUND OF THE INVENTION

[0002] Non-invasive biosensing technologies have enor-
mous potential for applications ranging from athletics, to
neonatology, to pharmacological monitoring, to personal
digital health. Among the biofluids potentially used for
physiological monitoring (e.g., sweat, blood, urine, saliva,
tears), sweat has arguably the least predictable sampling rate
in the absence of technological solutions. An excellent
summary is provided by Sonner, et al. in the 2015 article
titled “The microfluidics of the eccrine sweat gland, includ-
ing biomarker partitioning, transport, and biosensing impli-
cations,” Biomicrofluidics 9, 031301, included by reference
herein in its entirety. However, with proper application of
technology, sweat can be made to outperform other non-
invasive or less invasive biofluids in predictable sampling.
As a result, sweat ducts can provide a route of access to
many of the same biomarkers, chemicals, or solutes that are
carried in blood and can provide significant information
enabling diagnosis of ailments, health status, toxins, perfor-
mance, and other physiological attributes even in advance of
any physical sign.

[0003] However, one challenge to creating accurate sweat
sensing devices is developing sensors that are practical for
use in a wearable, semi-disposable device, when the
required sensitivity and specificity of such sensors is typi-
cally achieved in expensive bench-top configurations that
are afforded stable operating environments. Sweat sensors,
however, must work within a device that is sufficiently small
and robust to be worn on the body. These devices must
operate in a dynamic environment, and be inexpensive
enough to be periodically replaced. When bench-top ion
selective electrodes (“ISE”), and their accompanying refer-
ence electrodes, are moved from the laboratory to a sweat
sensor, they must be greatly reduced in size, are often
deposited on a flexible substrate, and exposed to skin.
However, such configurations are prone to drift due to their
small size, may experience interference from the body, may
delaminate from the substrate, or be abraded through contact
with skin or other device components. The Horiba
LaquaTwin, covered by U.S. Pat. No. 5,200,706, success-
fully incorporates ISEs into a hand-held device for water
sampling. However, these sensors are still too large and
expensive for use in wearable sweat sensors.

[0004] What is needed are simple, yet robust methods to
incorporate ISEs and reference electrodes into wearable
configurations that are free from drift, delamination, and
abrasion over the use period of a sweat sensing device. In
particular, sweat sensing devices hold tremendous promise
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for use in workplace safety, athletic, and military settings.
One potential application that can improve personal safety
and performance in these settings, is a robust, wearable
sweat electrolyte loss monitor. As disclosed herein, a sweat
sensing device is configured to monitor sweat electrolyte
concentrations, ratios and trends under demanding use con-
ditions.

SUMMARY OF THE INVENTION

[0005] Embodiments of the disclosed invention provide
devices and methods to incorporate suspension-based, i.e.,
hydrogel-based and thixotropic compound-based, ion-selec-
tive electrodes and reference electrodes into a wearable
sweat sensing device. Embodiments of this device are con-
figured to monitor sweat electrolyte concentrations, trends,
and ratios under demanding use conditions. The accompa-
nying method includes use of the disclosed device to track
fluid and electrolyte gain and loss in order to produce an
electrolyte estimate, such as a sweat electrolyte concentra-
tion, a sweat electrolyte concentration trend, a sweat rate, or
a concentration ratio between a plurality of electrolytes.

BRIEF DESCRIPTION OF THE DRAWINGS

[0006] The objects and advantages of the disclosed inven-
tion will be further appreciated in light of the following
detailed descriptions and drawings in which:

[0007] FIG. 1 is an example sweat sensing device of the
present disclosure.

[0008] FIG. 2 is an example embodiment of the disclosed
invention including a cassette design for ion selective elec-
trodes and a reference electrode for use in a wearable sweat
sensing device.

[0009] FIG. 3 is a top view of a cassette design for ion
selective electrodes and a reference electrode for use in a
wearable sweat sensing device.

[0010] FIG. 4 is an example embodiment of the disclosed
invention including a suspension material in an ion selective
electrode for use in a wearable sweat sensing device.
[0011] FIG. 5 is an example embodiment of the disclosed
invention including a suspension material in a reference
electrode for use in a wearable sweat sensing device.
[0012] FIG. 6 depicts at least a portion of an embodiment
of the disclosed invention.

[0013] FIG. 7 depicts at least a portion of an embodiment
of the disclosed invention having reusable components and
disposable components.

[0014] FIG. 8A depicts a cross section of an embodiment
of the disclosed invention.

[0015] FIG. 8B depicts a cross section of an embodiment
of the disclosed invention.

DEFINITIONS

[0016] A variety of definitions are now provided, these
definitions gaining further appreciation and scope in the
detailed description and embodiments of the disclosed
invention.

[0017] As used herein, “sweat” means a biofluid that is
primarily sweat, such as eccrine or apocrine sweat, and may
also include mixtures of biofluids such as sweat and blood,
or sweat and interstitial fluid, so long as advective transport
of the biofluid mixtures (e.g., flow) is primarily driven by
sweat.
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[0018] “Sweat sensor” means any type of sensor that
measures a state, presence, flow rate, solute concentration,
solute presence, in absolute, relative, trending, or other ways
in sweat biofluid. Sweat sensors can include, for example,
potentiometric, amperometric, impedance, optical, mechani-
cal, antibody, peptide, aptamer, or other means known by
those skilled in the art of sensing or biosensing.

[0019] “Analyte” means a substance, molecule, ion, or
other material that is measured by a sweat sensing device.

[0020] “Flectrolyte” means solutes within human body
fluids and tissues that include all acids and bases, inorganic
salts, and some proteins. Examples of interest include Na®,
Cl, H*, K*, NH,*, Ca*, HCO,~, and Mg".

[0021] “Measured” can imply an exact or precise quanti-
tative measurement and can include broader meanings such
as, for example, measuring a relative amount of change of
something. Measured can also imply a binary measurement,
such as ‘yes’ or ‘no’ type measurements.

[0022] “Chronological assurance” means the sampling
rate or sampling interval that assures measurement(s) of
analytes in biofluid in terms of the rate at which measure-
ments can be made of new biofluid analytes emerging from
the body. Chronological assurance may also include a deter-
mination of the effect of sensor function, potential contami-
nation with previously generated analytes, other fluids, or
other measurement contamination sources for the measure-
ment(s). Chronological assurance may have an offset for
time delays in the body (e.g., a well-known 5 to 30 minute
lag time between analytes in blood emerging in interstitial
fluid), but the resulting sampling interval (defined below) is
independent of lag time, and furthermore, this lag time is
inside the body, and therefore, for chronological assurance
as defined above and interpreted herein, this lag time does
not apply.

[0023] ““Analyte-specific sensor” means a sensor specific
to an analyte and performs specific chemical recognition of
the analytes presence or concentration (e.g., ion-selective
electrodes, enzymatic sensors, electro-chemical aptamer
based sensors, etc.). For example, sensors that sense imped-
ance or conductance of a fluid, such as sweat, are excluded
from the definition of “analyte-specific sensor” because
sensing impedance or conductance merges measurements of
all ions in sweat (i.e., the sensor is not chemically selective;
it provides an indirect measurement). Sensors could also be
optical, mechanical, or use other physical/chemical methods
which are specific to a single analyte. Further, multiple
sensors can each be specific to one of multiple analytes.

[0024] ““‘Sweat flow rate sensing component” is any com-
ponent or components which measure the sweat rate in at
least one portion of a sweat sensing or collecting device.

