BIOELECTROMAGNETICS

Thirsty for a Noninvasive Wearable to Detect
Dehydration: A Review

J-C. Chiao®, Sen Bing @, Khengdauliu Chawang®, and Brian Crowe

n this article, significant clinical needs,
methods, and principles for continuous I
human body hydration-level monitor-

ing are reviewed. Maintaining hydration

is critical for physical and mental health.

A long-term, continuous, convenient, and

EDITOR’S NOTE |

This article for the "Bioelectromagnetics” column reviews
wearable sensing technologies for monitoring hydration levels.
Although natural feedback mechanisms of the body are meant to
regulate fluid intake, dehydration is still prevalent, particularly in
accurate wearable device that can moni-
tor whole-body water content to provide
real-time feedback is needed, especially
for infants, the elderly, and people who

sensitive populations. With a focus on bicimpedance techniques
and microwave measurements through the skin, this article aims

to raise awareness in the field and motivate future research.
This column welcomes articles on biomedical applications of Asimina Kiourti

have special needs in their tasks and electromagnetics, antennas, and propagation in terms of research, education, outreach,

occupations. Noninvasive bioimpedance and more. If you are interested in contributing, please e-mail me at kiourti.1@osu.edu.

measurements and microwave sens-

ing techniques suitable for conformable

wearables are summarized. Microwave

experienced in the body, these essential
functions are not performed effectively

probing with deeper field penetrations
into the dermis layer of the skin can pro-
vide a better assessment of whole-body
water content. Frequency choices for
the probing signals, the need for realistic
phantoms, and evaluation standards suit-
able for clinical uses are discussed.

oxygen to the brain, which impairs cogni-
tive functions and causes mood changes,
fatigue, irritability, and confusion [8], [9].
L@ng-tem effects can impact memory
and attention as well as the development
of certain neurodegenerative diseases,

and can have serious repercussions for
many systems in the body.

Dehydration reduces blood cir-
culation and increases the burden on

CLINICAL SIGNIFICANCE

Hydration is fundamentally important
for our health and well-being. Water is
essential for many biological process-
es, including regulating body tempera-
ture, transporting nutrients to cells, and
removing waste from the body. Insuf-
ficient hydration initially produces mild
symptoms that include dry skin and
headaches. When lack of hydration
becomes acute or continuous in the long
term, and significant net water loss is
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the heart [1], [2]. In terms of anaero-
bic capacity [3], dehydration reduces
the body’s ability to generate force and
increases the risk of musculoskeletal
damage [4]. Additionally, dehydration
can promote muscle cramps and spasms,
which can further increase the risk of
injury, especially for athletes [5].
Dehydration also affects neurological
functions that can compound the impact
on motor functions. When the body loses
water, the imbalance of electrolytes across
neuron membranes for elements such as
sodium and potassium can disturb neural
pathways and may trigger seizures [6], [7].
Reduction of blood flow due to dehydra-
tion also reduces the flow of nutrients and

This work is licensed under a Creative Commons

66 Attribution 4.0 License. For more information,

OCTOBER 2024

see https://creativecommons.org/licenses/by/4.0/

including dementia [10], [11].

When the body is dehydrated, blood
flow to the kidneys declines and it
adversely impacts the kidneys” ability
to filter waste and maintain electrolyte
balance, which leads to the accumula-
tion of toxins. Sudden dehydration due
to heatstroke and diarrhea/vomiting can
lead to acute kidney injury [12]. Long-
term dehydration increases circulatory
workload, which can lead to small blood
vessel damage in the kidneys and cause
chronic kidney disease [13], [14]. When
the body is dehydrated, there is less fluid
to flush out bacteria from the urinary
tract, and that increases the risk of uri-
nary tract infection [15], [16].
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Early detection of dehydration can
help prevent these severe or long-lasting
consequences. The urinary system and
the sensation of thirst provide feedback
mechanisms for regulating hydration in
healthy individuals to maintain a bal-
ance of fluids in the body. However, for
people with diminished feedback mech-
anisms, such as infants, elderly people,
and certain medical patients [17], [18];
people who have to focus steadily on
their jobs, such as police, soldiers, and
athletes [19]: and outdoor workers who
sweat excessively and cannot drink water
frequently, such as farmers and con-
struction workers [20], [21], consciously
self-monitoring hydration levels can be
challenging. Monitoring hydration levels
to detect dehydration early on is particu-
larly important for those at a higher risk
as mild dehydration can be easily treated
simply by increasing fluid intake.