[0025] “Hydrogel” means a substantially dilute polymeric
material which is primarily water, and that exhibits little or
no flow when in the steady-state due to a three-dimensional
cross-linked network of a chemically incorporated addi-
tional material.

[0026] “Thixotropic compound” means a material that is
mechanically stabilized or viscous under static conditions,
but that will flow (or become less viscous) when shaken,
agitated, sheared or otherwise manipulated.

[0027] “Suspension-based electrode” means an ISE or
reference electrode that incorporates hydrogel-based or
thixotropic compound-based suspension materials.
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[0028] “Operation and compliance warning” means an
alert generated by the sweat sensing device and relayed to
the system user if a reading indicates a device is not in
adequate skin contact.

DETAILED DESCRIPTION OF THE
INVENTION

[0029] The present disclosure provides a sweat sensing
device configured to monitor electrolyte concentrations,
trends and ratios while a device wearer is participating in
physical activity in order to improve the wearer’s safety or
physical performance. Any time an individual sweats, s'he
loses electrolytes. Under extreme physical conditions, such
as intense heat or prolonged physical exertion, individuals
can lose sufficient quantities of electrolytes through sweat,
so that numerous essential biological processes become
impaired. For example, excessive sodium loss, or hypona-
tremia, can manifest as headaches, nausea, vomiting, muscle
spasms, and seizures. Similarly, excessive loss of K*, or
hypokalemia, can manifest as muscle cramps, heart palpi-
tations, or delirium. Other electrolyte imbalance disorders
include alkalosis, hypochloremia, hypocalcemia, hypomag-
nesemia, and loss of bicarbonates (HCO;™). Monitoring the
loss and replenishment of electrolytes can therefore improve
the safety and performance of individuals operating under
extreme electrolyte loss conditions.

[0030] The disclosed invention will be primarily, but not
entirely, limited to devices, methods and sub-methods using
wearable sweat sensing devices. Therefore, although not
described in detail here, other essential steps which are
readily interpreted from or incorporated along with the
present invention shall be included as part of the disclosed
invention. The disclosure provides specific examples to
portray inventive steps, but which will not necessarily cover
all possible embodiments commonly known to those skilled
in the art. For example, the specific invention will not
necessarily include all obvious features needed for opera-
tion. Several specific, but non-limiting, examples can be
provided as follows. The invention includes reference to the
article in press for publication in the journal IEEE Trans-
actions on Biomedical Engineering, titled “Adhesive RFID
Sensor Patch for Monitoring of Sweat Electrolytes”; the
article published in the journal AIP Biomicrofluidics, 9
031301 (2015), titled “The Microfluidics of the Eccrine
Sweat Gland, Including Biomarker Partitioning, Transport,
and Biosensing Implications™; as well as PCT/US15/55756,
and PCT/US16/19282; all four of which are included herein
by reference in their entirety.

[0031] The present disclosure applies at least to any type
of sweat sensing device that measures sweat, sweat genera-
tion rate, sweat chronological assurance, its solutes, solutes
that transfer into sweat from skin, a property of or things on
the surface of skin, or properties or things beneath the skin.
The disclosure applies to sweat sensing devices which can
take on forms including patches, bands, straps, portions of
clothing or equipment, or any suitable mechanism that
reliably brings sweat collecting, and/or sweat sensing tech-
nology into intimate proximity with sweat as it is generated.
[0032] Certain embodiments of the invention show sen-
sors as simple individual elements. It is understood that
many sensors require two or more electrodes, reference
electrodes, or additional supporting technology or features
that are not captured in the description herein. Sensors are
preferably electrochemical in nature, but may also include
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electrical, optical, chemical, mechanical, or other known
biosensing mechanisms. Sensors can be in duplicate, tripli-
cate, or more, to provide improved data and readings.
Sensors may be referenced herein by what the sensor is
sensing, for example: an analyte specific sensor; an imped-
ance sensor; a sweat volume sensor; a sweat rate sensor; or
a solute generation rate sensor. Certain embodiments of the
disclosed invention show sub-components of what would be
sweat sensing devices with more sub-components needed
for use of the device in various applications, which are
obvious (such as a battery), and for purpose of brevity and
focus on inventive aspects, are not explicitly shown in the
diagrams or described in the embodiments of the present
disclosure.

[0033] Sweat is known to contain a large number of
compounds that could be used to indicate an individual’s
physiological state. In general, determining an individual’s
physiological state is a significant challenge. Not only is
every individual different in terms of how a physiological
state may present, but even a simple physiological state or
disorder is a complex set of biological processes that does
not readily lend itself to reduction. Consequently, a defini-
tive diagnosis of a physiological condition often is not
possible. Among the most common substances found in
sweat are the following: Na*, CI7, K*, Ammonium (NH,*),
urea, lactate, glucose, serine, glycerol, cortisol, and pyru-
vate. In addition to these common sweat analytes, each
physiological condition may also have particular sweat
analytes that will prove informative for indicating that
physiological state. For example, blood creatinine levels
have proven useful for indicating hydration levels, which
also may prove true for sweat.

[0034] To date, there have been few studies linking sweat
analytes or analyte concentrations to physiological states.
Among these are studies linking increased sweat chloride
levels with cystic fibrosis, or a spike in chloride levels with
ovulation. It will likely be necessary to build data across
multiple individuals correlating physiological states with
sweat sensor readings. By this means, a given physiological
state will manifest and a discernible sweat analyte signature
will be detectible by a sweat sensing device.

[0035] Further, translation of analyte concentrations and
ratios to meaningful physiological information will have to
account for a number of variabilities unrelated to differences
in concentrations. For example, sweat concentrations of
analytes relative to blood or plasma concentrations are
known to vary depending on sweat rate, the body location
from which a sample is taken, kidney or liver disease or
function, external temperatures, and other factors. To
develop meaningful physiological information, it will there-
fore be necessary to develop algorithms and techniques that
reflect how the various analyte signatures change in
response to these variabilities.

[0036] Sweat contains a number of electrolytes in varying
concentrations, including the following: Na* (10-100 mM),
CI™ (10-100 mM), H* (0.1 mM-0.0001 mM), K* (1-24 mM),
NH,* (0.5-8 mM), Ca* (~0.5 mM), and Mg*. Sweat also
includes a variety of other electrolytes in lower concentra-
tions.

[0037] Specific to determining an individual’s electrolyte
status, a sweat sensing device can be configured to accu-
rately measure electrolyte loss amounts, trends and ratios.
Electrolyte loss is a key component of a larger picture that
constitutes an individual’s overall electrolyte status, which
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includes at least the following three basic factors: 1) elec-
trolyte inputs through an individual’s diet; 2) electrolyte
redistribution within the individual’s body; and 3) electro-
lyte loss.

[0038] At a basic level, electrolyte inputs are those elec-
trolytes consumed through food or fluids, and which are
absorbed from the digestive tract for use throughout the
body. Absorption is a complicated process that may be
affected by the amount of food or fluids consumed, the
existing levels or ratios of electrolytes in the body, the
activity taking place during absorption, circulation levels to
the digestive tract, the kinetics of absorption of the different
electrolytes, and other factors.

[0039] Electrolyte redistribution is a continual process by
which the body manages electrolyte concentrations in extra-
cellular fluid by moving electrolytes among various reposi-
tories in the body. These repositories include intracellular
fluid, extracellular fluid, interstitial fluid, plasma volume,
and certain tissues, such as skeletal repositories of calcium.
Electrolytes move among the different repositories based on
osmotic and hydrostatic pressure gradients, may be con-
trolled by selectively permeable membranes, or may
respond to homeostatic control mechanisms triggered by
extracellular fluid concentrations of particular electrolytes.

[0040] Electrolyte loss may be through urine excretion,
sweat excretion, or gastrointestinal tract excretion. Electro-
lyte loss amounts are influenced by homeostasis feedback
loops, which control electrolyte retention and excretion
processes, as well as water retention and excretion pro-
cesses. Additionally, electrolyte loss is complicated by indi-
vidual factors, such as the health of key organs, e.g., the
kidneys, or the relative dysfunction in the body’s homeo-
stasis mechanisms. A non-exhaustive list of potential con-
siderations that may inform sweat electrolyte loss include
the following: sweat rate, hydration status, electrolyte intake
during monitoring period, exercise intensity, body tempera-
ture, environmental conditions, heat acclimation, fitness
level, routine daily electrolyte intake, BMI, body location of
device, phenotype, sex, age, medical conditions, and phar-
maceutical use.

[0041] The disclosed invention provides accurate mea-
surements of sweat electrolyte loss, which is a key element
for determining a device wearer’s electrolyte condition.
Generally, sweat electrolyte loss and sweat rate are highly
correlated, therefore, the disclosed device can be configured
with sweat rate sensors, e.g., volumetric sweat rate sensors,
ISEs, or micro-thermal flow rate sensors, as well as algo-
rithms capable of determining sweat rate, as disclosed in
PCT/US2016/36038 and U.S. Ser. No. 15/653,494, which
are hereby incorporated by reference herein in their entirety.

[0042] Various studies in eccrinology have characterized
the variance in molarity of Na*, ClI” and K* with sweat rate.
See Sato, K., et al,, “Biology of sweat glands and their
disorders,” J. of the Am. Academy of Dermatology, p. 552,
20/4/Apr. 1989. Na* and CI” enter sweat in the secretory coil
of the eccrine sweat gland, and at negligible sweat rates, are
isotonic with interstitial fluid concentrations of Na* and CI”.
Bovell, Journal of Local and Global Health Science, p. 9,
2015:5. With the initiation of sweating, C1™ is pumped into
the lumen of the gland, where its negative electrical potential
pulls in Na*. The Na* and CI~ combine to form NaCl, which
creates an osmotic gradient that draws water into the lumen.
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As the newly created sweat moves out of the secretory coil,
Na*, with CI” in tow, is reabsorbed through the duct and
re-enters the interstitial fluid.

[0043] At lower sweat rates, 0.0 to 0.4 pl/cm*/min, rela-
tively more of the Na* and are reabsorbed by the duct so that
sweat reaching the skin has lower concentrations of Na* and
C1". Amano, T., et al., “Determination of the maximum rate
of eccrine sweat glands’ ion readsorption using galvanic
skin conductance to local sweat rate relationship,” Eur. J.
Appl. Physiology, p. 4, DOI 10.1007/s00421-015-3275-9.
Initially, between 0.2 and 0.4 ul/cm*min sweat rate, the
Na* gland reabsorption rate is at is maximum (around 85%),
which translates to Na* concentration of 10-15 mM. Sato,
K., et al., “Biology of sweat glands and their disorders,” J.
of the Am. Academy of Dermatology, p. 552, 20/4/Apr. 1989,
p. 552; Buono, M., et al., “Na* secretion rate increases
proportionally more than the Na® reabsorption rate with
increases in sweat rate,” J. Appl. Physiology, 105:1044-
1048, 2008. As sweat rate increases, the amount and speed
of Na* flowing through the duct overwhelms the reabsorp-
tion mechanism, so that at sweat rates above 0.4 pL/cm?/
min, the duct absorbs a significantly lower percentage of
Na*, down to about 65% of Na* at a sweat rate of 0.8
uL/cm*/min. Buono, M., et al. As a result, Na* concentra-
tions show a linear increase with increases in sweat rate in
the range of about 20 mEq/L for a 0.4 pL/cm*/min sweat
rate, to 60 mEq/L for a 1.5 pL/cm*min sweat rate. Allen, J,
et al., “Influence of acclimatization on sweat sodium con-
centration,” J. of Applied Physiology, 30/5/May 1971, at
710; Bovell, at 11; see also, Buono, p. 1025. (0.25 pl/cm?/
min sweat rate correlated to 20 mM/L Na*, 0.9 pl/cm>/min
sweat rate correlated to 55 mM/L, concentrations roughly
correspond to Na* levels for various sweat rates, but are
usually 20 mM less. Sato, K., et al. For individuals that
acclimatize to warmer environments, or who engage in
physical conditioning, the body’s ability to reabsorb Na*
improves, and sweat profiles for these individuals will tend
to have sweat Na* concentrations about 15 mM lower than
for unconditioned individuals. Allen, I., et al., at 710.

[0044] Similar examination of K™ molarity as it changes
with sweat rate reveals an analyte that can function as a
reference for a number of sweat applications, including the
determination of sweat rate. Unlike Na* and the rate of K*
excretion by the sweat gland does not accelerate with sweat
rate increase, and K* is not reabsorbed by the duct in
significant amounts. As a result, K* concentration remains
relatively steady throughout the range of sweat rates. At
negligible sweat rates, K* concentration in the secretory coil
corresponds to plasma concentrations of about 3-4 mM.
Baker, L., et al., “Comparison of regional patch collection
vs. whole body washdown for measuring sweat sodium and
potassium loss during exercise,” J. Appl. Physiology, 107:
887-895, 2009. At very low sweat rates, K* tends to enter
sweat at increased levels, i.e., up to 9 mM, before settling to
a concentration of about 6 mM. Sato, K., et al.; Bovell, at 11.
It is expected that the loss amounts trends and ratios for
other electrolytes of interest will also display dependence on
sweat rate, which may be characterized and detected by
sweat sensing devices of the disclosed invention.

[0045] With reference to FIG. 1, a representative sweat
sensing device 1 to which the present disclosure applies is
placed on or near skin 12. The sweat sensing device may be
fluidically connected to skin or regions near skin through
microfluidics or other suitable techniques. The device 1 is in
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wired communication 110 or wireless communication 120
with a reader device 130, which could be a smart phone or,
tablet computer, or other portable electronic device, or for
some devices, the device 1 and reader device 130 can be
combined. The reader device may also be in communication
with computer network that can provide access to database
information capable of informing device function. In a
preferred embodiment, communication 152 or 120 is not
constant and could be a simple one-time data upload to the
device at the initiation of use, and periodic data downloads
from the device once the device has completed its measure-
ments of sweat.

[0046] As disclosed, a sweat sensing device might include
a plurality of sensors to improve detection of sweat analytes,
including a volumetric sweat rate sensor, a sweat conduc-
tivity sensor, a pH sensor, a GSR sensor, a temperature
sensor, a skin impedance sensor, a capacitive skin proximity
sensor, and an accelerometer. Many of the auxiliary features
of the invention may, or may not, require other aspects of a
sweat sensing device, including two or more counter elec-
trodes, reference electrodes, or additional supporting tech-
nology or features, which are not captured in the description
herein, such as an onboard real-time clock, onboard flash
memory (i.e., I MB minimum), Bluetooth™, Listnr™, or
other communications hardware, and a multiplexer to pro-
cess a plurality of sensor outputs.