CURRENT STATUS OF HYDRATION
MONITORING

Measuring human hydration is diffi-
cult. Indirect tracking, nonphysiologi-
cal methods, and clinical assessments,
including qualitative and quantitative
means, were summarized in [22]. Cur-
rently, various indicators, including urine
color, body weight changes, urine-specif-
ic gravity, and blood tests [23], [24], [25],
[26], are used in clinical settings to moni-
tor hydration levels. A urine color check
is not specific, and often patients do not
produce sufficient urine. Other methods
that can help detect dehydration, how-
ever, are not convenient or comfortable
and cannot provide timely warning for
complication prevention. Particularly,
most of the quantitative measurement
approaches, although sophisticated, need
to be used by skilled workers and under
controlled conditions that cannot be pre-
served in daily uses [22]. This calls for
wearable devices that can conveniently
and continuously monitor body hydration
levels in real time. It would be a valuable
tool for many people and help to improve
their overall health and well-being.
Electrochemical sensors that detect
chemical markers on the skin, and
probes that measure dielectric prop-
erties by electrical or electromagnetic
signals are two attractive options for
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wearables. Ion-selective electrodes on
wearables or textiles were developed to
monitor sodium or chlorine in sweat for
hydration monitoring, especially dur-
ing exercise [27], [28], [29]. The sensing
mechanisms feature specificity for bio-
markers but depend on sweat secretion,
so the wearable placement locations on
the skin are limited and inconvenient or
uncomfortable for wearers. The amount
of sweat also influences their accuracy.
The sensors may also require consum-
ables, such as enzymes, making them
cost more. This article focuses only on
electrical and electromagnetic measure-
ments that do not require consumables
on sensing electrodes.

Sensing with electrical currents
or electromagnetic fields relies on the
dielectric properties of the tissues, such
as permittivities. To avoid confusion,
the term dielectric constant refers to the
real part of the relative complex permit-
tivity, which is frequency and material
dependent. The imaginary part of the
relative complex permittivity is related
to the electric conductivity or loss tan-
gent of the material, which is also fre-
quency dependent.

BIOIMPEDANCE MEASUREMENTS

Measuring skin impedances with two
rigid conductive electrodes in firm con-
tact with the skin has been previously
considered to evaluate tissue moisture
levels. Tissues can be modeled as equiva-
lent circuits consisting of capacitors and
resistors [30]. Water plays an important
role as its permittivity is much higher
than other materials and it increases
electric conductivity by carrying ionic
elements, such as electrolytes, crossing
cell membranes, between cells, and in
blood vessels. Bioimpedances have been
used for body composition evaluation,
such as fat-free mass and fat mass pre-
diction, along with total body water at
5 kHz [31], 50 kHz [30], [32], and mul-
tiple frequencies up to 100 kHz [33].
The prediction equations are based on
empirical data from specific populations.
These studies conclude that the reac-
tances, which are contributed by capaci-
tances, appear to be essential in the
single prediction equations of bioimped-
ances. The studies also indicate that the
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choices of frequency and electrodes in
impedance measurements reveal dif-
ferent dependencies of considered fac-
tors. Dielectric dynamics depend on
frequency, so bioimpedance spectros-
copy (BIS) can be used to characterize
impedance responses under different
physiological conditions. It was conclud-
ed that extracellular water resistance
should be measured at a low frequen-
cy, below 1 kHz, due to cell membrane
capacitances. However, because signals
at 50 kHz and below penetrate only a
fraction into intracellular water, the com-
bined effect from extracellular and intra-
cellular water, which is the total body
water, should be measured at more than
5 MHz [30].

According to the dielectric proper-
ties of the biological cells in [34], [35],
[36], and [37], as shown in Figure 1, the
alpha dispersion at low frequencies pres-
ents very high permittivities to the cur-
rents, limiting penetration into the cells,
except those through ion channels on
the membranes. Thus, the impedance
response is mostly from the extracel-
lular water and mainly resistive. For the
beta dispersion in the frequency range
of 10 kHz-10 MHz, the cellular mem-
branes become charged like capacitors
and seem to be electrically shorted as the
frequency increases to allow currents to
penetrate through the cytoplasm, where
the intracellular water is held. Thus, the
impedance includes effects from both
intra- and extracellular water. Measur-
ing impedances across multiple frequen-
cies by BIS below 100 MHz is useful to
reveal more information about the skin

as both the permittivity and electric con-
ductivity vary in the frequency band.