[0047] The disclosed sweat sensing device also includes
computing and data storage capability sufficient to operate
the device, which incorporates the ability to conduct com-
munication among system components, to perform data
aggregation, and to execute algorithms capable of generat-
ing notification messages. The device may have varying
degrees of onboard computing capability (i.e., processing
and data storage capacity). For example, all computing
resources could be located onboard the device, or some
computing resources could be located on a disposable por-
tion of the device and additional processing capability
located on a reusable portion of the device. Alternatively, the
device may rely on portable, fixed or cloud-based computing
resources.

[0048] The sweat sensing device’s data aggregation capa-
bility may include collecting all of the sweat sensor data
generated by the sweat sensing device or communicated to
the device. The aggregated sweat sensor data could be
de-identified from individual wearers, or could remain asso-
ciated with an individual wearer. Such data can also be
correlated with outside information, such as the time, date,
medications, drug sensitivity, medical condition, activity
performed by the individual, motion level, fitness level,
mental and physical performance during the data collection,
body orientation, the proximity to significant health events
or stressors, age, sex, health history, or other relevant
information.

[0049] The reader device or companion transceiver can
also be configured to correlate speed, location, environmen-
tal temperature or other relevant data with the sweat sensor
data. The data collected could be made accessible via secure
website portal to allow sweat system users to perform safety,
compliance and/or care monitoring of target individuals. The
sweat sensor data monitored by the user includes real-time
data, trend data, or may also include aggregated sweat
sensor data drawn from the system database and correlated
to a particular user, a user profile (such as age, sex, or fitness
level), weather condition, activity, combined analyte profile,
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or other relevant metric. Trend data, such as a target indi-
vidual’s hydration level over time, could be used to predict
future performance, or the likelihood of an impending
physiological event.

[0050] Such predictive capability can be enhanced by
using correlated aggregated data, which would allow the
user to compare an individual’s historical analyte and exter-
nal data profiles to a real-time situation as it progresses, or
even to compare thousands of similar analyte and external
data profiles from other individuals to the real-time situa-
tion. Sweat sensor data may also be used to identify wearers
that are in need of additional monitoring or instruction, such
as the need to drink additional water, or to adhere to a drug
regimen.

[0051] Because the sweat sensing device could produce
potentially sensitive physiological data, some database fields
will be routinely encrypted. A preferred encryption method
is the Advanced Encryption Standard. The device will access
a random 128-bit encryption and decryption key that will be
generated and stored by a companion reader device when
needed for data transmission. In addition, because some
sweat sensor data may repeat frequently, additional protec-
tion will be provided by introducing a random initialization
vector before the encryption of each value. This will prevent
observable patterns from emerging in the encrypted sweat
sensor data. Other encryption methods and steps may be
required and will be applied according to best practices, as
known to those skilled in the art.

[0052] With reference to FIG. 2, an embodiment of the
disclosed invention is depicted that includes a suspension-
based reference electrode and at least one suspension-based
ion-selective electrode. The depicted embodiment includes a
cassette housing 270, which has a plurality of wells 272
arranged along a microfluidic channel 230 for transporting
sweat through the device. The channel includes an inlet 232,
an outlet 234, and a plurality of ion exchange ports 236, one
for each of the wells. The suspension in the reference and
ion-selective electrodes serves as a structure for suspending
salts that allow the exchange of ions between the electrode
and the sweat sample. In some embodiments, the suspension
material will be one or more hydrogels, e.g., polyvinylpyr-
rolidone (PVP), collagen, gelatin, or poly alkylene glycol
(PAG). The hydrogel suspension material is an aqueous
polymer matrix that substantially resists flow when in its
steady state. This property allows the salt bridge salt and the
reference salt to remain in their respective suspension layers,
while allowing the free exchange of ions between the
electrode and the sweat sample. In other embodiments, the
suspension material is one or more thixotropic compounds,
e.g., fumed silica, which mechanically stabilize the salt
solutions within the compound, thereby facilitating free ion
exchange with the sweat sample. Thixotropic compounds
are desirable for certain applications because, relative to
hydrogels, they are more resistant to bubble formation, do
not require water-tight sealing, and prevent the electrode
fluid from leaking out the ion exchange ports. Additionally,
use of a thixotropic compound supports more typical manu-
facturing practices, since it does not require thermally- or
chemically-initiated crosslinking of the polymer matrix, i.e.,
the thixotropic suspension can be directly injected into the
sensor well. Some embodiments employ at least one hydro-
gel and at least one thixotropic compound as suspension
materials. In another embodiment (not shown), only the
reference electrode is suspension-based, and the ISEs are
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comprised of ionophore polymers that are screen-printed on
electrodes placed on a PVC or PET substrate, as disclosed in
PCT/US15/55756, filed Oct. 15, 2015, and PCT/US17/
56750, filed Oct. 16, 2017, each of which is hereby incor-
porated by reference herein in its entirety.

[0053] FIG. 3 depicts a top view of the cassette of FIG. 2,
with like numbers referencing like elements of previous
figures (e.g., 220 and 320 both represent reference elec-
trodes). At least one well 372 contains an ion selective
electrode 322 (nine are shown) and one well contains a
reference electrode 320. The reference electrode is prefer-
ably located at the front of the channel nearest the inlet 332
to allow operation as soon as possible after sweat enters the
channel. In operation, sweat 14 flows through the inlet 332
and into the microfluidic channel 330, where the sweat
interacts with the reference electrode 320 and ISE(s) 322 via
the ion exchange ports 336. As sweat interacts with each ISE
322, target ions will be selectively exchanged through the
ports 336 as the sensor detects the difference in electrical
potential between the sweat sample and the ISE for the ISE’s
target ion. The device then translates the detected voltage
into a concentration value for the target ion according to the
Nernst equation.

[0054] The reference electrode 320 behaves similarly, but
is configured to exchange ions non-selectively through its
port 336 so that the electrode maintains a consistent and
stable voltage for comparison to the ISEs. Over time, the
ISEs 322 and reference electrode 320 will leak ions out of
the ports 336, eventually becoming depleted of the requisite
ions and ceasing to function. The time required for such ion
depletion is the operational lifespan of the ISE/reference
electrode. This lifetime can be extended by, e.g., reducing
the surface area of port 336, which reduces the rate at which
ions leave the wells; or by increasing the well volume.
[0055] The housing 370 is constructed of a rigid, water-
impermeable thermoplastic such as acrylonitrile butadiene
styrene (“ABS”). While ten wells 372 are depicted, the
cassette may only include one well containing a reference
electrode. In other embodiments, the cassette includes only
two wells, e.g., an ISE well for detecting Na™ and a reference
electrode well, or in still other embodiments, includes a
plurality of wells to detect additional analytes, improve
accuracy, or to provide redundancy. The wells are depicted
as cuboid in shape, but may take other shapes, such as wells
having rounded outer edges, as required by space require-
ments on the device, ergonomics, and other similar consid-
erations. The well volume is subject to several variables,
including application requirements, or the individual ISE/
electrode requirements, such as operational lifespan. For
example, because the ISEs/electrode will become ion-de-
pleted during operation, well volume must account for the
durational requirements of the application. For most appli-
cations, a well volume of at least 20 pl. should be sufficient
for 24 hours of operation. Additionally, the ion exchange
characteristics of each sensor/electrode must also be con-
sidered. The reference electrode will become ion depleted
much more rapidly than the ISEs, so the reference electrode
well volume could be larger than the ISE wells, e.g., 2X or
3X. Therefore, well volume can be optimized for each ISE
or reference electrode, which will translate to a range of
configurations, shapes and footprints for the wells 372 and
cassette housing 370.

[0056] With reference to FIG. 4, where like numbers refer
to like elements of previous figures, a suspension-based ISE
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sensor of the disclosed invention is depicted. The ISE is
situated within a sensor well 472 of the cassette, which
includes an ion exchange port 436. The sensor includes a
first layer comprising an ion selective material 420, that is
deposited at the base of the sensor well 472, and is in fluid
communication with the port 436. In fluid communication
with the ion selective material is a hydrogel, a thixotropic
compound, or other suspension material layer 421, which is
infused with a salt 423 which contains the target analyte,
e.g., NaCl for detecting Na*. The molarity of the salt within
the suspension material layer will be proportional to the
molarity of the target ion in sweat to facilitate accurate
sensing. ISEs for low concentration ions, such as Mg?* or
Zn”* will contain suspension materials with lower internal
analyte concentrations relative to the ISEs for more abun-
dant ions. For example, if Na* is normally present in sweat
at 100 mM, then the suspension material would contain
~100 mM of NaCl. Similarly, if Mg>* is present in sweat at
100 pM, then the suspension material would contain =100
uM of MgCl,. The sensor also includes an electrode 450,
which is, e.g., a stabilized Ag/AgCl wire, and which is in
fluid communication with the suspension material layer 421.
The electrode 450 is preferably embedded in the suspension
material, and immobilized to minimize movement while the
device is being worn. The sensor well 472 is covered with
a protective non-vapor transmissible layer 474, made from,
e.g., PET. The ISE sensor can be configured to detect one or
more of the following target analytes: H*; Na™; C1; K,
NH,*; Mg**; Zn**; HPO,*"; and HCO,™; and ammonium
(NH,.

[0057] With reference to FIG. 5, where like numbers refer
to like elements of previous figures, a suspension material-
based reference electrode of the disclosed invention is
depicted. The reference electrode is situated within a sensor
well 572 of the cassette, which includes an ion exchange
port 536. The sensor includes a membrane 520, that is
positioned between the port 536 and the remainder of the
well contents. The membrane may be, e.g., a track-etched
membrane, a dialysis membrane, an osmotic membrane, or
any membrane that allows the exchange of ions, but other-
wise minimizes interaction between the sweat sample and
the contents of the reference electrode well. A semi-perme-
able dialysis membrane would allow free exchange of ions
between the well contents and the sweat sample. The mem-
brane’s molecular mass cut-off limit could be customized to
provide the ion diffusion speed required for adequate refer-
ence electrode performance. The membrane could have
pores ranging in size from 10’s of nms to 100’s of pms.
Similarly, a track-etch membrane could have appropriately-
tuned nanopore sizes to facilitate free ion exchange. Another
approach would be to use multiphase membranes having
hydrophobic regions and hydrophilic regions that are con-
figured to facilitate free ion exchange through variation in
region size and composition.

[0058] In addition to such chemically simple membranes,
certain chemically complex membranes, e.g., a zwitterionic
polymer membrane, may also be used. The zwitterionic
rien.brane could be constructed by taking a standard poly-
mer backbone and adding two ionic moieties, one a cation
and the other an anion. The type, number, and ratio of
moieties per unit chain could be varied to optimize ion
exchange for the reference electrode for each application.
Various amino acids are available as general moieties, while
anion moieties include sulfates, phosphates, siliconates,
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borates, nitric acids, and carboxylic acids; and cationic
moieties include substituted aromatic amines, amines, tran-
sition metals, and metalloids. Alternately, a suitable zwitte-
rionic membrane could be purchased off the shelf. Ton
exchange resin membranes, in which charged ion groups are
attached to a polymer matrix. can also be used. Such
materials are capable of modification to promote the rapid
and selective ion exchange required by the reference elec-
trode. Some ISE embodiments may include a protective
suspension layer (not shown) in place of the membrane 520.
In other embodiments, suspension-based ISEs also include
such tunable membranes (not shown), as described for the
disclosed reference electrode, to provide the performance
characteristics required by an application.

[0059] In fluid communication with the membrane 520 is
a salt bridge hydrogel, thixotropic compound, or other
suspension material layer 526, which is infused with a
hygroscopic and stable salt 527 that tends to not contaminate
the sweat sample, e.g., MgSO,. In fluid communication with
the salt bridge layer 526, is a reference suspension material
layer 521, which is infused with a reference salt 523. The
reference salt must be a salt that is highly soluble in water
and that contains the reference analyte, e.g., KCI for the
reference analyte C1”. Some embodiments include a contact
restriction barrier 525 that includes at least one opening 527,
and that reduces the contact area between the salt bridge
suspension material and the reference suspension material.
Such a partial barrier acts to extend the lifetime of the
reference electrode by slowing ion diffusion between the
two suspension materials, and is a material similar to the
membrane, or is an extension of the ABS housing. The
sensor also includes an electrode 550, which is in fluid
communication with the reference suspension material layer
521. The electrode 550 is preferably embedded in the
reference suspension material, and stabilized or immobilized
to minimize movement while the device is being worn. The
sensor well 572 is covered with a non-vapor transmissible
protective layer 574, comprised of, e.g., PET.

[0060] In some embodiments, the salt bridge suspension
and the reference suspensions are comprised of at least one
hydrogel. In other embodiments, the suspensions are com-
prised of at least one thixotropic compound, such as fumed
silica. In other embodiments, at least one suspension mate-
rial is a hydrogel and at least one suspension material is a
thixotropic compound.

[0061] With reference to FIG. 6, a sweat sensing device
for determining electrolyte loss as disclosed herein is placed
on skin 12. The device 600 includes a reusable component
602 and a disposable component 604. The disposable com-
ponent may contain a wicking collector 630 or microfluidic
channel (not shown) which will be in fluidic communication
with the skin 12 while the device is in use. The wicking
collector transports sweat from the skin to a plurality of
analyte-specific sensors 622, 624, 626, 628 arranged in an
array. Said analyte-specific sensors may include, for
example, ion-selective sensors for Na*, CI", K*, and H".
Sensors can be screen printed or suspension material ISEs,
as disclosed in U.S. Provisional Application No. 62/526810,
filed Jun. 29, 2017. In other embodiments, the device may
use a combination of screen printed and suspension material
ISEs, e.g., the reference electrode could be a suspension
material configuration, while the ion selective sensors are
ionophore polymers that are screen printed on electrodes.
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[0062] Some embodiments may include a wicking pump
632 in fluidic communication with the collector 630 to
facilitate sweat flow across the sensors. Other embodiments
may include a plurality of secondary sensors, including
volumetric sweat rate, micro-thermal flow rate, GSR, sweat
conductivity, impedance or capacitance sensors for skin
contact measurement, or a temperature sensor (not shown).
In other embodiments, the device may include additional
analyte-specific sensors, such as electrochemical aptamer-
based sensors or amperometric sensors, that are capable of
measuring biomarker concentrations, e.g., biomarkers
indicative of dehydration or stress. The disposable compo-
nent 602 will be fluidically connected to the reusable com-
ponent 604, and in some embodiments will be electrically
connected to the reusable component. The device will be
secured to the wearer’s skin by various means, including a
removable adhesive layer, an elastic band or strap, a clothing
element, such as a compression sleeve, etc. (not shown), so
long as fluidic contact is maintained between the device and
skin sufficient to allow device operation.