CONFORMABLE WEARABLES FOR

BIOIMPEDANCE MEASUREMENTS

Using two conductive or gel-based sur-
face electrodes to measure skin imped-
ances has several shortcomings. The
contact pressure of rigid or surface elec-
trodes on the elastic skin affects electri-
cal current flows. The repeatability of
measurements becomes an issue because
of inconsistent contact. Stretching and
compression of skin and muscles as well
as sweat on the skin’s surface at the mea-
surement location also affect electrical
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FIGURE 1. An experimental dielectric spectrum of tissues with high water content
at 37 °C. The figure is redrawn according to the plots in [34] and [37].

current paths, creating motion artifacts
and noises in measurements. For long-
term or continuous monitoring, the rigid/
surface electrodes can cause irritation
or damage to the skin. Thus, planar
electrodes on a conformable substrate
that can be attached to a small area on
the skin become an attractive solution.
Planar capacitance sensors commonly
include ring and interdigitated types, as
shown in Figure 2.

Stretchable skin-like substrates
that are integrated with metal patterns
of LC resonators have been developed
[38]. One wireless epidermal device had
dimensions of 11.4 mm x 24.2 mm. A
capacitive sensor with an inner disk of
1 mm in diameter, an outer circular ring

(@ (b)

FIGURE 2. Capacitance sensing elect-
rode configurations. (a) A concentric
ring/disk and (b) interdigitated fingers.

of 2 mm in diameter, and a 400-pm ring
width respond to dielectric constant
changes on the skin. The sensor was con-
nected to 4 turns of serpentine-shaped
coils acting as an inductor to form a reso-
nator. The resonant frequency shifted
from 163 to 176 MHz when the hydra-
tion level decreased from 103 to 31,
which was defined as an arbitrary unit
by a commercial moisture meter (Delfin
Moisture Meter SC) as the skin capaci-
tance decreased. The moisture meter
was based on a pair of rigid, circular elec-
trodes to measure impedances. The skin
hydration levels were varied by applying
moisturizing lotions on the skin to pre-
vent transdermal water evaporation.
Another stretchable device imple-
mented three impedance-sensing
designs to measure skin impedances
[39]. One had a concentric electrode that
had an inner disk radius of 150/125 pm,
surrounded by an open-end ring with a
radius of 250 pm and a width of 100 gm.
The second one had 15 metal interdigi-
tated fingers with 20 x 50-um?® surfaces
and a spacing of 20 pm. Besides these
two capacitance sensors, the third design
had meander electrodes with two sets
of four semicircles, and two arc lines

interconnected into a spiral shape to
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measure pure resistance changes. All
three were integrated into the same
substrate with their reference counter-
parts that had floating ground, so the
capacitances were not affected by the
skin but responded to other mechani-
cal variations, such as stretching and
environmental noises. Experiments
were conducted from 15 to 95 kHz by
applying moisturizing lotions on the
skin against the same commercial mois-
ture sensor mentioned before. As the
arbitrary units of the hydration reading
increased from 31 to 110, the impedance
magnitude decreased by 1.6 M(] and the
phase changed by 1.18 rad. In the mea-
surement range of frequencies, imped-
ance amplitude and phase changed by
89% and T3%, respectively, at 15 kHz,
compared to 34% and 38%, respectively,
at 95 kHz. Thus, it was concluded that
the increases in skin electric conduc-
tivity and permittivity with increasing
hydration reduced the overall measured
impedances, and skin impedance mea-
surements at lower frequencies provided
a higher sensitivity.

As skin impedance measurements
conducted by the commercial moisture
meter with two electrodes were sensi-
tive to their mechanical pressures on the
skin, stretchable and deformable epi-
dermal devices provided clear advan-
tages as they were attached to the skin
by van der Waals forces without exter-
nally applied forces. A similar sensor was
also demonstrated with silver nanowires
embedded inside a polydimethylsiloxane
matrix as a stretchable wearable [40].
Interdigitated fingers of 20-mm lengths
and 2-mm spacings serve as the capaci-
tive sensor that responds to the dielectric
constant changes. The frequencies are
set in the range of 10-100 kHz to detect
the epidermis layer. The equivalent-cir-
cuit resistance and capacitance of the
epidermis layer at 100 kHz varied in
the ranges of ~560-10 () and 1-98 nF
against the same commercial moisture
meter when the readings changed from
15 to 50 and from 42 to 82, respec-
tively, as shown in Figure 2(e) of [40].
In the experiment protocol, skin lotion
was applied to the skin for 5 min to
achieve a moisturizing effect. Skin resis-
tances and capacitances slowly changed
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after applying lotion, and after 20 min
they returned to approximately the
same impedances as those prior to the
lotion application.