[0063] With reference to FIG. 7, an exterior view of a
sweat sensing device 700 of the disclosed invention is
depicted secured to a wearer’s skin 12 by a flexible strap
702. The reusable component 704 will be configured to
communicate outputs with the wearer by various means. For
example, the device may include one or more lighted
indicators 755, 756, 757, which can be the same color or a
plurality of different colors, e.g., one red, one yellow, and
one green light. Alternately, LED lights may be configured
as a readable display, or the device may include a liquid
crystal display (not shown). In some embodiments, the
device may include auditory alerts and signals that commu-
nicate device outputs. In other embodiments, the device may
include haptic output signals. The different output means
may also be used in combination to facilitate communication
with the wearer in various applications or contexts.

[0064] The device will also be configured to receive inputs
from a device user or wearer. In addition to input commu-
nications from a reader device, the device may also include
components that allow direct inputs from a device user. For
example, the device may include at least one button 779
which relays inputs from the user. In another example
embodiment, the light indicators 755, 756, 757 may be
co-located with input buttons to allow inputs from the user.
In other embodiments, the device may include a touch
screen, an optical input component 770, such as a camera or
laser scanner, that is configured to read a bar code, QR code,
or other visual input. Some embodiments may include near
field communications capability, such as an RFID commu-
nications system, Bluetooth™, Blue Robin™, Listnr™, and
other embodiments may communicate via cellular or wire-
less internet. These inputs can be used to inform the device
about the wearer’s electrolyte status prior to, at the begin-
ning of, or during device use. Inputs may also improve
device function during use by providing information about
electrolyte and fluid intake, electrolyte or fluid loss through
non-sweat means (such as urinary excretion), or other rel-
evant information.

[0065] For an example use scenario, the electrolyte loss
monitor 700 would be secured to an endurance runner’s
bicep by the flexible strap 702. The wearer would use a
smartphone to initialize the device, which could include
entering or downloading from a database information about
the wearer’s recent fluid and food intake, fluid loss, recent
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training, weather conditions, or other relevant inputs. Once
the device is initialized, the wearer would begin running and
would begin to sweat. The device would measure electrolyte
concentrations in the wearer’s sweat at chronologically
assured sampling intervals. The device would process the
sweat electrolyte data, producing, for example, sweat elec-
trolyte concentration, concentration trend information, or
ratios of concentrations among the various monitored elec-
trolytes. Using an algorithm, the device would then deter-
mine an electrolyte loss estimate as compared to a baseline
value for the wearer reflecting an expected or normal con-
centration, trend, or ratio, where said baseline reflects rel-
evant characteristics of a wearer profile, which may include
information such as the individual’s skin temperature, sweat
rate, heart rate, age, sex, initial hydration state, body mass
index, transdermal evaporative fluid loss, kidney health,
fitness level, heat acclimation level, fluid adsorption rate
capacity, and recent physical activity, or comparisons to
another person or persons with similar relevant characteris-
tics; or external factors, such as altitude, air temperature, and
humidity. Depending on the electrolyte loss estimate, the
device would then communicate the results to the wearer, for
example by auditory alert, a haptic signal, a light signal, or
a combination of these.

[0066] The device outputs and physical input components
as described may be used by the wearer in real time to
inform the wearer’s electrolyte status. For example, the
device could display a green light indicating only water is
required to be consumed at that time. The wearer would
press the green indicator button, turning off the alert, and
causing the device to run an algorithm to record fluid intake
of a standard amount, such as8 fluid ounces. In another
example, the device may display a red light indicating an
urgent need for a coded or recommended amount of elec-
trolyte replenishment. The wearer would then place a pack-
age of the coded or recommended electrolyte dose, such as
a commercial electrolyte replenishment gel, drink, or chew,
over the optical scanner. The scanner would read the pack-
age’s bar code, causing the device to turn off the light
indicator, and to run an algorithm to record the electrolyte
intake. Some embodiments may include an RFID commu-
nications system, which is able to interact with an RFID tag
placed on the electrolyte packaging. In another scenario, the
wearer may press an input button 779 that informs the device
that a fluid loss event, such as urination or vomiting, has
occurred during device use. The device can then update its
electrolyte status model to account for the lost fluids and
electrolytes, as input by the wearer.

[0067] Some embodiments of the disclosed device may
include a galvanic skin response (GSR) sensor, a sweat
conductivity sensor and a volumetric sweat rate sensor, all of
which can be used in conjunction with contemporaneous
ISE-derived sweat ion measurements to provide improved
sweat ion concentration and sweat rate data. For example,
with reference to FIG. 8A, a top view of a first layer 8004
of a device of the disclosed invention is depicted. The sweat
sensing device is configured to be worn on skin 12 and
secured by a flexible strap, band, or sleeve 802 made from
neoprene, spandex, elastic or other suitable material capable
of holding the device against skin comfortably while pre-
venting excessive movement of the device relative to the
skin. The depicted layer of the device comprises a water
impermeable substrate 870a, which carries a plurality of
electrodes 820 (four are shown) for sensing galvanic skin
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response (“GSR”). One or more of these electrodes 820 can
also be configured to include a temperature sensor (not
shown). These sensors pass through the substrate and con-
tact the wearer’s skin 12 when the device is worn. This layer
also includes a reference electrode 822, comprised of a
reference chamber 823 for containing a fumed silica matrix
mixed with a reference electrolyte compound, e.g., KCl, a
fill port 838 for replenishing the reference electrolyte, a salt
bridge chamber 825 containing a fumed silica matrix mixed
with a salt bridge compound, e.g., MgSO,, a port 836 to
allow the reference electrode to be in fluid communication
with ISE sensors that are configured on a second layer
(depicted in FIG. 8B), and a wire electrode 850, made from,
e.g., Ag/AgCl. In some embodiments, the port 836 includes
a selectively permeable membrane, as described above for
membrane 520 of FIG. 5. The reference chamber 823 is
shaped to improve ion exchange with wire electrode 850. As
depicted, this port 836 will is located upstream of the ISEs
on the second layer, meaning that as new sweat emerges
from the body and enters the device, the sweat will interact
with the reference port 836 prior to reaching the ISEs. In
other embodiments however, the port will be located down-
stream of the ISEs. The first layer also includes an inlet 832
for transporting sweat collected from the skin 12 to the
microfluidic channel that is also configured on the second
layer.