THE SKIN

The human skin consists of three basic
layers, as shown in Figure 3. The top
layer is the epidermis, which acts as a
protective barrier to keep pathogens
such as bacteria from entering, and
resists ultraviolet light from damaging
cells. The protective layer also helps reg-
ulate temperature and hydration levels.
The thickness is roughly 1.5 mm on most
parts of the body. Within the epidermis,
there are five different layers. The top
layer exposed to air is the stratum cor-
neum, which has approximately 20 layers
composed of dead cells, called corneo-
eytes, which are closely packed together
and surrounded by a matrix of lipids.
The thickness and composition of the
stratum corneum vary depending on fac-
tors such as body part, age, genetics, and
environmental exposure. The stratum
corneum layer is tough for the purpose
of protection. Its thickness significantly
affects the sensitivity of a planar capaci-
tive sensor placed on the skin because
the other layers that provide permittivity
variations due to water content changes
are underneath the stratum corneum. A
thicker layer reduces the dynamic range
of capacitive sensing. Electrical currents
from and to the electrodes find the least
resistive paths to travel, and they may
mostly travel on the top surface of the
skin without entering the layers beneath
the stratum corneum. The skin’s surface
conditions in dry or humid environments
may produce different results.

The second layer is the dermis,
which has a thickness of 1-4 mm, and
the bottom layer is the hypodermis, with
a wide range of thickness from 1 mm
on the eyelids to a few centimeters on
the abdomen. The dermis layer contains
blood vessels, sweat glands, lymphat-
ic vessels, nerves, and fibroblast cells
as connective tissues. The hypodermis
layer includes adipose (fatty) tissues,
blood vessels, lymphatic vessels, sweat
glands, nerves, hair follicles and con-
nective tissues. The cells in these two

layers are more sensitive to water con-
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tent changes because of the presence of
blood and lymphatic vessels and sweat
glands. The water content percent-
ages of blood plasma and fat are 91%
and 5%—20%, respectively, by weight
[41]. At 915 MHz and 2.45 GHz, the
dielectric constants at 37 °C are roughly
62 and 60 for blood and 15 and 12 for
fat [42]. Their conductivities are 1.41
and 2.04 S/m for blood and 0.35 and
0.82 S/m for fat, respectively. A large
contrast in permittivity occurs when
water percentage changes. The varia-
tion of water percentage in blood has a
quicker response to body hydration level,
compared to that in cells. Osmosis across
cell membranes determines water move-
ment, and water diffusion is slower than
blood flow. The higher contrast of the
complex permittivity of water in blood/
lymphatic vessels and sweat glands with-
in the dermis and hypodermis layers may
provide more sensitive detection of water
at the microwave frequency range.

MICROWAVE-BASED

HYDRATION SENSING

Microwaves have long been used to
detect water content in the atmosphere,
soil, and materials due to the rotations
and vibrations of water molecules being
dipole moments. Remote sensing, par-
ticularly by satellites or ground radar,

Sweat Gland

Hair Follicle

FIGURE 3. Anatomy of the human skin.
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utilizes L. (1-2 GHz), C (4-8 GHz), X
(8—2 GHz), and Ku bands (12-18 GHz)
for their relatively low atmospheric atten-
uation and ability to penetrate the soil
to interact with water [43]. For example,
the European Space Agency’s Soil Mois-
ture and Ocean Salinity mission oper-
ates at 1.4 GHz [44], [45], while NASA’s
Soil Moisture Active Passive mission uses
dual frequencies at 1.26 and 1.41 GHz
[46], [47]. L-band signals are less affect-
ed by atmospheric attenuation and sur-
face roughness, while they are sensitive
to soil moisture. The C band has been
used in the European Earth observation
Sentinel-1 satellites for soil moisture at
a center frequency of 5.405 GHz [48].
X-band ground and satellite radars are
used for high-resolution measurements
of precipitation and land imaging [49],
[50], [51]. Ku-band seatterometers have
been used on the ScatSat-1 satellite for
soil moisture measurements [52], [53].
With the analogy of sensing earth
soil moisture with microwaves from a
satellite, electromagnetic waves can also
be implemented to detect water under
the skin. The electromagnetic-wave
wavelengths in the gigahertz frequency
range are on the scale of millimeters,
allowing fields to interact within
biological cells. A cell contains, on aver-
age, 70% water by weight, and water

Stratum Corneum

: f Epidermis

Dermis

Lymph Vessel

Hypodermis

Vein
Artery
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is a polar molecule; thus, the complex
permittivity in the delta dispersion
region at 0.1-5 GHz, shown in Figure 1,
is significantly dependent on water con-
tent [34], [36]. The interactions between
fields and water occur intra- and extra-
cellularly. It should be noted that the
fields also interact with charged mol-
ecules, such as proteins or enzymes, so
the scattered signals may also include
such effects. Of course, these biomol-
ecules can also be sensitive to water
changes in the cells.

The total body water percentage var-
ies depending on age, body composition,
and health. On average, women’s body
water percentages are in the range of
45%—60%, while men’s range is 50%—
65%. This means that a person with a
weight of 70 kg and a percentage of 60%
holds 42 L of total body water [54]. In
infants, the range is 75%-78%. Differ-
ent organs and tissues hold different
percentages of water, for example, with
total body water of 60%, blood, lungs,
heart, and brain have 95%, 83%, 73%,
and 73% water, respectively, while bones
have 31% [55].

Dielectric dispersion experiments
show pure water has a high real-part
relative permittivity [37], [56], [57], close
to T4 at the body temperature [58], and
it decreases as the frequency increases.
Water also has a low relative imaginary-
part permittivity below 1 GHz, close
to 4 [56], and increases gradually as
the frequency increases to a peak value
around 10 GHz, after which it starts to
decrease. The literature showed that at
40 °C, slightly higher than the normal
body temperature, the complex permit-
tivity was measured as 72.81-j2.254 at

When designing the tuned

loop resonator, the dielectric
properties of the skin need to

he considered.

925 MHz [59]. Considering the high per-
centage of water in cells and also the
high dielectric constant around 1 GHz,
changes in water percentage can sig-
nificantly alter the effective dielectric
constant experienced by a resonator or
antenna. The lower dielectric loss allows
for a higher quality factor in a resonant
circuit. The combined effect enables the
use of resonant frequency shifts to detect
water content changes.

However, the aforementioned argu-
ment considers the case of pure water.
With a high salt, NaCl, a concentration
of 35 g/L in seawater, the real part of
relative permittivity decreases slightly
to roughly 71, while the dielectric loss
increases significantly to approximately
60 [60]. In a typical human body, the
sodium concentration is 140 mmol/L
(3.22 g/L) in the extracellular fluid and
10 mmol/L (0.23 g/L) in the intracellular
fluid when the concentration gradient
across the cell membrane is kept by the
electrogenic transmembrane adenosine
triphosphatases sodium-potassium pump
[61]. The fields at 1 GHz take effect both
inside and outside the cells because the
signals can penetrate cell membranes as
the frequency is within the delta disper-
sion range [34]. Considering the average
concentration of sodium in the body, it
is roughly 12.5% of that in seawater, and
the dielectric loss will be not so much

FIGURE 4. (a) Planar tuned loop resonator on a flexible substrate as a wearable on
the human forearm to monitor hydration levels. In this illustration, the colors show
field distributions at 1 GHz, with the red color being high magnitudes and blue
being low magnitudes. The field distributions depend on the sensor’s location

and tissue properties. An example of field magnitude distributions is in [66]. (b) A
photo of the planar tuned loop resonator when it is flat [62], [66].
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that it eliminates resonance in
the delta dispersion frequency
range. However, some effect
on quality factors of resonance
should be expected.

HYDRATION SENSING
BY A RESONATOR

A planar loop resonator on a flexible
substrate as a wearable on the forearm
to detect hydration levels was devel-
oped by our group [62], as shown in
Figure 4(a). The resonant frequency
is chosen around 1 GHz for the afore-
mentioned reasons. Loop antennas and
resonators have been widely used with
established analytical formulas to pre-
dict resonance [63]. Loop resonators
are suitable to be implemented on pla-
nar flexible substrates so that they can
conform firmly to the skin. However,
their quality factors remain low. With
the intention to improve resonance, a
tuning metal pad is added in the cen-
ter of the loop to provide distributed
reactance to tune its impedance [64].
The results show that tuning the gap,
depicted in Figure 4(b), between the
ring and center pad, providing adjust-
able distributed capacitance and mutu-
al inductance, can effectively enhance
quality factors from ~5 to 120 in the
air at the first-, second- or third-order
resonance. The self-tuning structure
does not increase the footprint of the
sensor, unlike the resonators that use
external matching circuits. The dis-
tributed reactance tuning along the
loop makes the resonator behave like a
matched transmission line and enables
a robust resonance.