[0068] Said second layer 8005 of the device is depicted in
FIG. 8B. As with the first layer, this layer also comprises a
water impermeable substrate 8705. The first layer and sec-
ond layer are not necessarily arranged in the depicted order
relative to the wearer’s skin, i.e., in some embodiments, the
second layer can be located closer to the skin than the first
layer. The substrate houses a microfluidic channel 830 that
is configured to receive sweat from the skin and convey the
sweat sample to a plurality of sensors. Some embodiments
may use a microfluidic textile or wick rather than the
channel as shown. The sensors include a plurality of ion
selective electrodes 828 (six are shown), one or more sweat
conductivity sensors 826, and a plurality of volumetric
sweat rate sensor electrodes or switches 824. The channel
830 is cut into the substrate, or the entire part will be
injection molded and sensor electrodes added afterward. The
channel has a volume, e.g., several nL.. Some embodiments
will include air traps or air bubble venting components to
prevent air bubbles from interfering with measurements
taken by electrodes or other sensors. During operation,
sweat enters the channel 830 via the inlet 832, and moves
through the channel in the direction of the arrow 14. Once
sweat reaches the port 836, it enters fluidic communication
with the reference electrode, and then progresses to contact
the sweat conductivity sensor 826, where the total electro-
lyte content of the sweat sample will be measured. As sweat
continues to fill the channel 830, the sweat sample will move
across the ISEs 828, which work in conjunction with the
reference to measure sweat concentrations of electrolytes,
such as Na*, CI7, K*, Mg™*, etc. Then sweat will contact the
volumetric sweat rate switches 824 that are arranged along
the channel at known intervals from each other, so that the
channel volumes between switches are determined, e.g., 1-5
nL. The rate at which additional switches are closed by the
sweat sample, coupled with the volume of the channel
section that is filled with sweat, provides a sweat rate value.
Because of space limitations on the wearable device, volu-
metric sweat rate channels have limited operational lifespans
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that may not cover an entire application period. For
example, at moderately high sweat rates, i.e., 10 nL/min/
gland, a device as disclosed having a sweat collection area
of about 2 em? would operate for about 2 hours. The channel
design can be modified to facilitate individual applications
by varying channel geometry (length, cross section, path
geometry), inner surface treatments, or switch spacing.
Some embodiments include a sweat collecting pump or
reservoir (not shown), or include a drain 434 to pass sweat
out of the device.

[0069] The substrate is configured to allow the GSR
electrodes 820 to pass through the second layer and, when
the device is assembled, contact the printed circuit board
layer (not shown), so that the electrodes facilitate electrical
communication between the skin 12 and device electronics.
The device also may include additional layers (not shown),
including a printed circuit board layer for carrying electron-
ics, communication, and processing capability, a battery, a
water impermeable cover, among other components.
[0070] By combining contemporaneous ISE electrolyte
measurements, GSR, sweat conductivity, volumetric sweat
rate, and skin temperature on a single device, the disclosed
invention provides a number of advantages over existing
capabilities. Chief among these advantages is the ability to
foster redundancy and feedback loops among device sensors
to improve the quality of information derived from a device
wearer’s sweat. As disclosed in U.S. application Ser. No.
15/653,494, incorporated herein by reference in its entirety,
contemporaneous GSR, sweat conductivity and volumetric
sweat rate measurements provide redundancy to sweat rate
calculations. The disclosed invention can provide an addi-
tional layer of redundancy through use of ISEs. Because
sweat concentrations of Na* and CI~ are highly dependent
on sweat rate, ISE-derived concentrations for these electro-
lytes can be correlated to a sweat rate through a look-up
table, a database, or other means. Together, these four sensor
modalities can provide a composite sweat rate estimate, for
example, by calculating a weighted average of the four
estimates, or by using the estimates to create a profile.
Comparisons between volumetric sweat rate, GSR-derived
sweat rate, conductivity-derived sweat rate, and ISE-derived
sweat rate can therefore be built to provide a calibrated
profile for an individual over multiple uses, or for a device
over a single use.

[0071] In addition to redundancy, such comparisons of
ISE-derived sweat rate to GSR/conductivity/volumetric
sweat rate can be used to mitigate shortcomings in ISE
measurements, and vice versa. For example, a characteristic
of the disclosed design is that GSR and sweat conductivity
sensors will measure new sweat at an earlier time than the
ISEs, resulting in the need to synchronize measurements
among the different sensor modalities, so that measurements
of the same sweat sample are compared. The device may
also account for the relative position of the ISEs, since those
ISEs closer to the inlet 832 will see new sweat earlier than
the downstream ISEs. In addition, sweat will tend to pool
over the ISEs, especially during periods of decreased or no
sweating. While it pools over the ISEs, old and new sweat
will tend to mix in the chamber 830 in the vicinity of the
ISEs, so changes in ISE concentration registered by the
device during such periods will primarily be due to mixing
of old and new sweat. As a result, while the ISEs are
measuring more or less continuously, the chronologically
assured data will be much more limited, and will be related
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to sweat rate, the surface area of the ISE electrode, and the
channel volume. Because GSR can be the most responsive
modality to sweat initiation, rate change, and cessation, GSR
readings will be used to indicate the time sweating initiates,
decreases, or stops altogether. Similarly, the timing of
changes in the measurements by other sensors, such as sweat
rate, sweat conductivity, or skin temperature, can also be
used to improve ISE measurement quality. ISE measure-
ments during periods of decreasing or ceased sweat rate can
then be corrected, weighted less, or discarded to account for
sensor response lag, and more responsive sensor modalities,
ie., GSR, can be weighted more or used exclusively to
inform sweat rate and ion concentration.

[0072] Another aspect of ISE measurement of sweat ion
concentrations is the need to take measurements at chrono-
logically assured intervals. Sweat rate measurements from
the other sensor modalities, combined with the known
volume of the channel 830 can be used to assess whether the
sweat sample contacted by an ISE is new sweat, old sweat
(i.e., sweat that has already been measured) or a mixture of
old and new sweat. For example, volumetric sweat rate
measurements, combined with the channel volume near the
ISE could be used to set a chronologically assured sampling
interval, so that the ISE only measures ion concentration
when the sweat sample is predominately, or all, new sweat.
Alternately, the device could use sweat rate and channel
volume to determine a sweat sample’s relative mix of old
and new sweat, and by comparison with previous readings,
determine the ion concentration of the new component of
such a mixed sweat sample. Another solution is to inter-
sperse reference ISEs, e.g., CI” ISEs, among the ISE sensor
suite to measure the amount of mixing that is taking place.
During periods of decreased sweat rate, concentration
changes along the channel will likely be from sample
mixing, and should be detected by the reference ISEs.

[0073] Similarly, since GSR readings are comprised of
three components (sweat rate, sweat ion content (conduc-
tivity), and skin contact resistance), ISE measurements of
ion content can be used to inform GSR measurements. For
example, ISE ion measurements could be mapped to a GSR
change to determine the relative contribution of sweat rate
change or skin contact resistance change. ISE measurements
could also calibrate GSR measurements to correct for large
person-to-person and use-to-use variabilities in the GSR
skin contact resistance component. For example, when a
sweat sensing device is first activated and taking measure-
ments on a wearer, the device may compare ISE ion con-
centration, sweat conductivity, and GSR changes throughout
the three GSR sweating regimes. The device could then
correlate Na*/C1~ concentrations to GSR/sweat conductiv-
ity readings for each regime, and by extension, a calculated
sweat rate. Then, during subsequent sweating cycles, the
device could measure Na*/CI~ concentration changes, sweat
conductivity change, and GSR change to calculate a sweat
rate based on the calibrated relationship among the sensor
modalities in the appropriate sweat regime. This composite
sweat rate may then be compared to the sweat rate developed
by the volumetric sensor.