When designing the tuned loop reso-
nator, the dielectric properties of the
skin need to be considered. Although
the data of wet and dry skins have been
documented [65], the permittivities and
conductivities at the frequencies of inter-
est are generalized and averaged. Using a
coaxial dielectric probe (Keysight N1501
A), measured data are compared with
the documented ones in Figure 5 [66].
The partially dehydrated and hydrated
conditions of the skin that were creat-
ed for experiments are explained later.
The solid lines are the averaged values,
with error bars indicating the ranges of
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FIGURE 5. Measured dielectric constants of human hydrated and partially
dehydrated skins compared with those of wet and dry skins documented in the
literature. [65] [Source: International Federation of Automatic Control (IFAC) library.]

data from multiple measurements on
the same person. The contact pressures
of the probe on the skin were carefully
controlled, but it was clear that incon-
sistent contact can yield measurement
variations. When the rigid probe head

applied pressure on the tissues, it com-

pressed cells and changed their densities
and water distribution inside and among
cells. This emphasizes the importance
of planar flexible sensors on the skin.
Discrepancies between the documented
values of permittivity and measured ones
are apparent, although the trends in fre-

quency are similar, and the differences
between hydrated and dehydrated con-
ditions are distinguishable.

Although the resonator design was
conducted with the documented dielec-
tric property of the skin in the literature
[65], when the resonator was placed on
skin that had different dielectric prop-
erties, the robustness of the desired
resonance still provided distinct reso-
nant frequency shifts. Figure 6(a) shows
the dielectric properties measured with
the probe [66]. Figure 6(b) shows the
measured responses of the hydrated
and dehydrated conditions compared
to simulation results using dielectric
constants and loss tangents measured
by the probe placed next to the reso-
nator. The measured frequency shift
was 32 MHz between hydrated and
dehydrated conditions, compared to
30 MHz from simulations.

Multiple experiments were con-
ducted for validation [66]. An indepen-
dent, quick, and quantitative means or
instrument, recognized by the clinical
community, to characterize total body
water loss is not available. It is dif-
ficult to create a controlled dehydrat-
ing process in a human reliably over a
long period of time. When creating a
dehydration condition, the safety and
health of the subjects must be ensured
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FIGURE 6. (a) Measured forearm dielectric constants and loss tangents of the hydrated and partially dehydrated conditionsin a
subject. (b) Resonance spectra measured on the hydrated and partially dehydrated forearm skins compared to simulations.
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as acute dehydration may cause serious
physiological damage. Due to these rea-
sons, we tested the hydration process
from a partial dehydration state. The
test protocol was implemented in the
same fashion for all cases as the follow-
ing: the subject stopped water, liquid, or
food intake after 10 p.m. on the night
before the experiment. The next day, at
9 a.m., the person jogged on a treadmill
for 45 min to induce sweating. The sub-
ject wiped off the sweat and rested until
the skin became dry and heartbeat rates/
body temperature returned to the initial
values before jogging. By verbal acknowl-
edgment, it was confirmed that the
person felt thirsty. Then, the sensor was
placed on the inside of the forearm and
connected to a vector network analyzer
(Keysight PNA N5227B). The subject
started to sip water slowly and continued
until 1,000 mL of water was consumed.
Reflection coefficients, after calibration
was done at the sensor connector point,
were recorded continuously every 20 s.
Resonant frequencies were sorted out
and the shifts were normalized to their
final values, as shown in Figure 7 [66].
As the body started getting hydrated,
the resonant frequency went back gradu-
ally to its plateaued value, which was

assumed to be the fully hydrated sta-

Monitoring the dehydration
processes was demonstrated

with fruits and tissue

phantoms made of mixtures

of ground pork and saline.

tus in the body. Although the partial
dehydration condition was not entirely
controllable because of individuals’ vari-
ations of physiological conditions, the
experiments validated the feasibility to
record the whole-body hydration level
quantitatively. The resonant frequency
shifts for partial hydration, with only
50 mL of water consumed after the ini-
tial dehydrated state, also showed that
the resonance changes were solely due to
water intake [66].

Monitoring the dehydration process-
es was demonstrated with fruits and
tissue phantoms made of mixtures of
ground pork and saline [67]. The rea-
son to use fruits was that the water
could continue evaporating at a con-
stant rate through a designated area,
and the results showed a 7% frequen-
ey shift over 15 h [66]. Packed ground
pork with fat and added saline in a cube

volume had a more realistic composi-

- 3+l
— (4] 3+ (3]

Frequency Shift Percentage (%)
o
n

0 5 10
Time (min)

~&- Data 1 4
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-8 Data 5
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FIGURE 7. Measured resonant frequency shift in percentage when a partially
dehydrated person started getting hydrated. Five individual experiments were
conducted. The frequency shifts were normalized to the final resonant frequency
when the subject was considered to be fully hydrated [66].
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tion of tissues. However, the
designated surface for water
evaporation got hardened
after 6-10 h due to the oxida-
tion of fat, and water evapora-
tion was blocked and its rate
decreased dramatically. Dur-
ing the initial 8 h of dehydra-
tion, 3%-10.5% frequency
shifts were measured. The frequency
shifts also showed a linear trend with
time. After 8 h, with the dehydration
rates slowing down, the frequency
shifts still respond to the water losses
monotonically [66]. These demonstra-
tions show that the resonant frequency
shifts correspond to the water loss per-
centages in a mass. They also indicate
the importance of reliable phantom
models for standardized comparison.
Due to the high quality factor pro-
vided by the resonator and the tunabil-
ity of resonance for a specific frequency
band and/or material permittivities,
similar tuned loop resonators were
used in noninvasive subcutaneous prob-
ing to identify the boundaries between
healthy and abnormal tissues under the
skin [68], [69]. These works validated
the robustness of the resonators as
they could be applied to a wide range
of permittivities. The driving power
into the resonator connector was set
at 10 mW in the experiments. Most of
the power went into the tissues, while
the rest went into the air. Simulations
reveal that the electromagnetic fields
around 900 MHz decay by 10 and 20
dB at depths of 5 and 18 mm, respec-
tively, from the skin surface [66]. Fields
are thus considered mostly confined in
a cylinder volume with a diameter of
4 cm and a depth of 18 mm. Resonance
is then mainly determined by the effec-
tive permittivities in this specific area
that covers both the dermis and hypo-
dermis layers without energy penetrating
deeper into the body, which may raise
safety concerns. With a high quality fac-
tor in resonance, measurable resonant
frequency shifts are more sensitive to
effective permittivity changes, so field
magnitudes and powers can be limited.
Further investigation on the specific
absorption rate by the tissue mass with
respect to different driving powers will
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FIGURE 8. A microwave transmission measurement system for hydration-level evaluation. The antennas are in contact with the
skin at the midpoint of the forearm. (Source: Garrett et al. in the graphical abstract of [71].)

be needed to determine the safety level

in applications.

TRANSMISSION AND REFLECTION
SENSING METHODS

A different strategy to assess whole-body
hydration levels was demonstrated with
a transmission system where micro-
wave signals pass through the human
forearm [70], [71]. Two ultrawideband
shielded and dielectric-loaded anten-
nas sandwiched a forearm in direct con-
tact with the skin, as shown in Figure 8.
Reflection and transmission coefficients
at 10 MHz-10 GHz were recorded, and
average permittivities were calculated
using a time-of-flight (TOF) approach.
The signals were converted in the time
domain, and the pulse arrival time was
found at the maximum of the pulse
envelope. Permittivity was then estimat-
ed from the difference in arrival time
between tissue and air measurements
with the same antenna separation dis-
tance. The measurements in the mid-
point of forearms were conducted on
wrestlers before and after their train-
ing sessions, along with a control group
of subjects. The wrestlers drank water
during the sessions. Their weights were
recorded and urine samples were mea-
sured via urine-specific gravity for
comparison. It was concluded that the
average estimated permittivity changed
1.43% for each 1% weight change due to
water loss; and permittivity was related
to water loss, while electric conductiv-
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ity was less sensitive to changes in water
content [69]. The transmission mea-
surements allow assessment of overall
effects on permittivity by water content,
however, high attenuation due to thick
arms prevents accurate TOF analysis.
The physical configuration of the mea-
surement setup also prevents real-time
continuous measurements, making it
challenging to become a wearable.