[0074] Because of their overlapping and complimentary
attributes, the four sensor modalities can be used in concert
to provide improved electrolyte loss measurements through
the use of continuous feedback loops. For example, the
interpretation of instantaneous sweat rate and ion concen-
tration readings from the four modalities can be refined and

Jan. 10,2019

updated as additional data is acquired. If at time 10, a device
wearer begins to sweat, and at t1, the GSR, and sweat
conductivity sensors begin measurements. Sweat rate mea-
surement for t1 will necessarily be a rough estimate, based
only on the two sensor modalities. At 12, ISEs and volumet-
ric sweat rate sensors take their first reading. From this point,
the ISEs, GSR and sweat conductivity measurements can be
taken more or less continually, while volumetric sweat rate
will be periodic, based on sweat traveling in the channel to
the subsequent switch. At t3, sweat reaches the second
volumetric switch, and a new sweat rate estimate is deter-
mined. Not only can the device compare the different sensor
modalities to develop a composite sweat rate, but the device
can also reach back to refine previous ISE measurements
based on the chronologically assured sampling interval
indicated by the sweat rate. The corrected ISE measurements
from time t2 can then be used to improve sweat rate and ion
concentration measurements taken at t3. During periods of
decreasing sweat rate, such refinements will be especially
important.

[0075] Embodiments of the disclosed invention can also
include a means to determine if the sweat sensing device is
being worn by an individual, and whether it is in proper skin
contact to allow accurate sweat sensing device readings, as
disclosed in PCT/US15/55756, which is incorporated herein
in its entirety. This may be accomplished through the GSR
electrodes or by use of capacitive sensor electrodes, as are
commonly used in consumer wearable health monitoring
devices and mobile computing devices. If impedance elec-
trode contact with the skin is, or becomes inadequate, this
can be detected as an increase in impedance and the device
can send an alert signal to the user or another device.
Similarly, capacitance sensors may be placed on selected
locations on the skin-facing side of the device, and could
convey information about the distance between the device
and the skin. Inadequate contact can indicate that the device
has been removed by the user, or has become detached from
the skin for other reasons.

[0076] The sweat sensing device’s skin contact sensor(s)
may also continuously or near-continuously monitor the
adequacy of skin contact during device operation. Inad-
equate skin contact can affect sensor readings in a number of
ways, for example, air bubbles can enter the microfluidic
channel. If an air bubble contacts an ISE, sweat conductivity
sensor, or volumetric sweat rate switch, the sensor can
record an inaccurate measurement. Sensors that rely on
contact with the skin, such as GSR, temperature, and certain
ISE configurations, can also provide inaccurate measure-
ments if skin contact is insufficient. During times of poor or
no skin contact, the device may avoid taking measurements,
or may, via algorithm, account for the poor or no skin
contact when interpreting or weighting the measurements.
The device may also communicate to the wearer or user to
inform them of the inadequacy or absence of skin contact
and to advise corrective action. Alternately, the device may
track periods during which the device is out of contact with
skin and discard any collected data, or extrapolate previous
measurements to bridge gaps in device use.

[0077] This has been a description of the disclosed inven-
tion along with a preferred method of practicing the dis-
closed invention, however the invention itself should only
be defined by the appended claims.
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What is claimed is:

1. A sweat sensing device configured to be worn on an
individual’s skin, and that provides sweat electrolyte loss
monitoring, comprising:

one or more ion selective electrode sensors for measuring
a characteristic of an analyte in a sweat sample;

a reference electrode, wherein the reference electrode
includes an electrode, a first suspension material con-
taining a reference salt, a second suspension material
containing a bridge salt, a reference port, and a refer-
ence membrane; and where the electrode is in fluidic
communication with the first suspension material, the
first suspension material is in fluidic communication
with the second suspension material, the second sus-
pension is in fluidic communication with the reference
membrane, and the reference membrane is in fluidic
communication with the reference port;

a microfluidic channel, wherein said channel allows flu-
idic communication between the skin, the ion selective
electrode sensors, and the reference port;

one or more secondary sensors; and

a user interface.

2. The device of claim 1, where the user interface is at
least one of the following: one or more lights; a visual
display; a sound generating component; a haptic component;
a touchscreen; one or more buttons; an optical scanner; and
a camera.

3. The device of claim 1, where the ion selective electrode
sensors are capable of measuring one or more of the fol-
lowing electrolytes: Na*; CI™; H*; K*; NH,*; Ca™; HCO;™;
and Mg~

4. The device of claim 1, wherein the one or more
secondary sensor(s) is one of the following: a volumetric
sweat rate sensor; a micro-thermal sweat flow rate sensor; a
galvanic skin response sensor; a sweat conductivity sensor;
and a skin temperature sensor.

5. The device of claim 1, wherein the one or more ion
selective electrode sensor(s) includes an electrode, a sus-
pension material containing a target analyte salt, an ion-
selective material, an ion-exchange port, and an ion-ex-
change membrane; and where the electrode is in fluidic
communication with the suspension material, the suspension
material is in fluidic communication with the ion-selective
material, the ion-selective material is in fluidic communi-
cation with the ion-exchange membrane, and the ion-ex-
change membrane is in fluidic communication with the
ion-exchange port.

6. The device of claim 1, wherein the first suspension
material and the second suspension material are one of the
following: a hydrogel; and a thixotropic compound.

7. The device of claim 1, where the reference salt is one
of the following: KCl, and LiCl.

8. The device of claim 1, where the bridge salt is one of
the following: MgSO,,, and MgCl,.
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9. The device of claim 5, where the target analyte salt is
one of the following: NaCl, KCl, and MgCl,.

10. The device of claim 1, where the reference membrane
is one of the following: a dialysis membrane; an osmotic
membrane; a track-etch membrane; a multi-phase mem-
brane; a zwitterionic polymer membrane; an ion exchange
resin membrane; and a tunable membrane.

11. A method of using the device of claim 1 to monitor an
individual’s electrolyte levels, the method comprising:

taking one or more measurements of one or more analytes
in a sweat sample with an ion selective electrode
sensor;

taking one or more measurements with a secondary
sensor;

receiving input relevant to one or more of the following:
the individual’s hydration status; the individual’s elec-
trolyte status; the individual’s fluid intake; the indi-
vidual’s fluid output; the individual’s electrolyte
intake; and the individual’s electrolyte output;

using said measurements and input to develop one or
more of the following electrolyte values: a sweat elec-
trolyte concentration; a sweat electrolyte concentration
trend; a sweat rate; and a concentration ratio between a
plurality of electrolytes; and

communicating an output derived from the one or more
electrolyte values.

12. The method of claim 11, further comprising compar-
ing the electrolyte value to a baseline value, where said
baseline value reflects one of the following: a profile for the
individual; a profile for one or more persons with similar
relevant characteristics to the individual; and external infor-
mation.

13. The method of claim 12, wherein said baseline value
is derived from one of the following: the individual’s skin
temperature; the individual’s sweat rate; the individual’s
heart rate; the individual’s age; the individual’s sex; the
individual’s initial hydration state; the individual’s body
mass index; the individual’s transdermal evaporative fluid
loss; the individual’s kidney health; the individual’s fitness
level; the individual’s heat acclimation level; the individu-
al’s recent physical activity; relevant characteristics of
another person or persons; altitude; air temperature; and
humidity.

14. The method of claim 11, further comprising develop-
ing the electrolyte value using one of the following: a sweat
rate measurement; a sweat conductivity measurement; a
sweat a sweat onset time;

a sweat cessation time; a sweat rate change time; a sweat
conductivity change time; and a skin temperature
change time.

15. The method of claim 11, where said output is one of

the following: the electrolyte value;

a recommendation to consume an amount of fluid; and a
recommendation to consume an amount of electrolyte.
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