Controlled experiments on the body
to study specific microwave effects by
water content are difficult to manage and
are made more so by sophisticated inter-
nal mechanisms that human and animal
bodies have to regulate hydration in tis-
sues. These challenges are manifested in
the human experiments mentioned pre-
viously. It is also difficult to create chron-
ic dehydration conditions in the body
without harming subjects. Thus, creating
realistic phantoms to mimic hydration
levels becomes important.

Brendtke et al. [72] demonstrated
hydration-level measurements using
microwave return losses on skin equiv-
alents made of specific hydration and
density of compressed matrix compo-
nents, such as collagen type 1 hydrogel,
cultured cells, and reagents. The osmo-
lality of skin equivalents was altered by
incubating the tissue samples in NaCl
at different concentrations or in puri-
fied water to mimic dehydration levels.
A broadband (7-9 GHz) patch antenna,
fabricated on a hydrocarbon ceramic

laminate (RO4350, Rogers Corp.), was
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optimized at 7.9 GHz and connected
to a vector network analyzer from the
backside. The measurement volume was
3.6 cm®, although the dimensions and
radiation pattern of the patch antenna
and the port calibration method were
not disclosed in [72]. The antenna
was placed facing the skin-equivalent
model confined in a chamber, as shown
in Figure 9. The return loss and the
frequency where the minimum loss
occurred were obtained from emission
(0.631 mW) and reflection powers in
the spectrum of 7-9.5 GHz. Feasibility
study results showed that shifts of the
frequency at the local minimum of the
return loss and the local return loss at
a fixed frequency (at 8.2 GHz in [72])
could be used as osmolality readings.
The skin equivalents may serve as a

Reflection

Emission

FIGURE 9. A patch antenna connected
to a network analyzer (NWA) emits
signals into the substance-under-test
(SUT) chamber and detects reflection
signals in the frequency range of

7-9 GHz. Courtesy of Brendtke et al. [72].
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standard for sensor performance evalu-
ation in the future.

CONCLUSIONS AND

FUTURE OUTLOOK

This review presented an overview of
continuous hydration/dehydration eval-
uations on the human body and their
principles, including radio-frequency
impedance techniques and microwave
measurements through the skin. The
review focused on the techniques that
are suitable for wearables. It is indisput-
able that acute and chronic dehydration
leads to many physical and mental health
problems. A convenient, comfortable,
continuous, real-time, quantitative, and
accurate hydration monitor that can be
worn on the body can benefit many peo-
ple and empower personalized health
care. However, the difficulty to create
quantitively controlled and repeatable
environments for total body water mea-
surements in humans and phantoms,
even after incorporating the advances
discussed in this article, leaves tre-
mendous challenges for the study and
development of wearable, noninvasive
hydration sensors. Experimental pro-
tocols for hydration assessment for
humans and measurement phantoms
need refinement and standardization to
further advance the state of the art for
device designs.

Bioimpedance provides insights into
moisture levels at the top layer of the
skin. The impedance measurements
conducted with capacitive and/or resis-
tive electrodes can be implemented
on conformable substrates on the skin.
Microwaves probe deeper into the der-
mis and hypodermis layers, where fields
can interact more directly with water
content because of blood vessels and
sweat glands in the layers. The response
is quicker as the fields react to the water
in the blood and interstitial fluids.
Tuned loop resonators can be made on
planar flexible wearables attached to
limbs. The sharp resonance provides
sensitive responses to hydration-level
changes. Transmission and reflection
measurements with a waveguide that
covers thicker tissue layers may give a
more precise assessment of the whole-
body water content but are too large for

wearable applications. Coaxial probes
provide a wider bandwidth, allow-
ing a better evaluation of the permit-
tivities of tissues across frequencies
of interest. Their instrumentation for
wearables needs further design consid-
eration. Ultrawideband spectroscopy
that detects both the impedances and
scattering coefficients may give us more
information about the overall dehydra-
tion status.

Although dielectric property char-
acterizations on specific human tissues
have been documented, they present
mostly statistically averaged values. The
dielectric properties of individuals™ skins
and tissues vary significantly from person
to person, and a person’s hydration sta-
tus is related to the entire body system.
Therefore, individualized calibration and
signal processing mechanisms for nonin-
vasive electromagnetic-wave probing on a
local area to evaluate whole-body hydra-
tion levels may benefit from machine
learning techniques. Device designs,
especially for planar conformable wear-
ables, that meet the requirements of mul-
tiple operating frequencies, bandwidths,
limited powers, high sensitivity to dielec-
tric properties, and substrate materials,
require more work before they can be
considered for reliable, cost-effective, and
personalized uses.
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